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ABSTRACT 

THE ROLE OF CHICKEN GAMMA DELTA T CELLS                                                          
IN IMMUNITY AGAINST MAREK’S DISEASE VIRUS 

 

Ayumi Matsuyama       Advisor: 

University of Guelph, 2023     Professor Shayan Sharif 

 

Gamma delta (γδ) T cells play key biological functions in immunity against pathogens 

and tumors in many species. γδ T cells recognize various antigens via their T cell receptor 

(TCR), natural killer (NK) receptors, and pattern recognition receptors (PRRs). These cells 

produce cytokines and release cytotoxic granules in mammals whereas the activation 

mechanisms of chicken γδ T cells have not been elucidated. In chickens, the involvement of γδ T 

cells in immunity against Marek’s disease virus (MDV) infection has been suggested. Marek’s 

disease (MD) is a malignant lymphomatous disease of chickens caused by MDV. Due to its 

highly cell-associated feature, cell-mediated immunity is believed to be critical for protection 

against MDV replication, dissemination, and tumor formation. Although an increase in interferon 

(IFN)-γ- or interleukin (IL)-10-expressing γδ T cells in MDV-challenged chickens has been 

observed, detailed functions of these cells in MDV immunity or pathogenesis have remained 

underexplored. Therefore, the aims of the studies presented in this thesis were to examine 

activation mechanisms of γδ T cells and their functional roles in immunity against MDV.  

Our studies revealed that Cytosine-phosphate-Guanine-Oligodeoxynucleotide (CpG-

ODN) 2007 induced IFN-γ secretion by TCR-stimulated γδ T cells. Further, the results of 



 

 

splenocyte or sorted γδ T cell culture in presence of Polyriboinosinic polyribocytidylic acid 

(poly(I:C)) suggested that IFN-γ production by poly(I:C)-stimulated γδ T cells requires other 

signals from non-γδ T cells. Subsequently, γδ T cells were characterized in MDV-vaccinated and 

-challenged chickens. The involvement of γδ T cells producing IFN-γ and transforming growth 

factor (TGF)-β in immunity conferred by MDV vaccines was suggested. Further, the role of IFN-

γ-producing γδ T cells in immunity against MDV infection was evaluated and these cells were 

shown to contribute to immunity against MD. Lastly, the effect of the tumor microenvironment 

(TME) on γδ T cells was investigated. The results suggested that activated γδ T cells including 

IFN-γ-producing splenic γδ T cells are suppressed in the TME generated by MDV.  

Overall, the studies in this thesis demonstrate activation mechanisms of chicken γδ T 

cells and their involvement in protective immunity against MDV. 
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INTRODUCTION 

Gamma delta (γδ) T cell possesses the heterodimer T cell receptor gamma (γ) delta (δ) 

chains. γδ T cells recognize various antigens, such as those derived from viruses and tumors in 

addition to non-peptide antigens as well as stress-induced antigens via T cell receptor (TCR), 

natural killer (NK) receptors, and pattern recognition receptors (PRRs) (Zhao et al., 2018). 

Activated γδ T cells produce cytokines and show cytotoxicity (Zhao et al., 2018). Based on their 

usage of specific Vγ and Vδ receptors, γδ T cells are divided into several subsets in humans and 

mice. Depending on the subset, recognized antigen types, and expressed cytokines, γδ T cells 

may be differentiated into innate-like, T helper (Th)1-like, Th2-like, Th17-like, or regulatory T 

(Treg)-like T cells (Ribot et al., 2021; Vantourout and Hayday, 2013). Due to the involvement of 

these cells in both innate and adaptive immune mechanisms, γδ T cells have various biological 

roles in immune surveillance, homeostasis, immunity against pathogens and tumors, injury, and 

tissue repairing. Although distinct subset phenotypes, recognized antigens, activation 

mechanisms, and functional roles of γδ T cells have been elucidated in mammals, the majority of 

these detailed features remain to be investigated in chicken γδ T cells. 

Functional roles of chicken γδ T cells in immunity against Marek’s disease virus (MDV) 

have been suggested in recent MDV studies (Hao et al., 2021; Laursen et al., 2018). MDV 

belongs to the family Herpesviridae, subfamily Alphaherpesvirinae, and genus Mardivirus 

(Biggs, 2004). MDV causes a viral lymphoproliferative disease, Marek’s disease (MD), in 

susceptible chickens and ultimately leads to death. This disease is of concern to the poultry 

industry as economic losses caused by MD are estimated to be around US$1-2 billion annually 

(Morrow and Fehler, 2004). MDV is believed to infect epithelial cells, antigen presenting cells, 
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B cells, and T cells at the beginning of the infection, and after the latency phase, the virus is 

reactivated specifically in CD4+ T cells. MDV-infected CD4+ T cells transform into lymphoma 

cells and form solid tumor in various organs (Boodhoo et al., 2016). Due to the highly cell-

associated nature of MDV, cell-mediated immune response is thought to be crucial for protection 

against early MDV infection, dissemination, and tumor formation. Previous MDV studies 

revealed interferon (IFN)-γ expression in γδ T cells of MDV-challenged chickens and MDV-

vaccinated chickens at the early phase of infection (Hao et al., 2021; Laursen et al., 2018). 

Upregulation of interleukin (IL)-10 expression is also reported in γδ T cells of MDV-challenged 

chickens at the later phase of MDV infection (Laursen et al., 2018). These studies suggest the 

involvement of both effector and suppressor γδ T cells in immune responses against MDV, but 

the detailed function of γδ T cells in MDV infection is still under investigation. The studies in 

this thesis aimed to examine activation mechanisms of chicken γδ T cells and their functional 

roles in immunity against MDV.  
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CHAPTER 1 

Literature Review 

1.1. Chicken γδ T cell 

Avian T cells bearing the heterodimer T cell receptor gamma (γ) delta (δ) chains can 

orchestrate functions associated with both innate and adaptive immunity, as demonstrated 

through their expression of innate sensors as well as a limited T cell receptor (TCR) repertoire 

(Kubota et al., 1999; Six et al., 1996). This T cell subset is found among all avian species. Their 

function in chickens has been demonstrated in anti-microbial defense in mucosal sites and virus 

infections (Berndt et al., 2006; Hao et al., 2021; Laursen et al., 2018; Lillehoj and Trout, 1996). 

1.1.1. Ontogeny 

Similar to T cells in humans and mice, T cell development in chickens occurs in thymus 

where two major lineages characterized by different TCR heterodimer molecules (the γδ and 

alpha (α) beta (β) TCRs) undergo self-nonself discrimination (Bucy et al., 1990). The chicken 

thymocyte progenitors migrate into the outer cortex of thymus in three discrete waves and begin 

differentiation. Both γδ T cells and αβ T cells differentiate in all three waves (Dunon et al., 

1997). During ontogeny, chicken γδ T cells are the first to be generated (Coltey, 1989). TCRγ 

rearrangement begins on day of 10 embryonic development (embryonic day (ED) 10) in thymus 

without preference for a particular variable (V)γ and joining (J)γ subfamily (Six et al., 1996). 

The peak of γδ T cells is on ED14-15, when their population is up to 30 %, but after hatching, it 

declines to less than 10 % in thymus (Sanchez-Garcia and McCormack, 1996). The shorter 

sojourn time of γδ T cells in thymus compared to that of αβ T cells suggests that selection 

mechanisms of γδ T cells are different from those of αβ T cells (Bucy et al., 1990). γδ T cells do 
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not undergo clonal expansion in thymus and quickly migrate to peripheral blood or other tissues 

(Cooper et al., 1991).  

Dunon and colleagues (1993) suggested that thymus is the main organ for γδ T cell 

development in the chicken and γδ T cells developing in the first two waves migrate to intestine. 

It remains unclear whether some of the γδ T cells in intestine are originally derived from thymus 

in the early stages of embryonic development and mature in intestine. However, the result of a 

study that 50 % of γδ T cells were found in intestine after thymectomy while only 5 to 10% of γδ 

T cells were found in spleen and blood, indicates the possibility of extrathymic development of 

γδ T cells (Cihak et al., 1993). 

1.1.2. γδ TCR 

The chicken γ locus is located on chromosome 2 and was believed to encode 3 variable 

(V) γ subfamilies, 3 joining (J) γ gene segments, and a single constant (C) γ gene (Six et al., 

1996). However, a recent comprehensive analysis revealed that there are 4 Vγ subfamilies and 40 

Vγ genes in total including pseudogenes (Dixon et al., 2021). Unlike humans and mice in which 

Vγ usage is biased in different tissues, various Vγ genes are expressed in many tissues including 

thymus, spleen, and intestine. The TCRδ locus, which is located within the TCRα locus on 

chromosome 27, includes 1 Vδ subfamily, 2 diversity (D) δ segments, 2 Jδ segments, and 1 Cδ 

region (Kubota et al., 1999). With regard to TCRδ genes, the Vδ subfamily recombines with 0 to 

2 Dδ segments and either Jδ1 or Jδ2 segment. Embryonic γδ T cells use two Jδ segments equally 

whereas up to 90% of adult γδ T cells in thymus, spleen, and intestine use the Jδ1 segment 

(Kubota et al., 1999). 

1.1.3. γδ T cell subsets and phenotypic markers 
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In humans and mice, various γδ T cell subsets have been defined with restricted functions 

based on their usage of specific Vγ and Vδ receptors. Similar usage pattern in chicken Vγ genes 

and limited diversity in chicken Vδ genes raise a question if chicken γδ T cells can be divided 

into several subsets based on Vγ and Vδ usage. Instead of TCR repertoire diversification, CD8 

has been used in chicken studies to classify subpopulations of γδ T cells, for example CD8α 

highly positive, CD8α diminished, and CD8 negative populations (Berndt et al., 2006; Pieper et 

al., 2008; Tregaskes et al., 1995). CD8 is formed by a CD8αα homodimer or a CD8αβ 

heterodimer and both can be expressed on chicken CD8+ γδ T cells. Unlike in humans, 

homodimeric CD8ββ has not been reported in chickens (Lambert and Genin, 2004). The 

distinguished γδ T cell populations are distributed differently depending on age and tissues. In 

spleen, young chicks only have CD8αα γδ T cells, whereas adult chickens mostly have the 

CD8αβ phenotype. In contrast, 60% of the intestinal CD8+ γδ T cells express CD8αα (Tregaskes 

et al., 1995). The expression of CD8α on γδ T cells is associated with their cytotoxic activity and 

cytokine expression. CD8α+high γδ T cells express higher Fas ligand and interferon (IFN)-γ 

compared to CD8- γδ T cells (Pieper et al., 2008). A higher cytotoxic activity is reported in CD8+ 

γδ T cells compared to CD8- γδ T cells (Fenzl et al., 2017). Additionally, several studies revealed 

that CD8αα+ γδ T cells increase upon viral or bacterial infection in spleen, blood, and mucosal 

tissues (Berndt et al., 2006; Hao et al., 2021). CD8α has a cytoplasmic tail which binds to a 

tyrosine kinase Lck to initiate downstream activation of TCR-CD3 complex (Gascoigne et al., 

2011). In contrast, CD8β has a short cytoplasmic domain. Due to its unique structure, CD8β 

strengthens the association of TCR-CD3 complex with lipid rafts (Arcaro et al., 2001). 

Moreover, the binding affinity of CD8αβ for the major histocompatibility complex (MHC)-TCR 
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complex is higher than that of CD8αα (Garcia et al., 1996). Thus, CD8αβ works as an effective 

coreceptor compared to CD8αα (Wong et al., 2003). The function of CD8αα as a coreceptor to 

enhance signals from MHC-TCR interaction is still controversial (Cheroutre and Lambolez, 

2008). Instead, CD8αα may play a role as a TCR corepressor to suppress an overwhelming 

immune response. (Cheroutre and Lambolez, 2008). Additionally, the expression of CD8αα on 

memory γδ T cells has been suggested in human studies (Konno et al., 2002; Madakamutil, 

2004). The detailed function of chicken CD8αα+ γδ T cells which are increased upon pathogen 

invasions needs to be elucidated. Of note, chicken CD8αα binds to peptide-MHC Ⅰ complex in an 

antibody-like mode which is observed in CD8/peptide-MHC I interactions in humans and mice, 

and also in a face-to-face mode which is uniquely discovered in chickens (Liu et al., 2020). As 

CD8/peptide-MHC I interactions in the face-to-face mode is suggested to enable γδ TCR to bind 

to diverse peptides, the increase of CD8αα+ γδ T cells may contribute to recognition of broad 

pathogenic antigens using less polymorphic MHC (Kaufman et al., 1999). 

Other than CD8 molecules, several cell surface markers have been suggested for 

phenotypic classification of chicken γδ T cells such as CD25, CD28, CD5, CD6, and CD45. 

CD25, also called interleukin (IL)-2 receptor α, is widely accepted as a T cell activation marker 

as well as a marker of regulatory T cells in humans and mice (Minami et al., 1993). As 

stimulated chicken γδ T cells, especially CD8αα+ γδ T cells, and stimulated chicken CD4+ T cells 

significantly express CD25, CD25 is suggested as one of the activation markers of chicken T 

cells (Braukmann et al., 2015; Gurung et al., 2017). The co-stimulatory molecule, CD28, is 

expressed on only around 10% of circulating chicken γδ T cells. These CD28-expressing γδ T 

cells can be activated with phorbol-12-myristate-13-acetate (PMA) and an anti-CD28 antibody in 
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the absence of αβ T cells or exogenous growth factors (Koskela et al., 1998). With regard to 

CD6, an accessory molecule associated with T cell development and activation, only CD8+ γδ T 

cells in spleen express this molecule while it is present on majority of αβ T cells in thymus, 

spleen, and blood in chickens (Göbel et al., 1996). CD5 negatively regulates TCR signaling in 

human and mouse T cells and is involved in T cell development in thymus (Azzam et al., 2001). 

A low or intermediate level of CD5 is expressed on chicken γδ T cells in blood and spleen and a 

positive correlation between the intermediate expression of CD5 and the expression of the CD8 

molecule on γδ T cells has been reported (Koskinen et al., 1998). CD45 molecule is used to 

distinguish naïve and memory T cell subsets along with CD27 molecule in human (Hermiston et 

al., 2003). Naïve T cells express longer length of CD45 named CD45RA isoform while memory 

T cells express a shorter splice variant, CD45RO isoform. Chickens also have several splice 

variants of CD45 molecules (Huhle et al., 2017). While almost all γδ T cells in blood and spleen 

express longer CD45 variants, more than two thirds of γδ T cells in these tissues express shorter 

CD45 isoforms. Because the expression of shorter CD45 variants is upregulated after stimulation 

with anti-CD3 antibody, CD45 is one of the candidates for chicken γδ T cell classification.  

Induction of various cytokines such as IFN-γ, IL-10, transforming growth factor (TGF)-β, 

and IL-17A has been reported in stimulated chicken γδ T cells (Hao et al., 2021; Laursen et al., 

2018; Walliser and Göbel, 2018). However, specific subpopulations of chicken γδ T cells have 

not been defined. Recently, chicken γδ T cells were reported to express IL-17A which in turn can 

modulate both phagocytic cell and T cell function (Walliser and Göbel, 2018). Further work is 

required to define regulatory γδ T cells (TGF-β+), suppressor γδ T cells (IL-10+), effector γδ T 

cells (IFN-γ+), and IL-17+ γδ T cells and their respective roles and distributions in various 
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mucosal and lymphoid organs. Since γδ T cells are lineage committed, these subgroups likely 

differentiate upon arrival in specific mucosal or lymphoid organs, thus common γδ TCR pairs 

should be easily defined (Ribot et al., 2021). 

1.1.4. Tissue distribution 

Chicken γδ T cells are abundant in the medulla of thymus, but sparse in the cortex and 

subcapsular zone of thymus (Bucy et al., 1988). Most thymic γδ T cells express neither CD4 nor 

CD8 molecule (Hao et al., 2020). After differentiation in thymus, γδ T cells are distributed 

preferentially in intestinal epithelium and splenic sinusoids (Bucy et al., 1988). Almost half of 

splenic γδ T cells express CD8, and within the population, both CD8αα+ γδ T cells and CD8αβ+ 

γδ T cells are equally distributed whereas majority of γδ T cells in blood are CD4/CD8 double 

negative (Hao et al., 2020). Chickens have submucosal lymphoid aggregates instead of lymph 

nodes. Although the aggregates are dominated by αβ T cells, there is a minor population of γδ T 

cells in the lymphoid stroma but not in the germinal centers (Bucy et al., 1991, 1988). 

Localization of chicken intestinal γδ T cells is controversial. Bucy and colleagues (1988) 

reported predominant γδ T cells in the intestinal epithelium whereas other groups suggested that 

γδ T cells are present both in the epithelium and lamina propria (Lillehoj and Chung, 1992; 

Meijerink et al., 2021). Approximately, one fourth of intestinal γδ T cells express CD8 

molecules and more than 60 % of them are CD8αα+ γδ T cells (Hao et al., 2020; Lillehoj and 

Chung, 1992; Tregaskes et al., 1995). The preference of γδ T cell localization in the intestinal 

epithelium is a phylogenetically conserved feature across species. Therefore, it has been 

suggested that γδ T cells are crucial for protection of mucosal surfaces. Indeed, higher proportion 

of γδ T cells in chicken lungs and their involvement of protective immunity against viral 
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infection have been suggested (Hao et al., 2020). Chicken γδ T cells have yet to be identified in 

skin unlike in mammals (Bucy et al., 1988). However, considering their immune surveillance 

role, it is possible that chicken γδ T cells are distributed in skin to protect against pathogen 

invasions. Anticipated distribution and function of chicken γδ T cells are illustrated in Figure 1.1. 

1.1.5. Antigen recognition and activation 

Although chicken γδ T cells are abundant in both lymphoid and peripheral tissues, little is 

known regarding nature and function of these cells. It is speculated that chicken γδ T cell can 

interact in MHC class I unrestricted manner and recognize non-peptide antigens (Fenzl et al., 

2017). Therefore, their limited diversity, tissue distribution, privileged localization, and 

abundance during ontogeny and post hatch support a preference for rapid effector responses 

upon infection. These factors make the chicken an attractive model to explore unresolved 

questions in γδ T cell function. 

Despite the desire for understanding γδ T cell biology and their application in immune-

based approaches for control of disease, identification of chicken γδ TCR ligands and antigens 

has proven to be a challenge. Recent advances in avian genomics 

(https://useast.ensembl.org/index.html) have widen our understanding on presence of innate 

receptors which had been previously thought to be absent in chickens. However, due to sequence 

dissimilarities between human and chicken, antigens recognized by these receptors, if expressed, 

could be virtually any molecule present on cell surfaces or in the extracellular space. Hence, 

antigen recognition and subsequent activation by γδ T cells in other species and possible 

candidates recognized by chicken γδ T cells were explored in this section (Fig. 1.2).  

1.1.5.1. Phosphoantigens and Butyrophilin molecules 
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The Butyrophilin (BTN) genes constitute a subgroup of at least 11 genes in the 

immunoglobulin superfamily identified in humans, mice, cows, goats, and chickens (Chen et al., 

2018; Jack and Mather, 1990; Lebrero-Fernández and Bas-Forsberg, 2016; Qu et al., 2011; 

Vantourout et al., 2018). BTN and BTN-like (BTNL) family belongs to B7 co-stimulatory 

molecules and they are of interest as γδ TCR ligands in human studies (Jandke et al., 2020). It is 

known that one of the major human γδ T cell subsets, Vγ9Vδ2 T cell, recognizes 

phosphoantigens (pAgs), such as isopentenyl pyrophosphate (IPP), via BTN receptors and shows 

cytokine production and cytotoxicity (Vermijlen et al., 2018). IPP, a by-product of the 

mevalonate isoprenoid pathway, forms a part of a de novo cholesterol biosynthesis pathway. 

Accumulation of IPP is observed in transformed cells or pathogen infected cells, but a treatment 

with small pharmacological mediators called aminobisphosphonates (ABPs), in a dose dependent 

manner, also can increase intracellular accumulation of IPP by inhibiting farnesyl pyrophosphate 

synthase, which leads to increased γδ T cell function and selective expansion of γδ T cells 

(Gober et al., 2003; Kistowska et al., 2008). Therefore, the application of ABPs, such as 

alendronate, pamidronate, or zoledronate, in cancer patients has emerged greatest interests in 

human cancer immunotherapy (Kabelitz et al., 2007; Zhao et al., 2018). Recently, the 

mechanisms of how pAgs interact with BTN receptors and, consequently, activate Vγ9Vδ2 T 

cells were successively revealed. In this pathway, BTN2A1 and BTN3A1 play critical roles 

(Cano et al., 2021; Karunakaran et al., 2020). Phosphorylated self (IPP), non-self ((E)-4-

Hydroxy-3-methyl-but-2-enyl pyrophosphate: HMBPP), and synthetic (bromohydrin 

pyrophosphate: BrHPP) antigens bind to a specific domain, named B30.2 domain, in BTN2A1 

and BTN3A1 and this interaction enhances formation of BTN2A1-BTN3A1 complexes at the 
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plasma membrane (Cano et al., 2021). In contrast, the binding of pAgs to B30.2 domain of 

BTN3A1 is suggested to induce conformational changes in BTN3A1 and subsequently recruit 

another unknown ligand beside the complex (Karunakaran et al., 2020). Rigau and colleagues 

(2020) demonstrated that BTN2A1 binds to the specific regions of Vγ9. However, activation of 

γδ T cells by the pAgs-BTN2A1/BTN3A1 complex is specifically found in human, especially 

Vγ9Vδ2 T cell subset, and not in other species (Chen, 2011; Vesosky et al., 2004). In chickens, 

one of the BTN genes, BTN1A1, has been identified and BTN3A2, 3A3, and 2A1-like gene are 

predicted by the National Center for Biotechnology Information (NCBI) 

(http://www.ncbi.nlm.nih.gov) although essential molecules for the pAgs recognition by γδ T 

cells, BTN2A1 and BTN3A1, have not yet been identified (Munguia and Federspiel, 2008). As 

involvement of other BTN family in expansion of a specific γδ T cell subset has been suggested 

in a mouse study, the possibility of these chicken BTN molecules serving as a γδ T cell ligand 

cannot be excluded (Lebrero-Fernández and Bas-Forsberg, 2016). Recent chicken studies 

indicate modulation of the de novo cholesterol biosynthesis pathway by an oncogenic virus, 

Marek’s Disease virus (MDV), and activation of γδ T cells in MDV-infected chickens (Boodhoo 

et al., 2020; Laursen et al., 2018). Therefore, chicken γδ T cells could play a pivotal role in 

recognition and control of T cell lymphomas. The expression of BTN receptors in infected cells, 

distribution, and ligand specificity in γδ T cells remain to be investigated in chickens. 

1.1.5.2. Stress-induced self-antigens 

Human and mouse γδ T cells recognize stress-induced self-antigens by Natural killer 

group 2, member D (NKG2D) and this recognition enhances the signals of γδ TCR stimulation 

(Nedellec et al., 2010). NKG2D binds to MHC class I chain-related protein A and B (MICA and 

http://www.ncbi.nlm.nih.gov/
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MICB) and UL16-binding proteins (ULBPs) in human, and retinoic acid early inducible (RAE)-

1, murine ULBP-like transcript (MULT)-1, and histocompatibility 60 (H60) in mice 

(Antonangeli et al., 2017). The surface expression of these stress-induced molecules on healthy 

cells is limited, but once cells sense cellular stress such as viral infection or heat shock, they are 

rapidly expressed on the cell surface (Mistry and O’Callaghan, 2007). These self-antigens also 

have been identified in cows, pigs, and horses. In cattle, there are 4 MIC genes and at least 35 

ULBP genes (Birch et al., 2008; Kondo et al., 2010). It was suggested that bovine MIC induces 

IFN-γ production by γδ T cells likely via NKG2D while bovine ULBP binds to other molecules 

structurally (Guzman et al., 2010; Larson et al., 2006). The counterpart of bovine ULBP and its 

availability in activation of bovine γδ T cells are still unknown. One MIC pseudogene named 

swine leukocyte antigen (SLA)-MIC1, 1 functional MIC gene named SLA-MIC2, and 1 ULBP 

have been identified in pig (Chardon et al., 2001; Garciaborges et al., 2005; Renard et al., 2006). 

NKG2D expression on swine γδ T cells has been reported only in epithelium, but not in blood 

(Altmeyer et al., 2017; Denyer et al., 2006). However, interaction of swine MIC/ULBP and 

NKG2D and their possibility to induce γδ T cell activation remain under investigation. One MIC 

pseudogene and 2 functional MIC genes have been described in horse although their association 

with γδ T cell activation has not been reported (Wade et al., 2009). In chickens, it has not yet 

been confirmed whether chicken cells express a MICA/MICB, ULBP, or RAE-1 related 

molecule that could be presented as a self-antigen recognized by γδ T cells.  

1.1.5.3. Heat shock proteins 

Heat shock proteins (HSPs) belong to the family of chaperones and various HSP family 

members have been identified and named based on their molecular weight (Huang et al., 2008). 
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When cells sense stress caused by heat, chemical exposures, or pathogens, HSPs are rapidly 

upregulated in the cells (Wan et al., 2020). In addition to these stresses, accumulation of HSPs 

has been reported in various cancer cells (Ciocca and Calderwood, 2005). Therefore, surface-

expressed HSPs are suggested to be recognized as tumor-specific antigens (Shevtsov and 

Multhoff, 2016). γδ T cells enable to recognize surface-expressed HPSs or peptide-HPS complex 

on tumor cells and lyse these cells via γδ TCR (Chen et al., 2008; Kim et al., 1995; Thomas et 

al., 2000). As well as tumor cells, virus-infected cells upregulate HSPs expression, which helps 

viral entry, replication, gene expression, assembly, and release from the infected cells (Wan et 

al., 2020). Since it is suggested that HSP90 produced in Epstein-Barr virus-infected B cells is 

associated with γδ T cell proliferation, γδ T cells may contribute to immune surveillance by 

means of detection of HSP-overexpressing cells (Kotsiopriftis et al., 2005). In chickens, HSPs 

are one of the candidates which induce the activation of γδ T cells (Arstila et al., 1995). 

Although an increase of HSPs has been reported in infection of highly-pathogenic avian 

influenza virus, MDV, Newcastle disease virus, and reticuloendotheliosis virus, whether the high 

expression of HSPs on virus-infected cells induces activation of chicken γδ T cells remains 

unknown (Balasubramaniam et al., 2012; Yang et al., 2021; Zhao et al., 2009).  

1.1.5.4. Phospholipids and glycolipids 

γδ T cells recognize phospholipids and glycolipids on CD1 molecules via γδ TCR in 

humans and mice (Luoma et al., 2014; Russano et al., 2007, 2006). CD1 belongs to 

nonpolymorphic MHC class I-like molecules and human CD1 proteins are classified into 3 

groups, group 1 (CD1a, CD1b, and CD1c), group 2 (CD1d), and group 3 (CD1e) (Adams, 2014; 

Barral and Brenner, 2007). CD1 molecules are expressed on epithelial cells and antigen 
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presenting cells (APCs) as an antigen-presenting molecule to induce rapid response from tissue-

resident T cells (Dougan et al., 2007). Human γδ T cells recognize endogenous antigens on 

CD1c and CD1d while the recognition of CD1d by γδ T cells sometimes occurs regardless of a 

lipid-antigen bound on CD1d (Reijneveld et al., 2020). Among the CD1 family, CD1d is the 

only CD1 molecule identified in mice and rats (Balk et al., 1991; Ichimiya et al., 1994). CD1a, 

CD1b, CD1d, and CD1e have been identified in cattle (Nguyen et al., 2013; Van Rhijn et al., 

2006). Since CD1d is well conserved in many species, its importance has been suggested (Rhind 

et al., 1999). Nevertheless, the recognition of CD1d molecules by γδ T cells is reported only in 

humans and mice (Huber et al., 2010; Reijneveld et al., 2020). In chickens, two CD1 genes, 

CD1.1 and CD1.2 have been identified and their expressions have been reported in lymphoid 

tissues (Maruoka et al., 2005; Salomonsen et al., 2005). However, it is suggested that these two 

genes do not have orthologs in human CD1 group 1 or CD1 group 2 (Maruoka et al., 2005). 

Although availability of CD1.1 to display a lipid antigen has been reported, their counterpart and 

function including interaction to chicken γδ T cells have not been revealed (Hee et al., 2010). Of 

note, endothelial protein C receptor gene (PROCR), which encodes the endothelial protein C 

receptor (EPCR), has been identified as the most related gene to CD1 among MHC class I-like 

genes in chickens (Maruoka et al., 2005). As EPCR is suggested as a ligand of human γδ T cells, 

EPCR might be one of the potential targets by chicken γδ T cells (Ramirez et al., 2016; Willcox 

et al., 2012). 

1.1.5.5. Other surface expressed self-molecules 

Among the receptors expressed on γδ T cells, signaling lymphocyte activation molecules 

(SLAMs) have been also investigated (Dienz et al., 2020, 2017; Straub et al., 2014). The SLAM 
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family (SLAMF) belongs to the CD2-related immunoglobulin superfamily and is expressed on 

hematopoietic cells (Cannons et al., 2011). A recent study in mice profiled SLAMF expression 

on tissue-resident γδ T cells in various tissues (Dienz et al., 2020). In this study, involvement of 

SLAMF was indicated in development of IFN-γ- and IL-17A-producing γδ T cells. In chickens, 

Straub and colleagues (2014) distinguished γδ T cell subsets by expression intensity of CD8α 

and SLAMF4. SLAMF4 binds to SLAMF2 which is widely expressed on the surface of 

hematopoietic cells (Yokoyama et al., 1991). SLAMF2-SLAMF4 interaction induces both an 

activation and an inhibitory signal to SLAMF-expressing cells (Lee, 2006; Zhao et al., 2012) 

Since SLAMF2 is upregulated by Epstein-Barr virus infection, SLAMF2 and SLAMF4 might be 

involved in recognition of virus transformed cells by γδ T cells (Thorley-Lawson et al., 1982).  

It has been reported that class I restricted T cell-associated molecule (CRTAM) is 

upregulated on activated human CD8+ T cells (Fuchs and Colonna, 2006). CRTAM belongs to 

immunoglobulin superfamily. CRTAM interacts to nectin-like protein (Necl)-2 which is 

expressed on epithelial cells and tumor cells and Necl-2-CRTAM interaction triggers IFN-γ 

secretion by human CD8+ T cells (Boles et al., 2005; Garay et al., 2010). In contrast, autophagic 

cell death of human γδ T cells is induced by Necl-2-expressing tumor cells via CRTAM 

(Dessarthe et al., 2013). This mechanism is suggested one of the counterattacks by tumor cells. 

Similar in human, the expression of CRTAM on activated CD8+ γδ T cells but not on freshly 

isolated γδ T cells has been reported in chickens (Zechmann et al., 2013). Intriguingly, IL-2 

stimulation induces rapid upregulation of CRTAM on splenic CD8+ γδ T cells while this 

upregulation is not observed on circulating γδ T cells in chickens (Zechmann et al., 2013). 

Moreover, CRTAM expresses neither on resting nor activated chicken intestinal intraepithelial 
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lymphocytes which include abundant γδ T cells (Zechmann et al., 2013). These results indicate 

chicken γδ T cell subpopulations in different tissues. 

1.1.5.6. Pathogen and microbial-associated molecular patterns 

Invading pathogens and commensal microbes express a multitude of pathogen-associated 

molecular patterns (PAMPs) and microbial-associated molecular patterns (MAMPs) that are 

directly recognized by pattern-recognition receptors (PRRs) such as Toll-like receptors (TLRs), 

nucleotide-binding oligomerization domain (NOD)-like receptors (NLRs), and retinoic acid-

inducible gene-I (RIG-I)-like receptors (RLRs) in mammals. These PRRs are expressed on the 

cell membrane (TLR1, 2, 4, 5, 6, and 11, and CLRs), endosomes (TLR3, 7, 8, 9, 10, 12, and 13), 

or cytosol (NLRs and RLRs) of non-immune cells, innate immune cells, and adaptive immune 

cells and recognize pathogen components such as peptidoglycan, lipopolysaccharide (LPS), 

double-stranded RNA (dsRNA), single-stranded RNA (ssRNA), or Cytosine-phosphate-Guanine 

Oligodeoxynucleotide (CpG-ODN) (Delneste et al., 2007; El-Zayat et al., 2019; Koblansky et 

al., 2013; Lee et al., 2018; Li and Chen, 2012). This recognition induces production of type Ⅰ 

interferons, pro-inflammatory cytokines, chemokines, and antimicrobial peptides according to 

their downstream signaling pathways (Moresco et al., 2011). PRR-stimulated T cells enhance IL-

2 and IFN-γ production, proliferation, cytotoxicity, and upregulation of activation markers 

(Kulkarni et al., 2010). For these enhancements, naïve T cells require TCR pre-stimulation 

whereas effector or memory T cells are activated by PRRs in absent of TCR co-stimulation 

(Cottalorda et al., 2009; Lee et al., 2020; Rahman et al., 2009). PRR expression on γδ T cell has 

been confirmed in humans, mice, cattle, and pigs (Holderness et al., 2013; Wen et al., 2012). 

Freshly-isolated γδ T cells of human express TLR1, 2, 3, 6, 7, and 8 and NOD2 (Kerns et al., 
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2009; Peng et al., 2007; Pietschmann et al., 2009). Activated human γδ T cells express TLR4 

(Cui et al., 2009). The expression of TLR9 and 10 was not detected in human γδ T cells 

(Gibbons et al., 2009). Bovine γδ T cells express TLR1, 2, 3, 4, 5, 8, and 9 and NOD2 at 

transcript level (Hedges et al., 2005; Kerns et al., 2009; McGill et al., 2013). The expression of 

TLR2, 3, and 9 in porcine γδ T cells has been shown at protein level (Wen et al., 2012). 

In chickens, 2 of TLR1/6/10 orthologs, 2 of TLR2 isoforms (type 1 and 2), TLR3, 4, 5, 7, 

TLR9 ortholog named TLR21, and TLR15 which is uniquely found in avian species have been 

identified (Boyd et al., 2012; Keestra et al., 2013). While RIG-I has not been identified, the other 

RLRs, melanoma differentiation-associated gene 5 and laboratory of genetics and physiology 2, 

have been found in chickens (Barber et al., 2010; Liniger et al., 2012). There are 4 NLRs, 

NOD1, NLRC3, NLRC5, and NLRP3 identified in chickens (X. Ma et al., 2021). Among the 

identified PRR genes, chicken γδ T cells express TLR1/6/10 orthologs, TLR2 type 2, TLR3 and 

21 and weakly express TLR4, 5, and 7 (Iqbal et al., 2005; Laursen et al., 2018). Interestingly, 

only a specific γδ T cell subpopulation, CD8αα+ γδ T cell, expresses TLR4 while TLR3 is 

expressed in all γδ T cell subpopulations (Pieper et al., 2008). This CD8αα+ γδ T cell 

subpopulation has been thought as activated γδ T cells because pathogen invasion induces an 

increase of CD8αα+ γδ T cell population, IL-2 expression is observed only in CD8αα+ γδ T 

subpopulation, and CD8αα+ γδ T cells express higher Fas, IFN-γ, and IL-2 receptor transcripts 

(Berndt et al., 2006; Hao et al., 2021; Pieper et al., 2008). Therefore, TLR4 expression may be 

upregulated only on activated chicken γδ T cells as in humans and mice (Cui et al., 2009; 

Schwacha and Daniel, 2008). TLR expression as protein level remains to be elucidated in 
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chickens. The development of chicken antibodies for TLR molecule detection will enable to 

further characterization of chicken TLRs. 

Despite the identification of TLRs in chicken γδ T cells, little is known about their 

activation via TLRs. In mammals, TLRs recognize various PAMPs and send signals to 

downstream pathways that lead to activation of innate and, subsequently, adaptive immune 

responses. Stimulation of TLRs in γδ T cells contributes to the early immune response against 

pathogens (Kulkarni et al., 2011; Wesch et al., 2011). For induction of γδ T cell effector 

functions, a TCR cross-linking such as stimulation with an anti-TCR γδ monoclonal antibody 

(mAb) or PAgs may be essential for TLR-mediated co-stimulation in γδ T cells. For instance, 

stimulation of cells with TLR3 ligand, polyriboinosinic polyribocytidylic acid (poly(I:C)), is 

known not to induce activation of freshly-isolated human γδ T cells because they do not express 

TLR3 on their surface (Wesch et al., 2006). Once γδ T cells are activated by TCR stimulation, 

they upregulate the expression of TLR3 on their surface and respond to poly(I:C) stimulation 

(Wesch et al., 2006). TCR and TLR3 co-stimulated human γδ T cells increase an activation 

marker, CD69, elicit IFN-γ production, and are induced proliferation (Gibbons et al., 2009; 

Wesch et al., 2006). Like human γδ T cells, poly(I:C)-stimulated bovine γδ T cells enhance IFN-

γ expression when they are co-stimulated with anti-CD3 antibody (Ab) (McGill et al., 2013). 

Notably, this IFN-γ enhancement is remarkable in an effector γδ T cell subset, WC1.1+ γδ T cell, 

whereas the co-stimulation with poly(I:C) and anti-CD3 Ab enhances IL-10 and TGF-β 

expression in a regulatory γδ T cell subset, WC1.2+ γδ T cell. In addition to the direct stimulation 

with TLR ligands, γδ T cells are stimulated with cytokines secreted by TLR ligand-stimulated 

immune cells. It has been reported that type Ⅰ IFN produced by poly(I:C)-stimulated 
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plasmacytoid dendritic cells (DCs) induces human γδ T cell activation (Kunzmann et al., 2004). 

γδ T cell activation is also observed via type Ⅰ IFN produced by TLR9 ligand, CpG-ODN, 

stimulated plasmacytoid DCs (Rothenfusser et al., 2001). Unlike TLR3, freshly-isolated human 

γδ T cells are not activated by CpG-ODN (Rothenfusser et al., 2001). This could be due to the 

weak expression of TLR9 in human γδ T cells (Beetz et al., 2008). In contrast, bovine and 

porcine γδ T cells express TLR9 (Hedges et al., 2005; Wen et al., 2012). Although an increase of 

TLR9 expression in bovine and porcine γδ T cells by virus infections has been reported, whether 

a TLR9 ligand induces bovine and porcine γδ T cell activation remains under investigation 

(Farias et al., 2016; Wen et al., 2012). 

1.1.6. Activation and function of chicken γδ T cells in avian diseases 

The function of chicken γδ T cells has been reported in Salmonella infection. After 

Salmonella infection, the number of CD8α+ γδ T cells increased in spleen and cecum. 

Furthermore, CD8α+ γδ T cells upregulate CD25, Fas, Fas ligand, and IFN-γ after Salmonella 

exposure (Berndt et al., 2006; Jana Pieper et al., 2011). These studies concluded that both 

CD8αα+ and CD8αβ+ γδ T cells have a potential to produce IFN-γ in Salmonella-infected 

chickens. Additionally, Salmonella-induced activation was observed in CD8αα+ γδ T cells as 

these cells upregulated CD25 expression (Braukmann et al., 2015). In Eimeria-infected chickens, 

γδ T cell expansion has been reported (Lillehoj, 1994). In a later study, it was suggested that IL-2 

induced by Eimeria infection triggers CD8+ γδ T cell expansion (Choi and Lillehoj, 2000). 

The involvement of chicken γδ T cells has also been suggested in MDV infection. Due to 

the cell-associated nature of MDV, studies of the immune responses against MDV have focused 

on T cell-mediated immunity, especially CD8+ T cells. Indeed, CD8+ T cell-deficient chickens 
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showed a higher MDV load than untreated chickens (Morimura et al., 1997). Moreover, it has 

been suggested that MDV vaccination could induce activation of both CD8α+ γδ T cells and 

CD8α+ αβ T cells (Kano et al., 2009a). As responses of γδ T cells against pathogens are earlier 

than that of αβ T cells in general, the involvement of γδ T cells seems to be crucial for protection 

against MDV. Recently, an increase of splenic γδ T cells in MDV-infected chickens has been 

reported. Almost all of the increased γδ T cells expressed CD8 molecules and their IFN-γ and IL-

10 production has been suggested (Laursen et al., 2018). In addition, TLR3 upregulation has 

been reported in MDV-infected chickens though its contribution to immune responses against 

MDV has not been investigated (Laursen et al., 2018). γδ T cell responses against an MDV 

vaccine strain were also examined by Hao and colleagues (2021). They revealed CD8α+ γδ T cell 

expansion and upregulation of CD8αα molecules on γδ T cells in MDV-vaccinated chickens. 

Moreover, Marek’s disease (MD) vaccines induce the expression of IFN-γ, granzyme A, NK 

lysin, and tumor necrosis factor (TNF)-α in γδ T cells (Hao et al., 2021). Although the 

contribution of γδ T cells to immune protection against MDV has been suggested, activation 

mechanisms of γδ T cells in MDV infection are still unknown. As herpes simplex virus (HSV)-

specific γδ T cells recognize HSV glycoprotein Ⅰ in the absence of MHC, MDV glycoproteins 

are potential candidates for recognition by chicken γδ T cells (Johnson et al., 1992; Sciammas et 

al., 1994). 

1.2. Marek’s disease virus 

József Marek first reported Marek’s disease (MD) as polyneuritis in 1907 (Witter, 1971). 

Pappenheimer and colleagues proposed that this disease showed visceral lymphoma as well as 

polyneuritis in 1929 (Witter, 1971). In 1968, MDV was isolated and propagated, which 
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contributed to the origination of an effective vaccine. The attenuated HPRS-16 strain was applied 

for vaccination against MDV by Churchill and colleagues in 1969 (Churchill et al., 1969a). 

Additionally, herpesvirus of turkeys (HVT), a naturally avirulent virus, was commercialized as a 

protective MD vaccine by Witter and colleagues (Witter et al., 1970). MD vaccines started to be 

used as a first vaccine to prevent neoplasm in the early 1970s. However, in the late 1970s, MDV 

causing more severe signs, appeared in vaccinated chickens. In 1972, Rispens and colleagues 

developed the most effective vaccine named CVI988. CVI988 was isolated from a flock of 

chickens and initially had low virulence though it belongs to MDV-1 strain. However, they 

succeeded to develop avirulent CVI988 by passaging multiple times in duck embryo fibroblasts 

(Rispens et al., 1972). CVI988 is currently one of the most common vaccines due to its superior 

protection against MD. Alternatively, a bivalent vaccine comprised by SB-1 and HVT, was 

proposed to control MD in the United States. Although these vaccines have been administered 

quite successfully, an increase of MDV virulence has been reported during the past four decades 

and MD-vaccine breaks have been observed. Indeed, poultry industry is under apprehension that 

economic losses caused by MD are estimated to be around US$1–2 billion per year (Morrow and 

Fehler, 2004). 

1.2.1. Classification 

Originally, MDV was characterized as a member of the Gammaherpesvirinae because 

MDV shares many components with Epstein-Barr virus (EBV) and biological features of MD are 

closely similar to EBV infection in humans. In later studies of MDV genomic structure, the virus 

was characterized as an alphaherpesvirus due to repeat sequences in its double-strand DNA 

(dsDNA). MDV genome has high homology to human herpesvirus 1 (HSV-1) and human 
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herpesvirus 3 (varicella-zoster virus, VZV) genomes and these viruses show similar pathogenesis 

(Buckmaster et al., 1988; Zerboni et al., 2014).  

MDV belongs to the family Herpesviridae, subfamily Alphaherpesvirinae, and 

genus Mardivirus (Calnek and Witter, 1997). MDV strains are divided into 3 serotypes, Gallid 

alphaherpesvirus 2 (MDV serotype 1: MDV-1), Gallid alphaherpesvirus 3 (MDV serotype 2: 

MDV-2), and Meleagrid alphaherpesvirus 1 (MDV serotype 3: MDV-3 or HVT). Chickens 

infected with MDV-1 strains, except for the avirulent MDV-1 strains, develop MD (Calnek and 

Witter, 1997).   

1.2.2. Virulence 

Based on the virulence of MDV strains, there are 4 pathotypes of the viruses: mild 

(mMDV), virulent (vMDV), very virulent (vvMDV), and very virulent plus (vv+MDV) (Witter, 

1997). mMDV strains cause mainly neurological signs and occasionally lymphoma in ovaries in 

susceptible chickens. vMDV strains such as HPRS-16 and vvMDV strains such as Md5 and 

RB1B cause paralysis and severe lymphoma in most chicken lines. vv+MDV strains provoke 

fatal brain damage and they are typically isolated from the flocks where vaccine breaks occurred. 

A recent MDV study revealed that the virulence of MDV is altered by very few point mutations 

in MDV oncogene, Marek’s EcoRI-Q-encoded protein (Meq) gene (Conradie et al., 2020). 

1.2.3. Genomic structure 

MDV has a dsDNA and its genome length varies depending on the strain (175 to 180 

kbp) (Lee et al., 1971). Two regions, long and short sections, reside in the MDV genomic 

structure and each section is comprised of unique (UL and US) segments, terminal repeats (TRL 

and TRS), and internal repeats (IRL and IRS) (Fukuchi et al., 1984). This structure is closely 
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related to HSV-1 and VZV, especially the genes existing in the UL and US segments. In contrast, 

TRL and IRL consist of MDV-specific genes such as viral IL-8 (vIL-8), phosphoprotein 38 

(pp38), and Meq genes. These genes are present in MDV-1 and involved in MDV pathogenesis 

and immune evasion (Gimeno et al., 2005; Hunt et al., 2001; Lupiani et al., 2004). The 

attenuated strain, CVI988, possesses these genes but they are unfunctional genes in this strain. 

The non-oncogenic strains, SB-1 and HVT, lack these genes or functional genes (McPherson and 

Delany, 2016). 

1.2.4. Pathogenesis 

MDV pathogenesis is composed of four phases in MD-susceptible chickens in 

accordance with the ‘Cornell model’ proposed by Calnek (1986): the early cytolytic infection 

phase, the latency phase, the late cytolytic infection and immunosuppressive phase, and the 

proliferative phase. Cell-free virus particles produced by feather follicle epithelium (FFE) in 

infected chickens are inhaled through respiratory track and infect epithelial cells and APCs in 

lungs (Barrow et al., 2003; St. Hill et al., 2004). MDV subsequently infects B cells and T cells in 

lungs and causes cytolysis in these lymphocytes in the early cytolytic infection phase, between 2 

and 7 days post-infection (dpi) (Baigent and Davison, 2004; Calnek, 2001). In the latency phase, 

although MDV undergoes replication inside the lymphocytes, host immune cells can not react it 

due to viral immune evasion approaches (Calnek, 2001). The late cytolytic and 

immunosuppressive phase occurs from 2–3 weeks post infection (Baigent and Davison, 2004). 

MDV in CD4+ T cells selectively reactivates during this phase. The final stage is the proliferative 

phase starting around 3 weeks when the infected CD4+ T cells transform into lymphoma cells 

and then form visceral tumors. 
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1.2.4.1. MDV transmission 

MDV is a cell-associated virus in infected chickens although infectious MDV virions 

produced in FFE is a cell-free particle. Cell-free MDV keeps infectivity for up to 7 months in the 

natural environment (Carrozza et al., 1973). The natural route of MDV infection is horizontal 

transmission and a possibility of vertical MDV transmission was denied by Solomon and 

colleagues (1970). Naïve chickens inhale contaminated feather dander including MDV virions 

into respiratory tract. MDV infects lung epithelial cells and simultaneously or subsequently lung 

macrophages (Barrow et al., 2003; St. Hill et al., 2004). Viral replication is observed within 24 

hours after MDV transmission in lungs and subsequently MDV dissemination occurs in spleen, 

thymus, and bursa of Fabricius by the infected macrophages (Calnek, 2001). MDV DNA can be 

detected in feather follicles as early as 6 dpi and infectious MDV production in FFE starts around 

8 dpi (Jarosinski, 2012). 

1.2.4.2. The early cytolytic infection phase 

The early cytolytic infection occurs in lymphocytes, such as B cells and T cells, between 

2 and 7 dpi. In this phase, secreted cytokines and chemotactic factors contribute to induction of B 

cells to the local site of MDV infection. vIL-8 is one of the important chemokines, which recruits 

B cells and can bind to them (Engel et al., 2012). MDV infects recruited B cells and causes lytic 

viral replication. In the same way, T cells can be recruited and become infected by the virus 

through MDV-infected macrophages and B cells. Viral replication in B cells and T cells causes 

cytolysis in which a viral protein, pp38, plays a crucial role (Gimeno et al., 2005). 

1.2.4.3. The latency phase 
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In the latency phase, although MDV replication progresses in the lymphocytes, host 

immune cells cannot detect its existence. This phase occurs around 7 dpi and is pre-required for 

transformation and lymphomagenesis. Some pivotal viral transcripts, Meq, pp38, and viral RNA 

telomerase (vTR), are involved in the latency and subsequent MDV transformation. Meq forms 

heterodimers with c-Jun and upregulates anti-apoptotic factors (Levy et al., 2005). Meq also 

regulates cell-cycles to bind to p53 directly (Deng et al., 2010). In addition, as the Meq-Meq 

homodimer interacts to the promoter region of pp38 and ICP4 and suppresses their expression, a 

crucial role of Meq as a regulator of latency and T cell transformation has been suggested (Levy 

et al., 2003). With regards to pp38, its involvement in anti-apoptotic activity has been suggested 

(Gimeno et al., 2005). Moreover, pp38 might be associated with establishment of MDV latent 

infection and transformation from the aspect of metabolic activity (Li et al., 2006). vTR gene and 

a chicken terminal repeat gene share a high sequence identity. Therefore, it is speculated that 

vTR might contribute to inhibition of programmed cell death caused by telomere shortening due 

to chromosomal insertions (Kaufer et al., 2011a). 

1.2.4.4. The late cytolytic infection and immunosuppressive phase 

MDV is reactivated from latency mainly in CD4+ T cells around 14 dpi although latent 

viruses are found in CD8+ T cells, CD4-CD8- T cells, and B cells, (Lee et al., 1999; Robinson et 

al., 2014, 2010). In this phase, viral gene expression and replication recur actively, in which Meq 

plays an essential role. Meq inhibits apoptosis of host cells and trans-activates the expression of 

genes. Additionally, splice variants of Meq which are deficient for important domains for trans-

activation and trans-repression are expressed during the cytolytic infection and contribute to 

reactivation of MDV (Parcells et al., 2003). Viral telomeric repeats are also key factors for 
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reactivation (Kaufer et al., 2011b). Immunosuppression and atrophy of lymphoid tissues happen 

simultaneously during this phase. Apoptosis of a significant number of B cells and T cells in 

lymphoid tissues caused by MDV infection is a crucial factor of immunosuppression and atrophy 

(Boodhoo et al., 2016). Additionally, MDV-transformed tumor cells which express 

immunoregulatory molecules, such as cytotoxic T lymphocyte-associated antigen-4 (CTLA-4) or 

programmed cell death ligand 1 (PD-L1), and regulatory T cells (Tregs) could be involved in the 

immunosuppression (Engel et al., 2012; Gurung et al., 2017; Kumar et al., 2009; Matsuyama-

Kato et al., 2014, 2012; Parvizi et al., 2010). 

1.2.4.5. The proliferative phase 

The final phase of MDV infection is the proliferative phase that occurs around 28 dpi 

(Calnek, 2001). CD4+ T cells transform into lymphoma and form solid tumors in various organs 

such as spleen, kidney, intestine, liver, heart, and muscles (Abdul-Careem et al., 2009b). 

Transient or acute paralysis occurs in neck, legs, and wings and the association of a viral 

neurovirulence molecule, pp14, has been suggested (Tahiri-Alaoui et al., 2013). These disease 

signs lead to death of infected chickens. Meq and vTR closely relate to the transformation as 

well as latency. Meq-c-Jun heterodimers upregulate transformation-associated genes and anti-

apoptotic molecules (Levy et al., 2003). The involvement of vTR in the malignant 

transformation is substantiated by several investigations using vTR lacking or overexpressing 

mutant viruses (Kaufer et al., 2011a; Trapp et al., 2006). 

1.2.5. Host immune response to MDV 

Both innate and adaptive immune mechanisms and their interaction are needed for host 

defense against MDV. Innate immunity reacts to MDV soon after infection, and subsequently 
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adaptive immunity responds days after infection. Since MDV is a highly cell-associated virus in 

host chickens, T cell-mediated immune responses specifically contribute to elimination of MDV. 

Additionally, cytokines have important roles during MDV infection. 

1.2.5.1. Innate responses to MDV 

Innate immunity against MDV includes cytokine productions and activation of innate 

immune system cells, such as macrophages and natural killer (NK) cells. One of the most 

important cytokines in viral infections is type Ⅰ IFNs, IFN-α and IFN-β (Rasmussen et al., 2007). 

As IFN-α prevents the expression of virus antigens in MDV-infected chicken embryo fibroblasts 

(CEFs) in vitro and viral replication in vivo, it is believed type Ⅰ IFNs are key factors in 

immunity against MDV (Jarosinski et al., 2001; Xing and Schat, 2000). The synthesis of IFNs 

starts by the detection of MDV. Like in other herpesvirus infections, PRRs are plausible sensors 

to recognize MDV components and induce type Ⅰ IFN production (Danastas et al., 2020). Indeed, 

upregulation of TLR3 and TLR7, which recognize viral RNA, in MDV-infected lungs was 

reported in an aerosol-based infection model (Abdul-Careem et al., 2009). Activation of TLR3 

reduces MDV replication and inhibition of TLR3 exacerbated MDV infection and replication in 

CEFs in vitro (Hu et al., 2016). Stimulation of TLR3 with its ligand induces the expression of 

IFN-β, IL-6, and TNF-α and these cytokines contributed to inhibition of MDV infection (Zou et 

al., 2017). Moreover, injection of poly(I:C) reduces the number of MDV-infected cells and 

improved protection conferred by a MDV vaccine (Bavananthasivam et al., 2018; Parvizi et al., 

2012). TLR4 and TLR21 ligands are also effective for delaying MD progression and reducing 

MDV genome copy numbers (Parvizi et al., 2014). Type Ⅱ IFN, IFN-γ, is involved in both innate 

and adoptive immunity against MDV. As an innate immune function, IFN-γ induces the 
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expression of nitric oxide (NO) to inhibit MDV replication (Xing and Schat, 2000). IFN-γ was 

reported to have a supportive function for MDV vaccines (Haq et al., 2011). Recently, chicken 

TNF-α was identified and it was reported that macrophage and CD4+ αβ T cells express TNF-α 

upon the stimulation of LPS and TCR, respectively (Rohde et al., 2018).  

Macrophages also participate in inhibition of MDV replication and MD progression. 

Macrophages produce inducible nitric oxide synthase (iNOS) to inhibit MDV replication (Xing 

and Schat, 2000). An upregulation of iNOS during MDV infection was reported in spleen, brain, 

and lungs in infected chickens (Djeraba et al., 2000; Jarosinski et al., 2005; Abdul-Careem et al., 

2009). Moreover, macrophages have a potential to kill MDV-transformed cells (Qureshi and 

Miller, 1991). In contrast, it has been reported suppressive function of macrophages in MDV-

derived tumors and induction of suppresser T cell proliferation by macrophages in vitro (Lee et 

al., 1978). They may play a role as a tumor-associated macrophage. 

NK cells have important roles in viral infections. They lyse virus infected cells and tumor 

cells through cell death receptors and secreting granzyme and perforin (Vivier et al., 2008). In a 

study by Garcia-Camacho and colleagues (2003), a higher cytotoxic activity of NK cells from 

MD-resistant chickens was observed compared to MD-susceptible chickens. Recently, Bertzbach 

and colleagues (2019) reported that NK cells were one of the targets of MDV, and MDV-

infected NK cells upregulated IFN-γ secretion and cytotoxicity. They revealed that Meq involves 

in this enhancement of NK cell cytotoxic activity. NK cell activation is regulated by activating 

and inhibitory receptors on the cell surface (Vivier et al., 2008). Although certain viruses evade 

from CD8+ T cells by downregulation of MHC class Ⅰ molecules on the infected cells, NK cells 

eliminate these MHC class Ⅰ downregulated cells due to lack of inhibitory signals from MHC 
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class Ⅰ (Hammer et al., 2018). Therefore, it had been a mystery why MDV is able to evade NK 

cytotoxicity though MDV-infected cells downregulate MHC class Ⅰ molecule on their surface 

(Hunt et al., 2001). A recent study demonstrated that the expression level of one of chicken 

MHC class Ⅰ molecules, BF1, which is recognized by NK cells is maintained or slightly 

increased in MDV-infected cells while the other MHC class Ⅰ molecule, BF2, which binds to 

TCR on CD8+ T cells, is downregulated (Kim et al., 2018). 

1.2.5.2. Adaptive immune response to MDV 

Adaptive immune responses against MDV play a key role as well as innate immune 

responses. Due to the cell-associated feature of MDV, the role of cell-mediated immunity against 

MDV has been discussed in MDV studies. Following innate responses against MDV, CD8+ T 

cell responses are crucial to control MD in chickens (Morimura et al., 1998; Omar and Schat, 

1996). Cytotoxic activity of CD8+ αβ T cells against cells expressing MDV antigens, including 

Meq and glycoprotein B (gB), was reported by Omar and Schat (1996, 1997). Sarson and 

colleagues (2008) suggested that CD8+ T cells in MDV-infected chickens show cytotoxicity by 

producing NK lysin, Granzyme A, and perforin at the early cytolytic infection phase. Although 

many studies support cytotoxic function of CD8+ T cells, there is little information regarding T 

cell epitopes in MDV antigens. Schat and Xing narrowed down the epitope locations in the C-

terminal domain of MDV gB (Schat and Xing, 2000). Investigation using Immune Epitope 

Database revealed that 4 peptides from glycoprotein H (gH) and 2 peptides from gB have 

structurally the highest potential to bind to both MHC class I and Ⅱ with high affinity (Bashir et 

al., 2018). Further investigation is needed to map the epitopes of MDV proteins.  



 

 

30 

 

An inverse correlation between prolonged viral shedding and the number of virus-

specific CD4+ T cells in cytomegalovirus infection proposes importance of CD4+ T cells in 

MDV-infected chickens (Hanley and Bollard, 2014). Nonetheless, function of MDV-specific 

CD4+ T cells remains unclear as MDV target is also CD4+ T cells. Morimura and colleagues 

(1999) investigated protective roles of CD4+ T cells in vaccinated and CD4+ T cell-depleted 

chickens and could not observe their involvement in protective immunity against MDV. 

However, as CD4+ T cell depletion deprives MDV of target cells, further studies will be needed 

to shed light on their role in MDV infection. 

Antibody-mediated immunity against MDV is still controversial. Antibodies against 

MDV glycoproteins have been reported in MDV-infected chickens and are suggested to impede 

MDV to enter host cells and induce antibody-dependent cell-mediated cytotoxicity to MDV-

infected cells (Churchill et al., 1969b; Schat and Markowski-Grimsrud, 2001). On the contrary, 

dispensable roles of B cells both in MDV pathogenesis and immunity conferred by MDV 

vaccines have been suggested (Bertzbach et al., 2018; Heidari et al., 2022). 

1.2.5.3. Immune regulation by MDV 

MDV has various evasive mechanisms from host immune systems. At the early cytolytic 

infection phase, thymus and bursal atrophy and downregulation of surface MHC class Ⅰ are 

observed in MDV-infected chickens (Hunt et al., 2001; Schat, 2004). The expression of 

immunosuppressive receptors, such as CTLA-4, programmed cell death 1 (PD-1), and its 

ligands, PD-Ls, was increased at tumor lesions obtained from MDV-infected chickens (Kumar et 

al., 2009; Matsuyama-Kato et al., 2014, 2012; Parvizi et al., 2010). Additionally, MDV induces 

CD4+CD25+ T cell recruitment as target cells by vIL-8 and these Treg-like cells and MDV-
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transformed cells could suppress host immune responses by producing TGF-β and prostaglandin 

E2 (Engel et al., 2012; Gurung et al., 2017; Kamble et al., 2021).  

1.2.6. Vaccination 

MD has been controlled by vaccination successfully since the first vaccine was 

introduced in 1969. MD vaccines protect chickens against tumor formation and significantly 

reduce mortality. However, they cannot prevent virus replication and shedding (Baigent et al., 

2006). 

There exist three different serotypes of MD vaccines: serotype 1 (MDV-1) vaccines, 

serotype 2 (MDV-2) vaccines, and serotype 3 (MDV-3) vaccines (Reddy et al., 2017). 

MDV-1 vaccines typically are developed from field strains by serial passages in vitro 

(Rispens et al., 1972). CVI988 is one of the most effective vaccines due to its superior 

protection, especially after evolution of vv and vv+ MDV. Recently, a recombinant CVI988 

virus, CVRM, which has an insertion of long terminal repeat from reticuloendotheliosis virus 

was generated by Lupiani and colleagues (2013) and is produced by a manufacturer. Because of 

its protective efficacy, CVRM may become one of the most protective vaccines against evolving 

MDV strains. 

MDV-2 vaccines were originally isolated from healthy chickens. They are susceptible to 

maternal antibodies and provide limited protection against vv MDV (Witter, 1982). Therefore, 

they have been used as bivalent or trivalent vaccines (Witter and Lee, 1984). 

MDV-3 or HVT is a non-oncogenic virus which was developed in the 1970s and is still 

used as bivalent vaccines in combination with other serotypes (Dunn and Gimeno, 2013). 

However, vaccine breaks caused by vv MDV were reported in HVT-vaccinated flocks (Witter, 
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1983). Although a monovalent vaccine of HVT cannot prevent MD caused by vv MDV, the 

combination of MDV-2 and MDV-3 vaccines increases protective efficacy against vv MDV 

synergistically (Schat et al., 1982; Witter, 1982). Furthermore, revaccination strategies, such as a 

first vaccine (HVT or HVT + MDV-2 vaccine) inoculated in ovo and a second vaccine (CVI988) 

administered at hatch, have been shown to increase protection against MDV (Gimeno et al., 

2012).  

Despite the highly efficacious nature of these vaccines against tumor formation, the 

precise protective mechanisms by these vaccines are not well known. Lee and colleagues (1999) 

suggested that the number of CD4+ T cells is one of the key factors for protection by MD 

vaccines. They observed more apoptosis among peripheral blood mononuclear cells (PBMCs) in 

MDV vaccinated and challenged chickens than in only challenged chickens. In addition, MD 

vaccines induce activation of NK cells and CD8+ T cells (Heller and Schat, 1987; Omar and 

Schat, 1997; Garcia-Camacho et al., 2003; Gimeno et al., 2004). Cytokine expression regulated 

by MDV vaccines is also an important factor of protection. A decrease of T helper (Th)2-type 

cytokine expression, such as IL-6 and IL-10, in spleen of vaccinated chickens evidenced that 

MDV vaccination skews immune response toward Th1-type cytokine response which is 

considered effective for protection against MDV infection (Abdul-Careem et al., 2007). Indeed, 

a higher expression of IFN-γ has been reported in MDV-vaccinated and challenged chickens 

than that in unvaccinated and challenged chickens in the latency phase (Kano et al., 2009b).  
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Figure 1. 1: Anticipated distribution and functions of chicken γδ T cells (Figure credit, Dr. Nitish Boodhoo) 
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Figure 1. 2: Antigen recognition and functional roles of γδ T cells (Figure credit, Dr. Nitish Boodhoo) 
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Statement of rationale 

γδ T cells are involved in both innate and adaptive immunity and have various biological 

roles in immune surveillance, homeostasis, immunity against pathogens and tumors, injury, and 

tissue repair. Mammalian γδ T cells recognize peptide antigens and non-peptide antigens via 

TCR, NK receptors, and PRRs. Antigen stimulated γδ T cells produce cytokines and show 

cytotoxicity. Although possible cytokines which chicken γδ T cells produce and their cytotoxic 

activity have been reported, their activation mechanisms have not been identified.  

As cell-mediated immune responses are thought to be crucial, chicken γδ T cells may 

have an important function in immunity against MDV. Although potent activity of γδ T cells as 

an effector and a suppressor player in MDV-infected chickens has been demonstrated in recent 

MDV studies, detailed functions of γδ T cells in each phase of MDV infection and the TME 

generated by MDV have not been elucidated. 
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Hypotheses 

1. Chicken γδ T cells are activated by TLR3, TLR21, and pAgs and activated γδ T cells 

produce IFN-γ and show degranulation activity 

2. Chicken γδ T cells are involved in protective immunity conferred by MDV vaccine 

3. TCRγδ-stimulated chicken γδ T cells contribute to protective immunity against MD 

4. The TME generated by MDV alters chicken γδ T cell function 
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Experimental approach 

Objective 1: To investigate antigens or ligands capable of stimulating chicken γδ T cells 

Key steps involved: 

• Isolation of single mononuclear cells from spleen, blood, lungs, and ileum of healthy SPF 

chickens 

• ex vivo stimulation with TLR3 and 21 ligands, IPP, and Zol 

• Intracellular IFN-γ staining and flow cytometry to determine IFN-γ-producing γδ T cells 

• Degranulation assay to determine degranulation activity by γδ T cells 

• Sort γδ T cells from splenocytes 

• ex vivo stimulation with TLR3 and 21 ligands in combination with anti-CD3ε antibody 

• ELISA to measure IFN-γ production by stimulated γδ T cells 

 

Objective 2: Characterization of γδ T cells in MDV-vaccinated/challenged chicken 

Key steps involved: 

• Extraction of cell-free RB1B from skin of MDV-challenged chickens 

• Administration of CVI988 and aerosol infection of cell-free RB1B 

• Isolation of single mononuclear cells from spleen, lungs, and skin at 4, 10, and 21 dpi 

• Intracellular cytokine staining and flow cytometry to determine IFN-γ- or TGF-β-producing 

γδ T cells 
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• Isolation of single mononuclear cells from spleen at 21 dpi for degranulation assay 

• Collection of feather tips at 4, 10, and 21 dpi 

• DNA extraction and measurement of MDV load in feather tips 

 

Objective 3: To investigate the function of activated γδ T cells in MDV-challenged chickens 

Key steps involved: 

• Isolation of PBMCs from healthy SPF chickens 

• ex vivo stimulation with anti-TCRγδ antibody 

• Adoptive transfer of TCRγδ stimulated PBMCs 

• Challenging chickens with RB1B 

• Measurement of tumor incidence and scoring gross tumor lesions 

• Isolation of single mononuclear cells from spleen, lungs, and blood at 4, 10, and 21 dpi 

• ex vivo stimulation with PMA/ION 

• Intracellular cytokine staining and flow cytometry to determine IFN-γ- or TGF-β-producing 

γδ T cells 

• Degranulation assay to determine degranulation activity by γδ T cells 

• RNA extraction and real-time PCR for cytokine expression 

• DNA extraction and measurement of MDV load in feather tips 
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Objective 4: To investigate the effect of the tumor microenvironment generated by Marek’s 

disease virus on γδ T cells 

Key steps involved: 

• Isolation of single mononuclear cells from spleen of healthy or MDV-challenged SPF 

chickens 

• Collection of supernatants from cultured splenocytes or MSB-1 cells 

• RNA extraction from cultured splenocytes and MSB-1 cells and real-time PCR for cytokine 

expression 

• Isolation of single mononuclear cells from spleen and blood of healthy SPF chickens 

• ex vivo treatment with supernatant in combination with anti-TCRγδ antibody 

• Intracellular cytokine staining and flow cytometry to determine IFN-γ- or TGF-β-producing 

γδ T cells 

• Degranulation assay to determine degranulation activity by γδ T cells 
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2.1. Abstract 

Gamma delta (γδ) T cells are highly enriched in mucosal barrier sites including intestinal 

tissues where microbial infections and tumors often originate in mammals. Human γδ T cells 

recognize stress antigens and microbial signals via their T cell receptor (TCR), natural killer 

(NK) receptors, and pattern recognition receptors. However, little is known about antigens or 

ligands capable of stimulating chicken γδ T cells. The results of the present study demonstrated 

that polyinosinic-polycytidylic acid (poly(I:C)), a Toll-like receptor (TLR)3 ligand, significantly 

induced upregulation of CD8α molecules on circulating and lung γδ T cells. Moreover, poly(I:C) 

stimulation induced interferon (IFN)-γ production from splenic and lung CD8α+ γδ T cells while 

Cytosine-phosphate-Guanine oligodeoxynucleotides (CpG-ODN) 2007, a TLR21 ligand, 

stimulation induced IFN-γ production by circulating γδ T cells. Neither poly(I:C) nor CpG-ODN 

2007 stimulation elicited degranulation of γδ T cells. Additionally, the results revealed that CpG-

ODN 2007 induced IFN-γ production from TCR-stimulated γδ T cells sorted from spleen. In our 

experiments, isopentenyl pyrophosphate (IPP), 4-hydroxy-3-methyl-but-2-enyl pyrophosphate 

(HMBPP), or zoledronate (Zol) stimulation did not induce IFN-γ production or degranulation in 

γδ T cells. Taken together, a combination of CpG-ODN 2007 and anti-CD3ε monoclonal 

antibodies (mAbs) can stimulate chicken γδ T cells and induce production of IFN-γ by these cells 

while IFN-γ production by γδ T cells induced by stimulation of poly(I:C) needs signals from 

other cells. These results suggest that chicken γδ T cells can sense invading pathogens via TLRs 

and produce IFN-γ as a first line of defense. 

  

Keywords 

Chicken; γδ T cell; Toll-like receptor; Degranulation; Mucosal tissue; Cytokine; Phosphoantigen 
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2.2. Introduction 

Gamma delta (γδ) T cells, a subset of innate-like T cells, possess γδ T cell receptor (TCR) 

and have been shown to play key roles in immune surveillance, tissue repair, and tissue 

homeostasis in intestine, skin, and lungs in many species. In these tissues in humans, γδ T cells 

constitute a large proportion of resident T cells (up to 50 % of T cells) though circulating γδ T 

cells are only less than 5 % of total T cells (Carding and Egan, 2002; Ribot et al., 2021). In 

contrast, the frequency of chicken γδ T cells in peripheral blood is relatively high (20 to 50 %) 

(Cihak et al., 1993). Chicken γδ T cells are distributed in various tissues after differentiation in 

thymus and these γδ T cells mostly express CD8α molecules whereas γδ T cells in blood or 

thymus do not express CD4 or CD8α molecules (Bucy et al., 1988).  

γδ T cells recognize various antigens, such as those derived from viruses and tumors in 

addition to non-peptide antigens as well as stress-induced antigens, through both major 

histocompatibility complex (MHC)-restricted and unrestricted manners in mammals (Yueshui 

Zhao et al., 2018). Since studies with human γδ T cells have revealed that phosphoantigens 

(pAgs), such as isopentenyl pyrophosphate (IPP) and 4-hydroxy-3-methyl-but-2-enyl 

pyrophosphate (HMBPP), produced by transformed cells or virus infected cells can induce the 

activation of γδ T cells, the application of aminobisphosphonates (ABPs), such as pamidronate 

and zoledronate, has gained interest in human cancer immunotherapy (Kabelitz et al., 2007; 

Yueshui Zhao et al., 2018). ABPs inhibit farnesyl pyrophosphate synthase, one of the enzymes in 

the mevalonate pathway, and elicit intracellular accumulation of IPP which induces activation of 

human γδ T cells (Buhaescu and Izzedine, 2007; Kunzmann et al., 2000). Alternatively, γδ T 

cells can be stimulated with pathogen-associated molecular patterns, and their activation is 

marked by cytokine production, cytotoxic activity, and proliferation (Dar et al., 2014; Wesch et 
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al., 2011). For instance, Toll-like receptor (TLR)3 stimulation induces γδ T cell proliferation and 

enhances interferon (IFN)-γ secretion by TCR-stimulated human γδ T cells (Wesch et al., 2006). 

Although it has been reported that chicken γδ T cells are activated following viral and bacterial 

infections, the antigens capable of activating γδ T cells via their γδ TCR in an MHC-restricted 

manner remain to be elucidated (Berndt et al., 2006; Laursen et al., 2018). In addition, chicken 

γδ T cells may also become activated in an MHC-unrestricted interaction (Fenzl et al., 2017).  

In the present study, we examined whether TLR ligands can activate chicken γδ T cells 

derived from spleen, peripheral blood mononuclear cells (PBMCs), lungs, and ileum. Because 

the expression of TLR3 and 21 in chicken γδ T cells has been reported by Iqbal et al. (2005) and 

Laursen et al. (2018), respectively, chicken γδ T cells were stimulated with polyinosinic-

polycytidylic acid (poly(I:C)), a TLR3 ligand, or Cytosine-phosphate-Guanine 

oligodeoxynucleotides (CpG-ODN) 2007, a TLR21 ligand. Subsequently, expression of CD8α 

and IFN-γ in addition to degranulation activity of these cells were examined. Moreover, as many 

butyrophilin (BTN) and BTN-like genes have been predicted in chickens, the potential of pAgs 

and ABPs as an activator of chicken γδ T cells was investigated.  

2.3. Materials and Methods 

2.3.1. Chicken housing and ethics 

One-day-old specific pathogen free (SPF) White Leghorn chickens were purchased from 

the Animal Disease Research Institute, Canadian Food Inspection Agency (Ottawa, Ontario, 

Canada) and were accommodated in Campus Animal Facility at the Ontario Veterinary College, 

University of Guelph. Chickens had ad libitum access to food and water for the duration of the 

experiment. Chickens were euthanized by Carbon dioxide inhalation. All experiments were 

approved by the Animal Care Committee of the University of Guelph under Animal Utilization 
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Protocol number 4328 and were conducted according to the guidelines of the Canadian Council 

on Animal Care. 

2.3.2. Single cell isolation from tissues 

Spleen, thymus, bursa of Fabricius, liver, kidney, skin (from both wings after removing 

feathers), lungs, duodenum, jejunum, ileum, cecal tonsil, caeca, and colon samples were 

collected aseptically from 26 of chickens at 5-6 weeks of age (Table 2.1) and stored on ice until 

further use. Blood was collected from femoral artery and vein in BD Vacutainer blood collection 

tubes (Beckton Dickinson Biosciences, San Jose, CA, USA) after euthanasia. 

2.3.2.1. Enzymatic digestion of tissues 

Lungs, duodenum, jejunum, ileum, cecal tonsils, caeca, and colon were digested 

following the protocol described elsewhere (Parvizi et al., 2015), with some modifications. 

Briefly, lungs were minced after rinsing 3 times with 1 × Hank’s balanced salt solution (HBSS) 

(Gibco, Burlington, Ontario, Canada) containing 100 U/ml of penicillin and 100 μg/ml of 

streptomycin (Gibco), followed by digesting in 400 U/ml of collagenase type I (Gibco) and 50 

U/ml of DNAse Ⅰ (Millipore-Sigma, St. Louis, MO, USA) for 30 minutes at 37 ℃ in a water 

bath. Intestinal tissue (5 cm segments) was cut into small segments, washed 3 times by vigorous 

shaking with HBSS containing 100 U/ml of penicillin and 100 μg/ml of streptomycin, and 

subsequently digested in 800 U/ml of collagenase type I for 30 minutes at 37 ℃ in a water bath. 

Skin samples were digested following the protocol as described elsewhere (Broggi et al., 

2016), with some modifications. Briefly, skin was cut into small segments and subsequently 

digested in 300 μg/ml of Liberase TM (Roche, Basel, Switzerland) and 50 U/ml of DNAse Ⅰ for 

1 hour at 37 ℃ in a water bath. 

2.3.2.2. Single cell preparation 
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Single cell suspensions of spleen, thymus, bursa of Fabricius, liver, kidney, and digested 

mixture of lungs, skin, and intestine tissues were prepared by passing through a size 40 μm cell 

strainer (VWR International, Mississauga, ON, Canada) using the rubber end of a 10 ml syringe. 

Mononuclear cells were separated by density gradient centrifugation in Histopaque1077 (Sigma 

Chemical Co., St. Louis, MO, USA) at 400 × g for 20 minutes. Blood samples were diluted with 

same volume of phosphate buffered saline (PBS) (Wisent, Inc., St. Bruno, Quebec, Canada) and 

overlayed onto Histopaque1077. Mononuclear cells were subsequently aspirated from the 

interface and washed 3 times at 400 × g for 5 minutes in Iscove's modified Dulbecco's medium 

(IMDM) containing 100 U/ml of penicillin and 100 μg/ml of streptomycin. Pellets were 

subsequently resuspended in complete IMDM cell culture medium; IMDM medium containing 

10 % of fetal bovine serum (Millipore-Sigma), 2 % of chicken serum (Millipore-Sigma), 100 

U/ml of penicillin and 100 μg/ml of streptomycin, 32.7 nM of 2-Aminoethanol (Millipore-

Sigma), 1 % of Insulin-Transferrin-Selenium (Gibco), 2 μg/ml of linoleic acid (Millipore-

Sigma), 2 μg/ml of oleic acid (Millipore-Sigma), 2 μg/ml of palmitic acid (Millipore-Sigma), and 

10 ng/ml of recombinant chicken interleukin (IL)-2 protein (Abcam, Cambridge, United 

Kingdom) (Yssel et al., 1984). Cell number was calculated using a haemocytometer and Trypan 

blue exclusion method. Cell suspensions were adjusted to 1 × 107 cells/ml and stored on ice until 

further use. 

2.3.3. Ex vivo stimulation 

Single cell suspensions of mononuclear cells derived from spleen, blood, lungs, and 

ileum were used for ex vivo stimulation assays. One million mononuclear cells for IFN-γ staining 

and 5 × 105 cells for degranulation assay were seeded in 96-well round-bottom plates and 

stimulated with 50 μg/ml of poly(I:C) (InvivoGen, San Diego, CA, USA), 5 μg/ml of CpG-ODN 
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2007 (Millipore-Sigma), 10 or 50 μM of Zol (Millipore-Sigma), 1 or 5 μg/ml of IPP (Millipore-

Sigma), 10 or 50 ng/ml of HMBPP (Millipore-Sigma), and 10 ng/ml of phorbol 12-myristate 13-

acetate (PMA) in combination with 500 ng/ml of ionomycin (ION) for 18 hours (IFN-γ staining) 

or 4 hours (degranulation assay) at 41 ℃, 5 % CO2. The cells in the negative control groups were 

cultured in the same conditions without stimulation. For the purpose of intracellular IFN-γ 

staining, Golgi Plug (Beckton Dickinson Biosciences) and 20 μg/ml of DNase Ⅰ were added in 

each well 4 hours before staining. 

2.3.4. Flow Cytometry 

2.3.4.1. Surface staining of mononuclear cells 

Cells (5 × 105) were seeded in 96-well round-bottom plates and washed twice with FACS 

staining buffer (PBS supplemented with 1 % of bovine serum albumin (Millipore-Sigma)). 

Mononuclear cells were subsequently stained with mouse anti-chicken TCRγδ mAbs (TCR-1) 

conjugated with phycoerythrin (PE) (Southern Biotech, Birmingham, AL, USA), mouse anti-

chicken CD3ε mAbs (CT-3) conjugated with Pacific Blue™ (PB) (Southern Biotech), mouse 

anti-chicken CD4 mAbs (CT-4) conjugated with PE-Cyanine 7 dye (PE-Cy7) (Southern 

Biotech), mouse anti-chicken CD8α mAbs (CT-8) conjugated with fluorescein-5-isothiocyanate 

(FITC) (Southern Biotech), and 7-AAD (Invitrogen, Carlsbad, CA, USA) for 20 minutes on ice 

in the dark. Cells were washed twice with 200 μl of FACS staining buffer and finally 

resuspended in 100 μl of 2 % paraformaldehyde (PFA).  

2.3.4.2. Intracellular IFN-γ staining 

Ex vivo-stimulated mononuclear cells were washed twice with FACS staining buffer and 

stained with mouse anti-chicken TCRγδ mAbs conjugated with PE, mouse anti-chicken CD3ε 

mAbs conjugated with PB, mouse anti-chicken CD8α mAbs conjugated with FITC, mouse anti-
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chicken CD4 mAbs conjugated with PE-Cy7, and 7-AAD for 30 minutes on ice in dark. After 

washing twice with FACS staining buffer, cells were incubated in 200 μl of Cytofix/Cytoperm 

solution (Beckton Dickinson Biosciences) for 40 minutes at room temperature (RT), followed by 

3 times washing with Perm/Wash solution (Beckton Dickinson Biosciences). Cells were stained 

with mouse anti-chicken IFN-γ mAbs (5C.123.08) conjugated with biotin (detection antibody 

from Chicken IFN-γ CytoSet™, Invitrogen) for 40 minutes at RT in the dark, and subsequently, 

cells were washed twice with Perm/Wash solution. Cells were stained with Streptavidin 

conjugated with APC (Invitrogen) for 40 minutes at RT in the dark, followed by washing twice 

with Perm/Wash solution and once with FACS staining buffer.  

2.3.4.3. T cell degranulation (CD107a) assay 

    The LEP100 hybridoma cells (Developmental Studies Hybridoma Bank, Iowa City, 

Iowa, USA) were cultured at 37 ℃, 5 % CO2 and supernatant was collected for purification of 

the anti-CD107a monoclonal antibody (mouse IgG1 isotype) using the Protein G 

Chromatography Cartridge (Thermo Fisher Scientific Inc., Waltham, Massachusetts, USA) 

according to the manufacturer's protocol. Column purified antibodies were conjugated using a 

PE-Cy7 conjugation kit (Abcam, Cambridge, United Kingdom). Mononuclear cells from spleen, 

blood, lungs, and ileum were incubated at a rate of 5 × 105 cells per well in 96-well round-

bottom plates and incubated with the stimulants as described above in the presence of anti-

CD107a antibodies for 4 hours at 41 ℃, 5 % CO2. Cells were subsequently washed twice with 

FACS staining buffer, followed by staining with mouse anti-chicken TCRγδ mAbs conjugated 

with PE, mouse anti-chicken CD3ε mAbs conjugated with PB, mouse anti-chicken CD8α mAbs 

conjugated with FITC, mouse anti-chicken CD4 mAbs (CT-4) conjugated with APC (Southern 

Biotech), and 7-AAD. 
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At least 100,000 events were acquired on a FACSCanto II flow cytometer (Beckton 

Dickinson Biosciences) and analyzed by FlowJo version 10.8.0 (TreeStar Inc., Ashland, OR, 

USA). Cells were examined by side scatter area (SSC-A) versus forward scatter area (FSC-A) to 

define lymphocytes, followed by forward scatter height (FSC-H) versus FSC-A to define single 

cells. Dead cells were excluded by 7-AAD staining. Fluorescence minus one controls were used 

to define gating strategies to identify IFN-γ and degranulation (CD107a) activity. 

2.3.5. Cell sorting 

One hundred million cells of spleen mononuclear cells were stained with mouse anti-

chicken TCRγδ mAbs (TCR-1) conjugated with FITC, mouse anti-chicken CD3ε mAbs (CT-3) 

conjugated with PE, and 7-AAD for 30 minutes on ice in the dark and washed twice with FACS 

staining buffer. TCRγδ+ CD3ε+ 7-AAD- cells were sorted using the FACSAria™ IIu flow 

cytometry machine (Beckton Dickinson Biosciences) and the purity of TCRγδ+ CD3ε+ 7-AAD- 

cell (γδ T cell) population was analyzed. 

2.3.6. Enzyme-linked immunosorbent assay (ELISA) 

96-well flat-bottom plates were coated with 0.5 μg/ml of mouse anti-chicken CD3ε 

unconjugated mAbs (CT-3) and incubated for 2 hours at 37 ℃. Eight-hundred-thousand sorted 

γδ T cells were seeded in the anti-chicken CD3ε mAbs coated or uncoated plates and stimulated 

with 50 μg/ml of poly(I:C), 5 μg/ml of CpG-ODN 2007, or 10 ng/ml of PMA in combination 

with 500 ng/ml of ION for 24 hours at 41 ℃, 5 % CO2. The seeded cells in the negative control 

group were cultured in the same conditions without stimulation. The concentration of chicken 

IFN-γ in the culture supernatant was measured by a chicken IFN-gamma ELISA kit (Invitrogen) 

and TMB single solution (Invitrogen) according to the manufacture’s instruction. The optical 
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density was determined at the wavelength of 450 nm with a reference at the wavelength of 650 

nm using an ELISA plate reader (Bio-Tek Instruments, Winooski, Vermont, USA). 

2.3.7. Statistical analysis 

Statistical analysis for the IFN-γ concentration in the culture supernatant was performed 

with Levene’s test for equality of variances followed by Kruskal-Wallis test with post hoc Dunn-

Bonferroni method. The statistical analysis for the frequency of CD8α, IFN-γ, CD107a-

expressing cells was performed with Levene’s test for equality of variances followed by one-way 

analysis of variance (ANOVA) and Dunnett's test or Dunnett's T3 by IBM SPSS statistics 27 

(IBM, Armonk, New York, USA). The data are presented as mean ± standard error (SE). 

2.4. Results 

2.4.1. Tissue distribution of chicken γδ T cells 

To determine γδ T cell tissue distribution and CD8α expression on γδ T cell, spleen, 

blood (PBMCs), thymus, bursa of Fabricius, liver, kidney, skin, lungs, duodenum, jejunum, 

ileum, cecal tonsil, caeca, and colon samples were collected and the frequencies of γδ T cells and 

CD8α+ γδ T cells were analyzed by flow cytometry. Data are presented as the percentage of γδ T 

cells within live mononuclear cells (Fig. 2.1A), the percentage of γδ T cells within CD3ε+ cells 

(Fig. 2.1B), and the percentage of CD8α+ γδ T cells within γδ T cells (Fig. 2.1C). The highest 

frequencies of γδ T cells in the isolated mononuclear cells were observed in liver (30.5 ± 

2.07 %), ileum (21.6 ± 2.34%), caeca (22.52 ± 2.48), and colon (21.98 ± 2.05) (Fig. 2.1A). More 

than 40 % of T cells were γδ T cells in thymus (43.22 ± 3.23), liver (46.55 ± 1.57 %), lungs 

(43.59 ± 4.65 %), and caeca (45.37 ± 2.83 %) (Fig. 2.1B). Cell surface expression of CD8α 

molecule was used to further classify γδ T cells. The results demonstrate that greater than 50 % 

of γδ T cells in spleen (59.03 ± 3.00 %), jejunum (54.55 ± 2.93), ileum (61.62 ± 4.10 %), and 
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cecal tonsil (55.28 ± 3.17) expressed CD8α (Fig. 2.1C). In small intestinal tissues, ileum had the 

highest percentage of γδ T cells and CD8α+ γδ T cells. 

2.4.2. poly(I:C) induced CD8α expression by circulating and lung γδ T cells 

Cell surface expression of CD8α on circulating and tissue-resident γδ T cell were 

analyzed 18 hours post-stimulation with 50 μg/ml of poly(I:C) or 5 μg/ml of CpG-ODN 2007 

using flow cytometry. Pseudocolor plots demonstrate the gating strategy utilized to quantify the 

frequency of CD8α+ γδ T cells (Fig. 2.2A). Data are presented as the percentage of CD8α+ γδ T 

cells within γδ T cells derived from different tissues. poly(I:C) stimulation significantly 

upregulated CD8α expression on PBMC- and lung-derived γδ T cells (p < 0.05 and p < 0.05, 

respectively) compared to the unstimulated γδ T cells (Fig. 2.2B). Significant differences 

between poly(I:C) stimulation and unstimulated condition were not observed in the frequency of 

CD8α+ γδ T cells derived from spleen and ileum γδ T cells (Fig. 2.2B). CpG-ODN 2007 

stimulation did not affect the expression of CD8α on γδ T cells derived from any tissues (Fig. 

2.2C). 

2.4.3. poly(I:C) stimulation induced IFN-γ production from lung γδ T cells and spleen 

CD8α+ γδ T cells whereas CpG-ODN 2007 stimulation elicited IFN-γ production from 

circulating γδ T cells 

γδ T cells from spleen, PBMC, lungs, or ileum were stimulated with 50 μg/ml of 

poly(I:C) or 5 μg/ml of CpG-ODN 2007 for 18 hours, and IFN-γ production as well as CD107a 

expression levels were analyzed using flow cytometry. Contour plots demonstrate the gating 

strategy utilized to quantify the frequency of IFN-γ+ γδ T cells (Fig. 2.3A) and CD107a+ γδ T 

cells (Fig. 2.4A). Data are presented as the percentage of IFN-γ+/CD107a+ γδ T cells within γδ T 

cells and IFN-γ+CD8α+/CD107a+CD8α+ γδ T cells within CD8α+ γδ T cells. poly(I:C) treatment 
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significantly increased IFN-γ production from splenic CD8α+ γδ T cells (p < 0.01) compared to 

that from the unstimulated γδ T cells (Fig. 2.3C), as well as both γδ T cells and CD8α+ γδ T cells 

derived from lungs (p < 0.05 and p < 0.05, respectively) (Fig. 2.3B and 2.3C). Stimulation of 

cells with CpG-ODN 2007 also significantly induced IFN-γ production by circulating γδ T cells 

(p < 0.05) compared to that by the unstimulated γδ T cells (Fig. 2.3B). A statistically 

nonsignificant increase was observed in the frequency of IFN-γ+ γδ T cells and IFN-γ+CD8α+ γδ 

T cells derived from ileum after stimulation with either poly(I:C), CpG-ODN 2007, or PMA/ION 

(p ≥ 0.05) compared to the unstimulated γδ T cells (Fig. 2.3B and 2.3C). 

In contrast to the observations with IFN-γ, poly(I:C) and CpG-ODN 2007 did not induce 

degranulation activity, based on cell-surface translocation of CD107a, in γδ T cells derived from 

any tissues. However, stimulation with either poly(I:C) or CpG-ODN 2007 significantly reduced 

the frequency of CD107a+ γδ T cells and CD107a+CD8α+ γδ T cells derived from spleen 

compared to the unstimulated control (p < 0.01 and p < 0.001, respectively) (Fig. 2.4B and 

2.4C). poly(I:C)- or CpG-ODN 2007-stimulated γδ T cells from the other tissues also showed 

lower degranulation activity than the unstimulated control although no significant differences 

were observed (p ≥ 0.05) (Fig. 2.4B and 2.4C). 

2.4.4. Stimulation with CpG-ODN 2007 and anti-chicken CD3ε mAb induced IFN-γ 

production by purified γδ T cells 

To clarify whether IFN-γ expression by freshly-isolated γδ T cells is induced by poly(I:C) 

or CpG-ODN 2007, sorted γδ T cells from splenocytes were cultured with 50 μg/ml of poly(I:C) 

or 5 μg/ml of CpG-ODN 2007 and the amount of IFN-γ in the cultured supernatant was 

measured by ELISA. The purity of sorted γδ cells was above 90 %. Although there were no 

significant differences, IFN-γ production tended to be higher in CpG-ODN 2007-stimulated 
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purified γδ T cells compared to the unstimulated control (p ≥ 0.05) (Fig. 2.5). Significantly 

higher production of IFN-γ by purified γδ T cells was observed after stimulation with a 

combination of CpG-ODN 2007 and anti-CD3ε mAbs compared to the unstimulated control 

group (p < 0.05) (Fig. 2.5). However, the production of IFN-γ by poly(I:C)-only-stimulated γδ T 

cells or co-stimulated γδ T cells with poly(I:C) and anti-CD3ε mAbs was lower than that by 

CpG-ODN 2007-stimulated γδ T cells or CpG-ODN 2007 and anti-CD3ε mAbs stimulated γδ T 

cell (Fig. 2.5).  

2.4.5. pAgs and Zol failed to stimulate IFN-γ production and degranulation activity of γδ 

T cells 

pAgs have been recognized as ligands for activation of a peripheral blood γδ T cell subset 

in humans (Karunakaran et al., 2020; Rigau et al., 2020). To examine whether pAgs induce 

activation of chicken γδ T cells, γδ T cells were cultured with low or high dose of Zol, IPP, or 

HMBPP and IFN-γ production and degranulation activity of γδ T cells were analyzed by flow 

cytometry. No indication of stimulation in γδ T cells was observed when these cells were 

stimulated with pAgs or Zol (p ≥ 0.05) (Fig. 2.6A, 2.6B, 2.7A, and 2.7B)  

2.5. Discussion 

Tissue distribution of chicken γδ T cells in lymphoid and intestinal tissues has been 

previously reported (Hao et al., 2020; Lillehoj and Chung, 1992; Meijerink et al., 2021; Sowder 

et al., 1988). Meijerink and colleagues (2021) demonstrated that in chickens, the frequency of γδ 

T cells within live lymphocytes in spleen and blood increases up to 10–15 % by 3 weeks of age, 

while their frequency reaches approximately 40 % in ileum. A high percentage of γδ T cells in 

lungs of 4-week-old White Leghorn chickens was reported by Hao and colleagues (2020). 

Lillehoj and Chung (1992) demonstrated that γδ T cells in 6- to 8-week-old White Leghorn 
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chickens are distributed both in intraepithelium and lamina propria of duodenum, jejunum, and 

caeca. In the present study, we examined γδ T cell distribution in various tissues including non-

lymphoid organs of 5- to 6-week-old White Leghorn chickens. The results demonstrated that the 

frequency of chicken γδ T cells in the intestine increases from duodenum to ileum, which is 

consistent with porcine and human γδ T cell distribution and contrary to bovine and mouse γδ T 

cell distribution (Mayassi and Jabri, 2018; Tamura et al., 2003; Wiarda et al., 2020). It is still 

unclear why γδ T cell distribution in different segments of the small intestine differs among 

different species. However, as it is known that intraepithelial γδ T cells and tissue-resident γδ T 

cells are involved in protection against invasion by microbes in humans (McCarthy and Eberl, 

2018), higher proportion of chicken γδ T cells in ileum may be associated with maintenance of 

the gut microenvironment (Lillehoj and Trout, 1996; Meijerink et al., 2021; Rezende et al., 

2019). In addition to intestinal tissues, liver and lungs are also usually exposed to antigens and 

pathogens due to their anatomical and histological features (Ardain et al., 2020; Jenne and 

Kubes, 2013). In mammals, γδ T cells have pivotal roles in immune surveillance in these tissues 

(Cheng and Hu, 2017; Hunter et al., 2018). In the present study, we observed a higher percentage 

of γδ T cells in liver and lungs of chickens. Therefore, chicken γδ T cells in these tissues also 

may have a key role in providing rapid elimination of pathogens and maintenance of tissue 

homeostasis.  

Although recent studies on human and murine γδ T cells revealed recognition of specific 

ligands by natural-killer group 2 member D (NKG2D) and TLRs, no specific antigen has been 

reported to activate chicken γδ T cells (Deseke and Prinz, 2020; Nedellec et al., 2010; Vermijlen 

et al., 2018; Wesch et al., 2011; Zhao et al., 2018). Furthermore, one of the key receptors on γδ 

T cells, NKG2D, has yet to be identified in chickens. In the present study, therefore, we focused 
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our efforts on ligands capable of stimulating chicken γδ T cells via their TLRs. Chicken γδ T 

cells express TLR1/6/10 and 3 at high levels and TLR2, 4, 5, and 7 at very low levels (Iqbal et 

al., 2005). The expression of TLR21 in chicken γδ T cells was also confirmed by Laursen and 

colleagues (2018). In our study, poly(I:C) treatment induced IFN-γ production by γδ T cells of 

spleen and lungs, especially by CD8α+ γδ T cells. However, as poly(I:C) stimulation did not 

induce IFN-γ production by purified splenic γδ T cells, the upregulation of IFN-γ production in 

spleen and lung γδ T cells may be affected by other poly(I:C)-stimulated cells. It has been 

reported that poly(I:C) treatment upregulates the expression of type I IFNs in mouse lungs (Jin 

and Yu, 2013). In addition, poly(I:C)-stimulated chicken splenocytes produce type I IFN 

(Cornelissen et al., 2012). As type I IFNs trigger IFN-γ production by human γδ T cells and their 

proliferation, spleen and lung γδ T cells may be stimulated indirectly by poly(I:C) via type I 

IFNs in chickens (Kunzmann et al., 2004). The frequency of CD8α-expressing γδ T cells derived 

from PBMCs and lungs was increased after stimulation with poly(I:C). CD8α expression in 

mature CD8α+ T cells is regulated by cytokines such as IL-7 or IL-15 which are also produced 

by poly(I:C)-stimulated cells (Balan et al., 2020; Jin and Yu, 2013; Park et al., 2007). Although 

the reason why the increase of CD8α expression after poly(I:C) stimulation was only observed in 

γδ T cells derived from PBMCs and lungs remains to be elucidated, poly(I:C) stimulation may 

induce cytokine production from PBMC- and lung-derived cells, which contribute to CD8α 

upregulation in γδ T cells.  

In our study, PMA/ION stimulation did not induce a significant increase of IFN-γ 

production from ileal γδ T cells. In mammals, it is known that several distinct γδ T cell subsets 

exist in the small intestine, and depending on the subsets, activation patterns induced by TCR 

stimulation or cytokines are different (Kress, Hedges and Jutila, 2006; Guzman et al., 2014; 
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McCarthy and Eberl, 2018; Ludwig et al., 2019). Hence, our results suggested that chicken ileal 

γδ T cells are heterogeneous and IFN-γ-producing γδ T cells might not be the predominant 

population. Moreover, in the current study, mononuclear cells were isolated from different 

compartments of ileum, including epithelium and lamina propria. As intraepithelial lymphocytes 

and lamina propria lymphocytes have distinguished roles in mammals, detailed functional 

analysis of γδ T cells in different compartment of the chicken intestine is required (Asigbetse et 

al., 2010; H. Ma et al., 2021). 

In the present study, chicken γδ T cells did not show degranulation activity after 

stimulation with poly(I:C) and CpG-ODN 2007. This may be related to the nature of the CpG-

ODN used in our study. CpG-ODNs are classified into three categories, class A, B, and C, based 

on their structures. Class A CpG-ODN has a phosphodiester backbone and a single CpG motif 

that is partially phosphorothioated whereas class B CpG-ODN has phosphorothioate backbone 

and 1-5 CpG motifs (Scheiermann and Klinman, 2014). Class C CpG-ODN has 

phosphorothioate backbone and a single CpG motif. Rothenfusser and colleagues (2001)  

demonstrated that Class A CpG-ODN induced higher IFN-γ production by human γδ T cells and 

higher γδ T cell cytotoxicity compared to Class B CpG-ODN. In their study, cytotoxic activity of 

Class B CpG-ODN-stimulated γδ T cells was lower than that of unstimulated γδ T cells. Class A 

CpG-ODN induces strong IFN-α production by dendritic cells (DCs) and weakly activates 

nuclear factor kappa B (NF-κB) signaling pathway via TLR9 while Class B CpG-ODN increases 

little IFN-α secretion and strong NF-κB activation (Meng et al., 2011). This may be one of the 

reasons why CpG-ODN 2007 did not induce degranulation activity by γδ T cells. Furthermore, it 

has been proposed that TCR stimulation has a key role in promoting cytotoxicity in human γδ T 

cells (Yin et al., 2013). Additionally, other ligand-receptor interactions, such as CD52-
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CD11a/CD18, are suggested to trigger cytotoxic activity by γδ T cells (Shojaei et al., 2009). It is 

possible, albeit not proven, that chicken γδ T cells may require other signals than TLR3/21 to 

display cytotoxicity.  

For their response to some TLR ligands, human γδ T cells need TCR stimulation, which 

can in turn upregulate surface expression of TLR3 to bind to poly(I:C) (Wesch et al., 2006). 

Additionally, human γδ T cells are activated by type Ⅰ IFNs produced by poly(I:C)-stimulated 

DCs (Kunzmann et al., 2004). In the current study, poly(I:C) neither induced IFN-γ production 

by purified γδ T cells nor enhanced IFN-γ production by TCR-stimulated γδ T cells. The high 

expression of TLR3 at the RNA level is confirmed in chicken γδ T cells but the localization of 

TLR3 has not been investigated (Iqbal et al., 2005). Therefore, TCR stimulation may not be 

sufficient to induce TLR3 expression on the surface of γδ T cells in chickens. Further studies are 

needed to examine TLR3 localization in γδ T cells and requirement of cytokines or molecular 

interactions by poly(I:C)-stimulated cells to induce IFN-γ production by chicken γδ T cells. 

Unlike poly(I:C), CpG-ODN alone does not induce activation of human γδ T cells (Rothenfusser 

et al., 2001). Instead, CpG-ODN activates human γδ T cells via type I IFNs produced by CpG-

ODN-stimulated DCs (Rothenfusser et al., 2001). In the present study, IFN-γ production by 

chicken γδ T cells was induced by co-stimulation with CpG-ODN 2007 and anti-CD3ε mAb. 

Therefore, activation of γδ T cells observed in Salmonella or Marek’s disease virus infection 

may be induced by unmethylated CpG motifs which exist in the genomes of Salmonella and 

Marek’s disease virus (Iushkov et al., n.d.; Laursen et al., 2018; J. Pieper et al., 2011; Sanjaya et 

al., 2017). 

Human Vγ9Vδ2 T cells, a major γδ T cell subset, are stimulated by pAgs (Vermijlen et 

al., 2018). In the present study, we demonstrated that IPP, HMBPP, and Zol induced neither 
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IFN-γ production nor degranulation in chicken γδ T cells. In accordance with these results, 

mouse and bovine γδ T cells also do not react to pAgs (Chen, 2011; Vesosky et al., 2004). 

Recently, the mechanisms behind pAgs induction of Vγ9Vδ2 T cell activation were 

demonstrated (Karunakaran et al., 2020; Rigau et al., 2020). For pAg-driven γδ T cell activation, 

two immunoglobulin superfamily members, butyrophilin subfamily 2 member A1 (BTN2A1), 

which is suggested to bind to the specific regions of Vγ9, and butyrophilin subfamily 3 member 

A1 (BTN3A1), which has a pAg binding domain on pAg-accumulated cells, are essential. 

Therefore, the reason why pAgs do not induce activation of γδ T cells in mouse, chicken, and 

cattle may be because of the lack of BTN2A1, BTN3A1, or the BTN binding residue in γδ TCR. 

In summary, poly(I:C) induced upregulation of CD8α molecules on chicken γδ T cells 

derived from PBMCs and lungs and IFN-γ production by spleen and lung γδ T cells. CpG-ODN 

2007 induced IFN-γ secretion by TCR co-stimulated γδ T cells. Degranulation by chicken γδ T 

cells need other signals rather than those mediated by TLR3 and TLR21. Further studies will be 

required to elucidate the mechanisms of chicken γδ T cell activation and γδ T cell-specific 

ligands. 
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Table 2. 1: The number of tissue samples used for surface staining, cytokine staining and 

degranulation assay, or cell sorting 

Tissue 
Number of Samples 

Surface Staining Cytokine Staining and Degranulation Assay Cell Sorting 

spleen 12 6 6 

blood 12 6 - 

lungs 12 6 - 

ileum 14 6 - 

thymus 6 - - 

bursa of Fabricius 6 - - 

liver 6 - - 

kidney 6 - - 

skin 6 - - 

duodenum 10 - - 

jejunum 10 - - 

cecal tonsil 10 - - 

caeca 6 - - 

colon 6 - - 
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Figure 2. 1: Frequency of γδ T cells and CD8α+ γδ T cells in chicken blood and tissues 

Percentages of γδ T cells within live mononuclear cells (A), γδ T cells within CD3ε+ cells (B), 

and CD8α+ γδ T cells within γδ T cells (C) in spleen (n = 12), PBMCs (n = 12), thymus (n = 6), 

bursa of Fabricius (n = 6), liver (n = 6), kidney (n = 6), skin (n = 6), lungs (n = 12), duodenum (n 

= 10), jejunum (n = 10), ileum (n = 14), cecal tonsil (n = 10), caeca (n = 6), and colon (n = 6) are 

shown. Each symbol and horizontal line represent data from individual chickens and mean ± SE, 

respectively.  
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Figure 2. 2: Induction of CD8α on γδ T cells derived from spleen, PBMCs, lungs, and ileum 

after stimulation with poly(I:C) or CpG-ODN 2007 

(A) Representative gating strategy is shown for defining CD8α+ γδ T cells in γδ T cells. Dead 

cells were excluded using 7-AAD.Percentages of CD8α+ γδ T cells within γδ T cells derived 

from spleen, PBMCs, lungs, and ileum are shown 18 hours post-stimulation with poly(I:C) (B) 

or CpG-ODN 2007 (C). Unstimulated cells were used as a negative control. Each symbol 

represents data from individual chickens (n = 6).  

 

  



 

62 

 

 

Figure 2. 3: Frequency of IFN-γ+ γδ T cells and IFN-γ+CD8α+ γδ T cells derived from 

spleen, PBMCs, lungs, and ileum after stimulation with poly(I:C) or CpG-ODN 2007 

(A) Representative gating strategy is shown for defining IFN-γ+ γδ T cells in each condition. 

Dead cells were excluded using 7-AAD. Percentages of IFN-γ+ γδ T cells within γδ T cells (B) 

IFN-γ+CD8α+ γδ T cells within γδ T cells (C) derived from spleen, PBMCs, lungs, and ileum are 

shown 18 hours post-stimulation with poly(I:C), CpG-ODN 2007, or PMA/ION (positive 

control). Unstimulated cells were used as a negative control. Data represent the mean of 6 

biological replicates ± SE. Significant differences are indicated by *: p < 0.05, **: p < 0.01, and 

***: p < 0.001.  
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Figure 2. 4: Frequency of CD107a+ γδ T cells and CD107a+CD8α+ γδ T cells derived from 

spleen, PBMCs, lungs, and ileum after stimulation with poly(I:C) or CpG-ODN 2007 

(A) Representative gating strategy is shown for defining CD107a+ γδ T cells in each condition. 

Dead cells were excluded using 7-AAD. Percentages of CD107a+ γδ T cells within γδ T cells (B) 

CD107a+CD8α+ γδ T cells within γδ T cells (C) derived from spleen, PBMCs, lungs, and ileum 

are shown 18 hours post-stimulation with poly(I:C), CpG-ODN 2007, or PMA/ION (positive 

control). Unstimulated cells were used as a negative control. Data represent the mean of 6 

biological replicates ± SE. Significant differences are indicated by *: p < 0.05, **: p < 0.01, and 

***: p < 0.001. 
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Figure 2. 5: IFN-γ production from sorted γδ T cells after stimulation with poly(I:C) or 

CpG-ODN 2007 in absence or presence of immobilized anti-CD3ε mAb 

Sorted TCRγδ+ CD3ε+ 7-AAD- cells were cultured with poly(I:C) or CpG-ODN 2007 in absence 

or presence of immobilized anti-CD3ε mAb. IFN-γ production by the sorted γδ T cells was 

measured by ELISA using the supernatant collected at 24 hours post-stimulation. PMA/ION 

were used as a positive control and unstimulated cells were used as a negative control. Data 

represent the mean of 6 biological replicates ± SE. Significant differences are indicated by *: p < 

0.05 and **: p < 0.01.  
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Figure 2. 6: Frequency of IFN-γ+ γδ T cells and IFN-γ+CD8α+ γδ T cells derived from 

spleen, PBMCs, lungs, and ileum after stimulation with Zol, IPP, or HMBPP 

Percentages of IFN-γ+ γδ T cells within γδ T cells (A) IFN-γ+CD8α+ γδ T cells within γδ T cells 

(B) derived from spleen, PBMCs, lungs, and ileum are shown 18 hours post-stimulation with 

Zol, IPP, HMBPP, or PMA/ION (positive control). Unstimulated cells were used as a negative 

control. Data represent the mean of 6 biological replicates ± SE. Significant differences are 

indicated by *: p < 0.05 and **: p < 0.01.  
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Figure 2. 7: Frequency of CD107a+ γδ T cells and CD107a+CD8α+ γδ T cells, derived from 

spleen, PBMCs, lungs, and ileum after stimulation with Zol, IPP, or HMBPP 

Percentages of CD107a+ γδ T cells within γδ T cells (A) CD107a+CD8α+ γδ T cells within γδ T 

cells (B) derived from spleen, PBMCs, lungs, and ileum are shown 18 hours post-stimulation 

with Zol, IPP, HMBPP, or PMA/ION (positive control). Unstimulated cells were used as a 

negative control. Data represent the mean of 6 biological replicates ± SE. Significant differences 

are indicated by *: p < 0.05.  
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3.1 Abstract 

Marek’s disease (MD) vaccines reduce the incidence of MD but cannot control virus 

shedding. To develop new vaccines, it is essential to elucidate mechanisms of immunity to 

Marek’s disease virus (MDV) infection. In this regard, gamma delta (γδ) T cells may play a 

significant role in prevention of viral spread and tumor surveillance. Here we demonstrated that 

MDV vaccination induced interferon (IFN)-γ+CD8α+ γδ T cells and transforming growth factor 

(TGF)-β+ γδ T cells in lungs. γδ T cells from MDV-infected chickens exhibited cytotoxic 

activity. Importantly, γδ T cells from the vaccinated/challenged group exhibited maximum 

cytotoxic activity following ex vivo stimulation. These results suggest that MDV vaccines 

activate effector γδ T cells which may be involved in the development of protective immune 

responses against MD. Further, it was demonstrated that MDV infection increases the frequency 

of a subpopulation of γδ T cells expressing membrane-bound TGF-β in MDV-infected birds.  

 

Keywords 

Marek’s disease virus; Vaccine; Aerosol infection; Chicken; γδ T cell; Cytokine; Cytotoxicity 
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3.2 Introduction 

γδ T cells are a subgroup of T cells which possesses T cell receptors (TCRs) γ and δ 

chains on their surface (Kubota et al., 1999; Six et al., 1996). Chicken γδ T cells constitute a vast 

majority of circulating (20–50 %) and mucosal (up to 50 %) tissue-resident T cells (Cihak et al., 

1993; Meijerink et al., 2021). They display both innate- and adaptive-like immunologic features 

(Bonneville et al., 2010). Unlike conventional αβ T cells, γδ T cells recognize non-peptide 

antigens, metabolites, and stress-induced molecules in a major histocompatibility complex 

(MHC)-unrestricted manner and mount rapid immune responses (Bonneville et al., 2010). 

Protective functions of γδ T cells have been confirmed in various virus infections, such as 

influenza virus, human immunodeficiency virus, cytomegalovirus, and herpes simplex virus 

(Poccia et al., 2005; Zheng et al., 2013). Upon infection, γδ T cells contribute to limiting early 

viral spread through producing interferon (IFN)-γ and killing virus-infected cells directly 

(Sabbaghi et al., 2020). In addition to anti-viral roles, γδ T cells may have anti-tumor functions 

(Kabelitz et al., 2020), by recognition of tumor-associated antigens or molecules, lysis of tumor 

cells, and production of IFN-γ and/or tumor necrosis factor-α (Liu and Zhang, 2020).  

Recent studies have revealed diverse functions of chicken γδ T cells. Chicken γδ T cells 

perform effector functions by their production of IFN-γ (Laursen et al., 2018), cytotoxic activity 

(Fenzl et al., 2017), and regulatory roles (Quere et al., 1990). Although these studies elucidate 

potential functions of chicken γδ T cells, much is yet to be learned with regard to their protective 

role at mucosal surfaces against invading pathogens. 

Marek’s disease (MD) is a chicken malignant lymphomatous disease of CD4+ T cells 

caused by pathogenic strains of Marek’s disease virus (MDV), such as RB1B and MD5 

(Boodhoo et al., 2016). Primary infection starts by inhalation of cell-free virus particles into 



 

71 

 

lungs. MDV, a highly cell-associated virus, primarily infects lung epithelial cells and antigen-

presenting cells (Barrow et al., 2003; St. Hill et al., 2004). Subsequently, lung-infiltrating B and 

T lymphocytes, are thought to become infected with MDV leading to an early cytolytic phase, at 

around 3–7 days post-infection (dpi), resulting in immunosuppression. From 10 to 14 dpi, the 

MDV latency associated transcript is expressed in CD4+ T cells and serves as an effective 

immune evasion mechanism that allows for systemic viral dissemination (Boodhoo et al., 2016). 

Viral reactivation occurs at 14–28 dpi preferentially in CD4+ T cells which leads to a second 

phase of cytolytic activity and immunosuppression. In the final phase of the disease, MDV 

reactivation in CD4+ T cells leads to transformation and proliferation of CD4+ T lymphoma cells 

that produce an excessive amount of transforming growth factor (TGF)-β (Gurung et al., 2017). 

Due to its highly cell-associated nature, the cell-mediated immune response is thought to be 

crucial for protection against early MDV infection, dissemination, and tumor formation. As it has 

been previously demonstrated, infection with a pathogenic strain of MDV, RB1B, leads to a 

significant increase in CD8+ γδ T cells during the transformation phase (Laursen et al., 2018). 

Additionally, the frequency of CD8+ γδ T cells in vaccinated and challenged chickens was 

significantly higher than in non-vaccinated and challenged chickens at the late cytolytic infection 

phase, suggesting that MD vaccines induce expansion of γδ T cells (Kano et al., 2009a). The 

increase in γδ T cells is thought to provide protection against tumor formation. Regarding the 

function of γδ T cells, a significant increase of IFN-γ expression was observed in splenic γδ T 

cells obtained from MDV-infected chickens during the early and transformation phases of 

infection (Laursen et al., 2018). Although Gurung and colleagues (2017) revealed that TGF-β-

expressing regulatory T cells were associated with lymphoma formation in MDV-infected 
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chickens, it remains unknown if chicken γδ T cells also express TGF-β and participate in MDV 

pathogenesis. 

To examine the role of γδ T cells in vaccine-induced immunity against MD, we analyzed 

the induction and kinetics of IFN-γ+CD8α+ γδ T cells, TGF-β+ γδ T cells, CD107a+ γδ T cells, 

and CD4+ αβ T cells in lungs, spleen, and skin from MDV-vaccinated and/or challenged 

chickens at different time points post-infection. The results shed light on the role of potentially 

distinct chicken γδ T cell subsets in vaccine-induced immunity. 

3.3 Materials and Methods 

3.3.1 Chicken housing and ethics 

One-day-old specific pathogen free (SPF) chickens were purchased from the Animal 

Disease Research Institute, Canadian Food Inspection Agency (Ottawa, Ontario, Canada) and 

were accommodated in Campus Animal Facility at the Ontario Veterinary College, University of 

Guelph. Chickens had ad libitum access to food and water for the duration of the experiment. All 

experiments were approved by the Animal Care Committee of the University of Guelph and 

were conducted according to their guidelines. 

3.3.2 Virus preparation 

The very virulent MDV (vvMDV), RB1B strain, was provided curtesy of Dr. K.A. Schat 

(Cornell University, NY, USA) (Schat et al., 1982) and was propagated in SPF chickens for 4 

weeks. Cell-free viruses obtained from the skin of the infected chickens were used for the 

experiment. The method of cell-free RB1B extraction is described elsewhere (Abdul-Careem et 

al., 2009). The virus titers were calculated on primary chicken kidney cells obtained from 2 - 3 

weeks age SPF chickens to establish stock and infectious dose (Abdul-Careem et al., 2009). The 
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vaccine strain, CVI988 (RISMAVAC), was provided courtesy of Merck Animal Health Intervet 

Canada Corp. (Quebec, Canada).  

3.3.3 Experimental Design 

Sixty chickens were randomly divided into 4 groups, control (unvaccinated and 

uninfected), RB1B infected (unvaccinated and RB1B infected), CVI988 vaccinated (CVI988 

vaccinated and uninfected), and vaccinated/challenged group (CVI988 vaccinated and RB1B 

challenged). On the day of hatch, chicks were vaccinated subcutaneously with one dose of the 

CVI988 strain. Four days post-vaccinations, half of the vaccinated and control chicks were 

challenged with cell-free RB1B strain via the respiratory route using a nebulizer as described 

elsewhere (Abdul-Careem et al., 2009), with some modifications. Briefly, 9 - 10 chicks in the 

aerosol chamber received in total 1,080 plaque forming unit of cell-free RB1B for 20 minutes for 

each aerosol exposure. Chicks in the control group and CVI988 only group were exposed to 

uninfected skin extract mixed with PBS as a control. Five chickens per group were euthanized by 

CO2 inhalation at 4, 10, and 21 dpi. Lungs, spleen, and skin (from both wings after removing 

feathers) samples were collected aseptically and stored on ice until further use (Fig. 3.1). Feather 

tips were also obtained in RNAlater (Qiagen Inc., Mississauga, Ontario, Canada) and stored at -

20 ℃. 

3.3.4 Single-cell isolation from lungs, skin, and spleen 

Single mononuclear cells from lungs and skin were prepared following the protocol as 

described elsewhere (Broggi et al., 2016; Parvizi et al., 2015), with some modifications. Briefly, 

lungs were minced after rinsing 3 times with 1 × Hank’s balanced salt solution, followed by 

digesting in 400 U/ml of collagenase type Ⅰ (Gibco, Paisley, Scotland, UK) and DNAse Ⅰ 

(Millipore-Sigma, St. Louis, MO, USA) for 30 minutes at 37 ℃ in a water bath. Skin tissue 
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samples were cut into small segments with sterile scissors and subsequently digested in 300 

μg/ml of Liberase TM (Roche, Switzerland) and 50 U/ml of DNAse Ⅰ for 1 hour at 37 ℃. Single 

cell suspensions of spleen, and digested lung and skin were passed through a size 40 μm cell 

strainer (VWR International, Mississauga, ON, Canada) and mononuclear cells were separated 

by density gradient centrifugation in Histopaque1077 (Sigma Chemical Co., St. Louis, MO, 

USA) at 400 × g for 20 minutes. Mononuclear cells were subsequently aspirated from the 

interface and washed at 400 × g for 5 minutes in RPMI 1640 with 100 U/ml of penicillin and 100 

μg/ml of streptomycin (Gibco). Pellets were resuspended in complete RPMI cell culture medium; 

RPMI 1640 medium containing 10% of fetal bovine serum (Millipore-Sigma), 100 U/ml of 

penicillin and 100 μg/ml of streptomycin, 50 mg/l of Gentamicin (Gibco), 25 mM of HEPES 

(Gibco), and 71.5 μM of 2-mercaptoethanol (Millipore-Sigma). 

3.3.5 Flow Cytometry 

3.3.5.1 Surface TGF-β staining 

5 × 105 mononuclear cells were seeded in a 96-well round-bottom plate and washed twice 

with FACS staining buffer (PBS supplemented with 1 % of bovine serum albumin (Millipore-

Sigma)). Mononuclear cells from lungs, spleen, and skin were subsequently stained with an 

antibody panel containing mouse anti-chicken TCRγδ monoclonal antibodies (mAbs) conjugated 

with Phycoerythrin (PE) (Southern Biotech, Birmingham, AL, USA), mouse anti-chicken CD3ε 

mAbs conjugated with Pacific Blue™ (PB) (Southern Biotech), mouse anti-chicken CD4 mAbs 

conjugated with PE-Cyanine 7 dye (PE-Cy7) (Southern Biotech), human anti-chicken CD25 

mAbs conjugated with fluorescein-5-isothiocyanate (FITC) (Bio-Rad Laboratories Inc., 

Hercules, CA, USA), mouse TGF-β1, 2, 3 mAbs conjugated with allophycocyanin (APC) (Bio-
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Techne, Inc., Minneapolis, MN, USA), and 7-AAD (Invitrogen, Carlsbad, CA, USA) for 20 

minutes on ice in the dark (Table 3.1). Cells were washed twice with 200 μl of FACS staining 

buffer and were resuspended in 100 μl of 2 % paraformaldehyde (PFA).  

3.3.5.2 Intracellular cytokine staining 

1 × 106 mononuclear cells were incubated in complete RPMI cell culture medium with 

Golgi Plug (Beckton Dickinson Biosciences, San Jose, CA, USA) and 20 μg/ml of DNase Ⅰ in a 

96-well round bottom plate for 4 hours at 41 ℃, 5 % CO2 without stimulation. After the 

incubation, cells were washed twice with FACS buffer and were stained with mouse anti-chicken 

TCRγδ mAbs conjugated with PE, mouse anti-chicken CD3ε mAbs conjugated with PB, mouse 

anti-chicken CD8α mAbs conjugated with FITC (Southern Biotech), mouse anti-chicken CD4 

mAbs conjugated with PE-Cy7, and 7-AAD for the IFN-γ panel, or mouse anti-chicken TCRγδ 

mAbs conjugated with PE, mouse anti-chicken CD3ε mAbs conjugated with PB, mouse anti-

chicken CD4 mAbs conjugated with PE-Cy7, human anti-chicken CD25 mAbs conjugated with 

FITC, and 7-AAD for the intracellular TGF-β panel for 20 min on ice in the dark (Table 3.1). 

After washing twice with FACS buffer, cells were gently resuspended with 200 μl of 

Cytofix/Cytoperm solution (Beckton Dickinson Biosciences) and were incubated for 40 minutes 

at room temperature (RT), followed by washing 3 times with Perm/Wash solution (Beckton 

Dickinson Biosciences). Cells were stained with mouse anti-chicken IFN-γ mAbs conjugated 

with biotin (detection antibody from Chicken IFN-γ CytoSet™, Invitrogen) or mouse TGF-β1, 2, 

3 mAbs conjugated with APC, for the IFN-γ panel or the intracellular TGF-β panel, respectively, 

for 40 minutes at RT in the dark, and subsequently, cells were washed twice with Perm/Wash 

solution. For the IFN-γ panel, cells were stained with Streptavidin conjugated with APC 

(Invitrogen) for 40 minutes at RT in the dark, followed by washing twice with Perm/Wash 
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solution. For the IFN-γ panel or the intracellular TGF-β panel, cells were washed once with 

FACS buffer and were resuspended with 2 % PFA.  

3.3.5.3 T cell degranulation (CD107a) assay 

The LEP100 hybridoma cells (Developmental Studies Hybridoma Bank, Iowa City, 

Iowa, USA) were cultured (37 ℃, 5 % CO2) and supernatant was collected for purification of the 

CD107a monoclonal antibody (mouse IgG1 isotype) using the Protein G Chromatography 

Cartridge (Thermo Fisher Scientific Inc., Waltham, Massachusetts, USA) according to the 

manufacturer's protocol. The purified antibody was conjugated using a PE-Cy7 conjugation kit 

(Abcam, Cambridge, United Kingdom). Spleen mononuclear cells were incubated at a rate of 5 × 

105 cells per well in a 96-well round-bottom plate and stimulated with 10 ng/ml of phorbol 12-

myristate 13-acetate (PMA) in combination with 500 ng/ml of ionomycin (ION) in the presence 

or absence of CD107a antibody for 4 hours at 41 ℃, 5 % CO2. Cells were subsequently washed 

twice with FACS staining buffer, followed by staining with mouse anti-chicken TCRγδ mAbs 

conjugated with PE, mouse anti-chicken CD3ε mAbs conjugated with PB, mouse anti-chicken 

CD8α mAbs conjugated with FITC, mouse anti-chicken CD4 mAbs conjugated with APC 

(Southern Biotech), and 7-AAD (Table 3.1). 

Cells were acquired on a FACSCanto II flow cytometer (Beckton Dickinson 

Biosciences). The acquisition data were analyzed by FlowJo version 10.7.1 (TreeStar Inc., 

Ashland, OR, USA). Cells were examined by side scatter area (SSC-A) versus forward scatter 

area (FSC-A), followed by forward scatter height (FSC-H) versus FSC-A to define single cells. 

Dead cells were excluded by 7-AAD staining. 
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Stimulation index (SI) was calculated as the percentage of CD107a+ cells under 

PMA/ION stimulation divided by the percentage of CD107a+ cells without stimulation. The 

positive response was defined as the value of SI ≥ 2.  

3.3.6 DNA extraction 

Feather tips were homogenized in 1 ml of Trizol reagent (Invitrogen) and DNA was 

extracted according to the instruction provided by the manufacture. DNA concentration was 

calculated by NanoDrop® ND-1000 spectrophotometry (Thermo Fisher Scientific Inc). 

3.3.7 Real-time quantitative polymerase chain reaction (RT-qPCR) 

The viral meq gene was quantified to determine MDV genome copy numbers in 100 ng 

of DNA extracted from feathers using the primer set, meq F: 5’- 

GTCCCCCCTCGATCTTTCTC -3’ and meq R: 5’- CGTCTGCTTCCTGCGTCTTC -3’, as 

described previously (Abdul-Careem et al., 2006). RT-qPCR was performed by LightCycler® 

480 instrument (Roche Diagnostics GmbH, Mannheim, Germany) using LightCycler® 480 

SYBR Green I Master Mix (Roche Diagnostics). Cycling parameters are described elsewhere 

(Abdul-Careem et al., 2006). A dilution series of the standard plasmid for meq was used to 

quantify meq gene expression by LightCycler® 480 quantification software (Roche Diagnostics).  

3.3.8 Statistical analysis 

The statistical analysis of the data was performed with Levene’s test for equality of 

variances followed by one-way analysis of variance (ANOVA) and Tukey’s post hoc test or 

Kruskal-Wallis test by IBM SPSS statistics 27 (IBM, Armonk, New York, USA). The data are 

represented as mean ± standard error (SE). 

3.4 Results 

3.4.1 Kinetics of MDV viral shedding as measured in feathers of inoculated chickens  
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Presence of meq gene was analyzed in feather tips of all chickens to demonstrate active 

viral shedding. The results demonstrate that meq gene was below the detection limit in feathers 

of all 4 groups at 4 dpi (Fig. 3.2). Chickens infected with the RB1B strain had a higher viral load 

when compared to the vaccinated chickens and the vaccinated/challenged chickens at 10 dpi, but 

significant differences were not observed among the groups (p ≥ 0.05) (Fig. 3.2). Although there 

were no significant differences, the mean meq copy number in the RB1B-infected chickens at 21 

dpi was higher than that at 10 dpi (p ≥ 0.05) (Fig. 3.2). In this infection model, viral load in the 

vaccinated chickens and the vaccinated/challenged chickens was below the detection limit at 21 

dpi (Fig. 3.2). 

3.4.2 IFN-γ-producing CD8α+ γδ T cells appear as early as 4 dpi 

To determine effector function of γδ T cells against MDV infection in either challenged 

or vaccinated chickens, the frequency of IFN-γ+CD8α+ γδ T cells in lungs, spleen, and skin was 

analyzed directly ex vivo from all groups at 4, 10, and 21 dpi by flow cytometry. Lungs, spleen, 

and skin are closely related to MDV pathogenesis as the initial site of infection, a central 

immune system site, and the main site for producing infectious virus particles, respectively. 

Pseudocolor and contour plots demonstrate the gating strategy utilized to quantify the frequency 

of IFN-γ+CD8α+ γδ T cells (Fig. 3.3A). Data are presented as the percentage of IFN-γ+CD8α+ γδ 

T cells among γδ T cells. The frequency of IFN-γ+CD8α+ γδ T cells in the RB1B-infected group 

was significantly higher than that of the control group at 4 (p < 0.05) and 10 dpi (p < 0.01) while 

the frequency of IFN-γ+CD8α+ γδ T cells in the vaccinated group and the vaccinated/challenged 

group was significantly (p < 0.01 and p < 0.001, respectively) higher than that of the control 

group at 4 dpi in lungs (Fig. 3.3B). In spleen, the frequency of IFN-γ+CD8α+ γδ T cells was 

increased in the RB1B-infected group at 10 dpi when compared to the control group though there 
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was no significant difference (p ≥ 0.05) (Fig. 3.3C). A higher frequency of IFN-γ+CD8α+ γδ T 

cells in spleen was observed in the vaccinated group (p < 0.05) and the vaccinated/challenged 

group (p < 0.01) compared to the control group at 4 dpi (Fig. 3.3C). In skin, the frequency of 

IFN-γ+CD8α+ γδ T cells was significantly increased in the vaccinated group at 4 dpi (p < 0.01) 

and in the RB1B-infected group at 10 dpi (p < 0.05) when compared to the control group (Fig. 

3.3D). The vaccinated/challenged group showed the highest frequency of IFN-γ+CD8α+ γδ T 

cells of the groups at 4 dpi in lungs, spleen, and skin (Fig. 3.3B, 3.3C, and 3.3D). 

3.4.3 Distinct phenotypic subset of TGF-β-expressing γδ T cells in vaccinated chickens 

TGF-β is known to be expressed in a soluble form or a membrane-bound form. 

Therefore, both membrane-bound (mTGF-β) and intracellular TGF-β were quantified to 

determine the frequency of TGF-β+ γδ T cells in γδ T cells from lungs, spleen, and skin. 

Pseudocolor and contour plots demonstrate the gating strategy utilized to quantify the frequency 

of TGF-β+ γδ T cells (Fig. 3.4A). The results demonstrate that a significantly higher frequency of 

mTGF-β+ γδ T cells was observed in lungs and spleen of the vaccinated/challenged chickens at 4 

dpi compared to the control group (p < 0.01 and p < 0.01, respectively) and the RB1B-infected 

group (p < 0.01 and p < 0.05, respectively) (Fig. 3.4B and 3.4C). The frequency of mTGF-β+ γδ 

T cells at 10 dpi was significantly increased in spleen of chickens in the RB1B-infected group (p 

< 0.05) and the vaccinated group (p < 0.01) compared to those in the control group (Fig. 3.4C). 

The frequency of mTGF-β+ γδ T cells at 21 dpi was higher in lungs from the vaccinated chickens 

(p < 0.01) and the vaccinated/challenged chickens (p < 0.01) compared to the control group (Fig. 

3.4B), and these trends were observed in spleen and skin as well (Fig. 3.4C and 3.4D). Most of 

mTGF-β-expressing γδ T cells were CD25 negative cells (Sup. Fig. 3.1A–F). In contrast, 

intracellular TGF-β staining demonstrates that γδ T cells in lungs of the vaccinated chickens and 
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the vaccinated/challenged chickens produced significantly more TGF-β than those of the control 

chickens (p < 0.001 and p < 0.001, respectively) and RB1B-infected chickens (p < 0.01 and p < 

0.001, respectively) at 21 dpi (Fig. 3.4E). The frequency of intracellular TGF-β+ γδ T cells in 

lungs and spleen of the RB1B-infected group was higher than that in the other groups at 10 dpi 

but significant differences were observed only between the RB1B-infected group and the 

vaccinated group (p < 0.05 in lungs and p < 0.01 in spleen) (Fig. 3.4E and 3.4F). Nevertheless, a 

significant increase in the frequency of intracellular TGF-β+CD25+ γδ T cells was observed in 

spleen of chicken in the RB1B-infected group at 10 and 21 dpi (p < 0.001 vs the control, 

vaccinated, and vaccinated/challenged groups and p < 0.05 vs the control and 

vaccinated/challenged groups, respectively) (Sup. Fig. 3.1K). Higher frequency of intracellular 

TGF-β+ γδ T cells was observed in skin of chickens in the vaccinated group at 21 dpi (p < 0.05) 

(Fig. 3.4G). These results demonstrated that infection with RB1B, in vaccinated chickens, 

induced mTGF-β-expressing γδ T cells in lungs, spleen, and skin at the early phase of infection. 

In contrast, MDV infection of naïve birds increased TGF-β production by γδ T cells, especially 

CD25+ γδ T cells, in spleen during the latency phase. Additionally, the results indicate the 

induction of TGF-β-producing γδ T cells in lungs of the vaccinated chickens at 21 dpi. 

3.4.4 Expansion of CD4+ αβ T cells in lungs, spleen, and skin of challenged chickens 

MDV-infected CD4+ αβ T cells are preferentially transformed into neoplastic 

lymphocytes. To investigate the association between effector/suppressor γδ T cells and MDV-

transformed cells, the frequency of CD4+ αβ T cells in lungs, spleen, and skin was evaluated by 

flow cytometry at 4, 10, and 21 dpi. Pseudocolor plots demonstrate the gating strategy utilized to 

quantify the frequency of CD4+ αβ T cells (Fig. 3.5A). The vaccinated and the 

vaccinated/challenged chickens had a lower percentage of CD4+ αβ T cells than that in lungs of 
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the control chickens at 4 dpi (p < 0.05 and p < 0.05, respectively). However, there were no 

significant changes after 10 dpi (p ≥ 0.05) (Fig. 3.5B). Although no significant differences were 

observed, an increase of CD4+ αβ T cells was detected in the spleen of the RB1B-infected group 

at 10 and 21 dpi (p ≥ 0.05 and p ≥ 0.05, respectively) (Fig. 3.5C). No differences were observed 

at 4 dpi (p > 0.05) (Fig. 3.5C). A higher frequency of CD4+ αβ T cells was observed in skin 

obtained from the RB1B-infected chickens compared to the control chickens at 10 and 21 dpi (p 

< 0.05 and p < 0.01, respectively) and the mean frequency of CD4+ αβ T cells in the RB1B-

infected group gradually increased from 7.1 % at 10 dpi to 26.0 % at 21 dpi (Fig. 3.5D).  

3.4.5 Degranulation (CD107a+) activity of spleen γδ T cells  

The expression of CD107a in γδ T cells isolated from splenocytes collected at 21 dpi 

from chickens in the control, vaccinated, RB1B-infected, and vaccinated/challenged groups was 

analyzed without ex vivo stimulation and with PMA/ION stimulation to examine constitutive 

activity and potential for activation, respectively (Cohen et al., 2021; Wattrang et al., 2015). 

Pseudocolor and contour plots demonstrate the gating strategy utilized to quantify the frequency 

of CD107a+ γδ T cells and CD107a+CD8α+ γδ T cells (Fig. 3.6A). The frequency of CD107a+ γδ 

T cells, without PMA/ION stimulation, in the RB1B-infected group was significantly higher than 

that in the vaccinated group or the vaccinated/challenged group (p < 0.01 or p < 0.01, 

respectively) (Fig. 3.6B). γδ T cells in the RB1B-infected chickens showed a significant increase 

in cytotoxicity following ex vivo stimulation of the cells with PMA/ION compared to those in the 

control or the vaccinated chickens (p < 0.05 or p < 0.01, respectively) (Fig. 3.6B). The effect of 

PMA/ION stimulation was stronger in CD107a+ γδ T cells of the vaccinated group (SI = 2.0 ± 

0.1) and the vaccinated/challenged group (SI = 2.3 ± 0.1) than in those of the control group (SI = 

1.3 ± 0.1) (p < 0.001 and p < 0.001, respectively) and the RB1B-infected group (SI = 1.5 ± 0.1) 
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(p < 0.01 and p < 0.001, respectively) (Fig. 3.6C). Although significant differences among the 

groups were not detected in the frequency of CD107a+CD8α+ γδ T cells, the frequency of 

CD107a+CD8α+ γδ T cells from the RB1B-infected and the vaccinated/challenged chickens was 

higher than those from the control and the vaccinated chickens after ex vivo stimulation with 

PMA/ION (p ≥ 0.05) (Fig. 3.6D). CD107a+CD8α+ γδ T cells from the vaccinated/challenged 

chickens significantly responded to PMA/ION stimulation more than those from the control 

chickens or the RB1B-infected chickens (p < 0.01 or p < 0.05, respectively) (Fig. 3.6E). The SI 

of CD107a+CD8α+ γδ T cells in the control, RB1B-infected, vaccinated, or 

vaccinated/challenged group was 1.2 ± 0.1, 1.5 ± 0.1, 1.6 ± 0.2, or 2.0 ± 0.2, respectively (Fig. 

3.6E). 

3.5 Discussion 

Gamma delta T cells have an important role as a first line of defense against pathogens 

due to their potential for effector cytokine production and cytotoxicity. In the present study, we 

vaccinated day-old chicks with CVI988 vaccine and challenged them with a cell-free vvMDV 

preparation via the aerosol route to model natural infection. Since MDV infection starts with the 

inhalation of cell-free virus, lungs are the main target as the initial site of infection. The results 

presented here demonstrate a differential response by not only lungs, but also spleen and skin γδ 

T cells to vaccination, RB1B infection, or vaccination and challenge. Effector γδ T cells in lungs 

were activated by MDV vaccine and produced IFN-γ from the early phase of infection. In the 

vaccinated/challenged chickens, IFN-γ production by CD8α+ γδ T cells was higher than that in 

the other groups in lungs, spleen, and skin at the early phase. Morimura and colleagues (1999) 

have suggested that CD8+ T cells have a crucial role to repress MDV replication in vaccinated 

chickens. Therefore, production of IFN-γ by CD8α+ γδ T cells may contribute to prevention of 
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MDV propagation. Since IFN-γ is suggested to play a key role in MDV infection, vaccine-

primed γδ T cells might be a source of IFN-γ which upregulates MHC class II molecules and NO 

production in macrophage and subsequently induces adaptive immune cells, especially at the 

initial site of infection (Haq et al., 2011; Kano et al., 2009b; Song et al., 1997). Hence, these 

cells may contribute to protection of young chicks against MD.  

The γδ TCR repertoire provides a framework that suggests a programmed multifunctional 

role and tissue tropisms for these cells (Carding and Egan, 2002). The functional role of different 

chicken γδ T cell subsets based on the γδ TCR repertoire has not been well-defined. However, 

our results provide evidence for two distinct functional subsets of chicken γδ T cells (IFN-γ+ and 

TGF-β+). Populations of IFN-γ+ γδ T cells and TGF-β+ γδ T cells were located in the mucosal 

tissues, such as lungs, whereas these populations were least abundant in spleen as observed in the 

vaccinated chickens. TGF-β is expressed on the cell surface (membrane-bound form) and also 

secreted by cells (soluble form) (Tran, 2012). Although both forms have immune inhibitory 

functions, mTGF-β is expressed on a specific regulatory T cell subset in mice, 

CD69+CD4+CD25−Foxp3− T cells, and is known to suppress CD4+ αβ T cell proliferation and 

function via cell-to-cell contact (Han et al., 2009; Yang et al., 2013). As the frequency of CD4+ 

αβ T cells in lungs from the vaccinated/challenged chickens was significantly lower than that in 

the control chickens at the early phase, γδ T cells may downregulate proliferation of CD4+ αβ T 

cells via mTGF-β and reduce the chance of MDV infection for CD4+ αβ T cells. 

We observed a higher frequency of both membrane-associated and intracellular TGF-β+ 

γδ T cells in lungs from the vaccinated chickens and the vaccinated/challenged chickens at the 

later phase of infection. It is known that TGF-β has a significant function to regulate T cell 

homeostasis (Dahmani and Delisle, 2018). Ma and Zhang (2015) revealed that TGF-β is required 
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for the long-term maintenance of memory CD8+ T cells. The association between TGF-β and the 

long-lasting memory CD8+ T cells is also demonstrated by Guan et al (2018). Indeed, 

accumulation of CD8+ T cells in lungs 3 weeks after MDV vaccination and the expansion of 

CD8+ T cells after re-stimulation were reported (Hao et al., 2021). Therefore, γδ T cells may 

contribute to maintaining tissue-resident memory cells by producing TGF-β. 

CD25 is widely accepted as a marker of regulatory T cells as well as a T cell activation 

marker (Minami et al., 1993). In cattle studies, it was revealed that CD25+ γδ T cells produce 

more IL-10 and TGF-β than CD25- γδ T cells (Maślanka et al., 2012). In the present study, 

mTGF-β was expressed mainly on CD25- γδ T cells while both CD25- and CD25+ γδ T cells 

produced similar level of intracellular TGF-β. Particularly in spleen, we observed increased 

TGF-β+CD25+ γδ T cells in the RB1B-infected chickens at 10 and 21 dpi. Therefore, TGF-

β+CD25+ γδ T cells may play a role as a regulatory T cell subset in MDV infection. However, the 

results by Gurung and colleagues (2017) suggested that CD25 molecule was not expressed on the 

most TGF-β-producing CD4+ T cells in MDV-challenged chickens and these TGF-β+CD4+ T 

cells were associated with the immunosuppression caused by MDV and MDV pathogenesis. 

Additionally, Braukmann et al. (2015) reported that Salmonella-stimulated chicken γδ T cells, 

especially CD8αα+ γδ T cells, significantly express CD25. On the other hand, there is a report 

indicating that mouse IL-17A-producing γδ T cells express CD25 for their maintenance in the 

periphery (Shibata et al., 2008). Further studies are needed to assess the association of CD25 

with the function of γδ T cells. 

Cytotoxic T cells have a pivotal role to control tumor growth. Several MDV studies 

suggested the contribution of cytotoxic γδ T cells to protection against MDV (Kano et al., 2009a; 

Hao et al., 2021). In the current study, a higher frequency of CD4+ T cells and cytotoxic activity 



 

85 

 

of γδ T cells were observed in spleens obtained from MDV-infected chickens at the later phase 

of MDV pathogenesis. CD4+ T cells are the main target of MDV and MDV-transformed CD4+ T 

cells are the main cell subset that proliferate and form solid tumors in various tissues including 

spleen (Boodhoo et al., 2016). Since enlargement and formation of tumors in spleen of the 

RB1B-infected chickens were observed at 21 dpi in the current study (data not shown), a higher 

frequency of CD4+ T cells in spleen at 21 dpi may be the result of proliferation of MDV-

transformed CD4+ T cells and subsequent activation of effector CD4+ T cells. Higher 

cytotoxicity of γδ T cells may also be the reaction of γδ T cells against MDV-transformed cells 

although there were no correlations between the frequency of CD4+ T cells and the frequency of 

CD107a+ γδ T cells in the MDV-infected group (data not shown). Interestingly, we could not 

observe significant differences in cytotoxic activity in CD8α+ γδ T cells among the groups, 

though the frequency of CD107a+CD8α+ γδ T cells in the MDV-challenged group tended to be 

higher under no stimulation or PMA/ION stimulation conditions compared to the control group. 

Higher cytotoxic activity of CD8+ γδ T cells compared to CD8- γδ T cells was suggested in 

chickens by Fenzl et al (2017). However, it is also well accepted that the majority of Vγ9Vδ2 γδ 

T cells, one of the major subsets of human γδ T cell, do not express CD8 molecules despite their 

potential for cytotoxic activity (Bank and Marcu-Malina, 2014). Because chicken cytotoxic γδ T 

cells can be activated in an MHC-unrestricted manner, the CD8 molecules may not be necessary 

for γδ T cells to recognize antigens and show cytotoxicity (Fenzl et al., 2017). Moreover, the 

influence of cytokines on cytotoxic activity cannot be ignored. Not only IFN-γ but also TGF-β 

are suggested to enhance γδ T cell cytotoxicity (Peters et al., 2019). Therefore, the observation of 

high TGF-β production by γδ T cells and CD4+ T cells in spleen at later MDV phases may be 

associated with cytotoxic activity of γδ T cells (Gurung et al., 2017).  
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In the present study, we observed a high SI of CD107a+ γδ T cells in the vaccinated 

group and the vaccinated/challenged group. These results suggest that MDV-vaccine-primed γδ 

T cells are resting in a steady state, but have the potential to become activated upon stimulation 

and show cytotoxic activity. The current degranulation assay was conducted using non-specific 

stimulants. Hence, further investigation is required to examine if these cells show recall 

activation upon stimulation with MDV antigens.  

MDV-infected T cells migrate to cutaneous sites and virus particles are produced from 

skin epithelial cells, especially the feather follicle epithelium (FFE) (Boodhoo et al., 2016). 

Therefore, we analyzed γδ T cells in the skin to investigate the association of γδ T cells with 

virus particle producing cells. We observed an increase of CD4+ αβ T cells from 10 dpi to 21 dpi 

in the skin of the MDV-infected group. This is because of the accumulation of MDV-

transformed cells and subsequently recruited CD4+ T cells as a result of viral replication 

(Moriguchi, Fujimoto and Izawa, 1982; Cho et al., 1998; Abdul-Careem et al., 2008). However, 

these recruited CD4+ T cells and also CD8+ T cells were suggested to be impaired in their 

function due to the suppressive environment induced by MDV (Heidari et al., 2016; Heidari and 

Delekta, 2017). In the present study, we observed a decrease of IFN-γ+CD8α+ γδ T cells in the 

skin from 10 dpi to 21 dpi while the frequency of TGF-β+ γδ T cells in the skin tended to be high 

in the MDV-infected group, vaccinated group, and vaccinated/challenged group compared to the 

control group at 21 dpi. Since FFEs produce MDV particles even after MDV infection in 

vaccinated chickens, our results suggest the participation of γδ T cells with immunoregulatory 

functions in MDV shedding (Baigent et al., 2013; Islam and Walkden-Brown, 2007). 

In the current study, we examined γδ T cell activities induced by MDV vaccine followed 

by very virulent MDV infection. However, the design of this study did not formally exclude the 



 

87 

 

possibility that the observed changes in γδ T cell activities were indeed due to exposure to two 

viruses, irrespective of whether they were very virulent MDV or the vaccine strain. Further 

studies will be needed to examine vaccine conferred γδ T cell activation and function. 

In conclusion, the results presented here are consistent with the previous studies which 

indicated that γδ T cells are associated with immunity against MDV and protective immunity 

conferred by MDV vaccines. Further evidence has also been provided indicating that γδ T cells 

are able to produce IFN-γ and TGF-β during different phases of MDV infection and that γδ T 

cells show increased cytotoxic activity at later phases of MDV infection. This information sheds 

light on the role of γδ T cells in MDV infection and vaccine-conferred immunity against MD.   
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Table 3. 1: Antibody panels for flow cytometry 

Fluorochrome 
Antibody Panel 

intracellular IFN-γ membrane/intracellular TGF-β T cell degranulation assay 
PB CD3ε CD3ε CD3ε 
PE TCRγδ TCRγδ TCRγδ 

FITC CD8α CD25 CD8α 
PE-Cy7 CD4 CD4 CD107a 

APC 
1

st
: IFN-γ-biotin TGF-β1, 2, 3 CD4 

2
nd

: Streptavidin 
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Figure 3. 1: Experimental design 

The vaccine strain, CVI988, was injected chicks in the vaccinated group and 

vaccinated/challenged group on the day of hatch. Cell-free very virulent MDV strain, RB1B, was 

exposed to chicks in the RB1B-infected group and vaccinated/challenged group at 4 days post-

vaccinations (Day 5). Lungs, spleen, skin, and feather tips were collected at 4, 10, and 21 dpi and 

single cells were isolated from lungs, spleen, and skin. The isolated cells were stained for mTGF-

β or were cultured for the intracellular cytokine staining (IFN-γ or TGF-β) or degranulation 

assay (CD107a). DNA was extracted from feather tips and MDV copy numbers were examined 

by real-time PCR. 
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Figure 3. 2: MDV copy number from feather tips collected at 4, 10, and 21 dpi 

Meq gene was evaluated in 100 ng of DNA extracted from feathers. Data represent the mean ± 

SE (n = 5) in each group at each time point. 
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Figure 3. 3: Frequency of IFN-γ+CD8α+ γδ T cells in lungs, spleen, and skin at 4, 10, and 21 

dpi 

(A) Representative gating strategy is shown for defining IFN-γ+CD8α+ γδ T cells in live 

mononuclear cells by 7-AAD exclusion from each group (spleen at 4 dpi). Percentages of IFN-

γ+CD8α+ γδ T cells within γδ T cells in lungs (B), spleen (C), and skin (D) from each group are 

shown. Data represent mean ± SE (n = 5) in each group at each time point. Significance of data 

is indicated by **: p < 0.01 (vs control), ***: p < 0.001 (vs control), †: p < 0.05, ††: p < 0.01, 

and †††: p < 0.001. The asterisks indicate a significant difference when compared to the control 

group at each time point. 
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Figure 3. 4: Frequency of TGF-β+ γδ T cells in lungs, spleen, and skin at 4, 10, and 21 dpi 

(A) Representative gating strategy is shown for defining TGF-β+ γδ T cells in live mononuclear 

cells by 7-AAD exclusion from each group (spleen at 4 dpi). Percentages of mTGF-β+ γδ T cells 

within γδ T cells in lungs (B), spleen (C), and skin (D) and percentages of intracellular TGF-β+ 

γδ T cells within γδ T cells in lungs (E), spleen (F), and skin (G) from each group are shown. 

Data represent mean ± SE (n = 5) in each group at each time point. Significance of data is 

indicated by *: p < 0.05 (vs control), **: p < 0.01 (vs control), †: p < 0.05, and ††: p < 0.01. The 

asterisks indicate a significant difference when compared to the control group at each time point. 

  



 

94 

 

 

Figure 3. 5: Frequency of CD4+ αβ T cells in lungs, spleen, and skin at 4, 10, and 21 dpi 

(A) Representative gating strategy is shown for defining CD4+ αβ T cells in live mononuclear 

cells by 7-AAD exclusion from control group at 4 dpi (spleen sample). Percentages of CD4+ αβ 

T cells within live mononuclear cells in lungs (B), spleen (C), and skin (D) from each group are 

shown. Data represent mean ± SE (n = 5) in each group at each time point. Significance of data 

is indicated by *: p < 0.05 (vs control), **: p < 0.01 (vs control), †: p < 0.05, and ††: p < 0.01. 

The asterisks indicate a significant difference when compared to the control group at each time 

point. 
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Figure 3. 6: Frequency of CD107a+ γδ T cells and CD107a+CD8α+ γδ T cells in spleen at 21 

dpi and their stimulation index  

(A) Representative gating strategy is shown for defining CD107a+ γδ T cells and 

CD107a+CD8α+ γδ T cells in live mononuclear cells by 7-AAD exclusion and representative 

example of CD107a+ γδ T cells in each group without or with PMA/ION stimulation. 

Percentages of CD107a+ γδ T cells within γδ T cells (B) and CD107a+CD8α+ γδ T cells within γδ 

T cells (D) in spleen from each group are shown. SI of CD107a+ γδ T cells (C) and 

CD107a+CD8α+ γδ T cells (E) indicates the ratio of the percentage of CD107a
+ 

cells
 
upon 

stimulation with PMA/ION to the percentage of CD107a+
 
cells without stimulation. Data 

represent mean ± SE (n = 5) in each group at 21 dpi. Significance of data is indicated by *: p < 

0.05 (vs control), **: p < 0.01 (vs control), ***: p < 0.001 (vs control), †: p < 0.05, ††: p < 0.01, 

and †††: p < 0.001. The asterisks indicate a significant difference when compared to the control 

group. 
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Supplementary Figure 3. 1 

Percentages of mTGF-β
+
CD25

-
 γδ T cells within γδ T cells in lungs (A), spleen (B), and skin 

(C), percentages of mTGF-β
+
CD25

+
 γδ T cells within γδ T cells in lungs (D), spleen (E), and 

skin (F), percentages of TGF-β
+
CD25

-
 γδ T cells within γδ T cells in lungs (G), spleen (H), and 

skin (I), and percentages of TGF-β
+
CD25

+
 γδ T cells within γδ T cells in lungs (J), spleen (K), 

and skin (L) from each group are shown. Data represent mean ± SE (n = 5) in each group at each 

time point. Significance of data is indicated by *: p < 0.05 (vs control), **: p < 0.01 (vs control), 

***: p < 0.001 (vs control), †: p < 0.05, ††: p < 0.01, and †††: p < 0.001. The asterisks indicate a 

significant difference when compared to the control group at each time point. 
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4.1 Abstract 

Gamma delta (γδ) T cells play a significant role in the prevention of viral infection and 

tumor surveillance in mammals. Although the involvement of γδ T cells in Marek’s disease virus 

(MDV) infection has been suggested, their detailed contribution to immunity against MDV or the 

progression of Marek’s disease (MD) remains unknown. In the current study, T cell receptor 

(TCR)γδ-activated peripheral blood mononuclear cells (PBMCs) were infused into recipient 

chickens and their effects were examined in the context of tumor formation by MDV and 

immunity against MDV. We demonstrated that the adoptive transfer of TCRγδ-activated PBMCs 

reduced virus replication in lungs and tumor incidence in MDV-challenged chickens. Infusion of 

TCRγδ-activated PBMCs induced IFN-γ-producing γδ T cells at 10 days post-infection (dpi), 

and degranulation activity in circulating γδ T cell and CD8α+ γδ T cells at 10 and 21 dpi in 

MDV-challenged chickens. Additionally, the upregulation of IFN-γ and granzyme A gene 

expression at 10 dpi was significant in spleen of the TCRγδ-activated PBMCs-infused and 

MDV-challenged group compared to the control group. Taken together, our results revealed that 

TCRγδ stimulation promotes the effector function of chicken γδ T cells, and these effector γδ T 

cells may be involved in protection against MD. 

 

Keywords 

Chicken; γδ T cell; Marek’s disease virus; Adoptive transfer; Cytokine; Cytotoxicity 
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4.2 Introduction 

Gamma delta (γδ) T cells are a T cell subset which expresses the heterodimer antigen 

receptor γ and δ chains. These cells have a unique feature as their functions are associated with 

both innate and adaptive immunity (Chien et al., 2014). Gamma delta T cells are involved in 

immunity against pathogens, tumor control, immune surveillance, and homeostasis (Chan et al., 

2022; Ribot et al., 2021; Yueshui Zhao et al., 2018). Although the role of γδ T cells in human 

immune responses is well defined, the function of these cells in the control of pathogens in 

chickens is yet unclear. Recently, we reported the phenotypic characterization of defined chicken 

γδ T cell subsets, interferon (IFN)-γ+ γδ T cells, transforming growth factor (TGF)-β+ γδ T cells, 

and cytotoxic γδ T cells in chickens infected with Marek’s disease virus (MDV) (Matsuyama-

Kato et al., 2022). However, the role of γδ T cells in control of MDV was yet unknown. 

Marek’s disease (MD) is a malignant lymphomatous disease in chickens that is caused by 

pathogenic strains of MDV. MDV is a cell-associated virus, but cell-free viruses are produced 

and shed from the feather follicle epithelium of MDV-infected birds. Cell-free viruses are 

present in feather dander, which acts as the main vehicle for the transmission of MDV from 

infected to other susceptible birds (Boodhoo et al., 2016). Inhaled cell-free virus particles are 

thought to infect lung epithelial cells and antigen-presenting cells, and subsequently, lung-

infiltrating B and T lymphocytes become targets of MDV (Barrow et al., 2003; St. Hill et al., 

2004). MDV leads to lysis of the infected lymphocytes at the early cytolytic infection phase (3–7 

days post-infection (dpi)) and latent infection at the latency phase (7–14 dpi) (Calnek, 1986). 

MDV is reactivated preferentially in CD4+ T cells at the second cytolytic infection phase (14–28 

dpi), and MDV-infected CD4+ T cells are transformed to lymphoma cells, which proliferate and 

form solid tumors in various organs. To protect chickens from MD, the cell-mediated immune 
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response is believed to be crucial. To date, the involvement of innate immune system cells 

including macrophages, natural killer (NK) cells and γδ T cells, and adaptive immune cells 

including CD4+ αβ T cells and CD8+ αβ T cells in the immune reaction against MDV infection 

has been suggested (Bertzbach et al., 2019b; Matsuyama-Kato et al., 2022; Payvand Parvizi et 

al., 2009; Wang et al., 2018).  

In our previous report, we demonstrated that MDV vaccination induced IFN-γ+ γδ T cells 

and membrane-bound TGF-β (mTGFβ)+ γδ T cells at the early phase of infection (Matsuyama-

Kato et al., 2022). Furthermore, γδ T cells from MDV-challenged chickens at the later phase of 

infection showed cytotoxic activity. IFN-γ expression in γδ T cells at the early phase of infection 

was also confirmed in MDV-challenged chickens and in MDV-vaccinated chickens (Hao et al., 

2021; Laursen et al., 2018). These studies suggest an effector function of γδ T cells in immune 

responses against MDV, but the detailed role of γδ T cells in MDV infection is still not clear. 

To examine if activated γδ T cells have a protective role against MDV infection or can 

accelerate MD progression, we used an adoptive cell transfer approach which has been 

successfully applied for the treatment of cancer in human trials (Yazdanifar et al., 2020). In 

human studies, it was reported that γδ T cells expand after stimulation with the anti-T cell 

receptor (TCR)γδ antibody, and ex vivo-expanded γδ T cells can be used for adoptive T cell 

immunotherapy (Ou et al., 2021; Zhou et al., 2012). In the present study, we infused ex vivo-

activated peripheral blood mononuclear cells (PBMCs) with an anti-TCRγδ antibody into 

chickens and analyzed if this infusion provides protection against MD and how immune 

responses during MDV infection are altered by the infusion of TCRγδ-activated PBMCs. 

4.3 Materials and Methods 

4.3.1 Chicken housing and ethics 
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One-day-old specific pathogen-free (SPF) White Leghorn chickens were received from 

the Animal Disease Research Institute, Canadian Food Inspection Agency (Ottawa, ON, Canada) 

and were housed in the Campus Animal Facility at the Ontario Veterinary College, University of 

Guelph. All experiments were approved by the Animal Care Committee of the University of 

Guelph and were implemented according to the guidelines of the Canadian Council on Animal 

Care. 

4.3.2 Virus preparation 

The very virulent MDV (vvMDV), RB1B strain, was provided by Dr. K.A. Schat 

(Cornell University, NY, USA) (Schat et al., 1982). MDV propagation was conducted in SPF 

chickens and splenocytes obtained from the infected chickens at 3 weeks post-infection were 

stored in liquid nitrogen as virus stocks. The virus titers were calculated using primary chicken 

kidney cells derived from 2- to 3-week-old SPF chickens (Abdul-Careem, et al., 2009). 

4.3.3 Ex vivo TCRγδ stimulation 

Blood samples were collected from the wing veins of 20-days-old chickens using needles 

and syringes with 5 mg/mL of heparin (Millipore-Sigma, St. Louis, MO, USA) and diluted with 

the same volume of phosphate buffered saline (PBS) (Wisent, Inc., St. Bruno, QC, Canada). 

Diluted blood samples were overlayed onto Histopaque1077 (Sigma Chemical Co., St. Louis, 

MO, USA) and centrifuged at 560× g for 20 min. PBMCs were subsequently aspirated from the 

interface and washed and centrifuged 3 times at 400× g for 5 min in Iscove’s modified 

Dulbecco’s medium (IMDM) (Gibco, Burlington, ON, Canada) containing 100 U/mL of 

penicillin and 100 μg/mL of streptomycin (Gibco). Cells were resuspended in complete IMDM 

cell culture medium: the IMDM medium contained 10% of fetal bovine serum (Millipore-

Sigma), 2% of chicken serum (Millipore-Sigma), 100 U/mL of penicillin and 100 μg/mL of 
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streptomycin, 32.7 nM of 2-Aminoethanol (Millipore-Sigma), 1% of Insulin-Transferrin-

Selenium (Gibco), 2 μg/mL of linoleic acid (Millipore-Sigma), 2 μg/mL of oleic acid (Millipore-

Sigma), 2 μg/mL of palmitic acid (Millipore-Sigma), and 10 ng/mL of recombinant chicken 

interleukin (IL)-2 protein (Abcam, Cambridge, UK) (Yssel et al., 1984). Live cell numbers were 

determined using a haemocytometer and Trypan blue. One million live cells were cultured in 

immobilized 96-well plates with 10 μg/mL of mouse anti-chicken TCRγδ monoclonal antibody 

(mAb) (Southern Biotech, Birmingham, AL, USA) (stimulated cells) or antibody-uncoated plates 

(unstimulated cells) at 41 °C; 5% CO2 for 4 h (for degranulation assay); 18 h (for ex vivo-

stimulation assay and infusion); or 3, 8, and 18 h (for gene expression analysis). For the ex vivo-

stimulation assay, Golgi Plug (Beckton Dickinson Biosciences, San Jose, CA, USA) and 20 

μg/mL of DNase І (Millipore-Sigma) were added at 14 h post-stimulation (hps). For the gene 

expression analysis, the cultured cells were collected and resuspended in 1 mL of Trizol reagent 

(Invitrogen, Carlsbad, CA, USA). 

4.3.4 Experimental design 

One hundred and twenty chickens were randomly divided into 6 groups: PBMCs-

uninfused and MDV-unchallenged (control), TCRγδ-unactivated PBMCs-infused and MDV-

unchallenged (TCRγδ-/MDV-), TCRγδ-activated PBMCs-infused and MDV-unchallenged 

(TCRγδ+/MDV-), cell-uninfused and MDV-challenged (MDV+), TCRγδ-unactivated PBMCs-

infused and MDV-challenged (TCRγδ-/MDV+), and TCRγδ-activated PBMCs-infused and 

MDV-challenged groups (TCRγδ+/MDV+). At 21 days of age, 3 × 107 cultured PBMCs in 500 

μL of PBS were injected intraabdominally to the original chicken (autologous cell infusion). On 

the same day of infusion, chickens in the MDV+, the TCRγδ-/MDV+, and the TCRγδ+/MDV+ 

groups were challenged with 500 plaque-forming units of RB1B intraabdominally. The same 
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volume of PBS was injected as a control for cell infusion and virus challenge to each control 

group. Five chickens in each group were euthanized by CO2 inhalation at 4, 10, and 21 dpi. 

Spleen and lungs were collected aseptically in 1 × Hank’s balanced salt solution (HBSS) (Gibco) 

supplemented with 100 U/mL of penicillin and 100 μg/mL of streptomycin and stored on ice 

until further use. Blood samples were collected using heparinized syringes. Feather tips, spleen, 

lungs, and PBMCs were collected in RNAlater (Qiagen Inc., Mississauga, ON, Canada) and 

stored at −20 °C. Tumor incidence and scoring of MDV-challenged chickens were determined at 

21 dpi (n = 10) (Bavananthasivam et al., 2021). Spleen, lungs, liver, kidneys, heart, genitalia, 

proventriculus, gizzard, pancreas, intestine, and skin were assessed for gross tumor lesions. 

Tumor scoring was calculated by the number of tumor-bearing organs. The neoplastic lesion 

score of chickens which did not have any gross tumor lesions in any organs described above was 

evaluated as 0. 

4.3.5 Single-cell isolation from lungs, spleen, and blood 

Single mononuclear cell suspensions from lungs and spleen were prepared following the 

protocol described elsewhere (Matsuyama-Kato et al., 2022). Blood samples diluted with the 

same volume of PBS were overlaid onto Histopaque1077 and centrifuged at 560× g for 20 min. 

Mononuclear cells aspirated from the interface were washed 3 times with RPMI 1640 (Millipore-

Sigma) with 100 U/mL of penicillin and 100 μg/mL of streptomycin. Cells from lungs, spleen, 

and blood were resuspended in complete RPMI cell culture medium: the RPMI 1640 medium 

was supplemented with 10% of fetal bovine serum, 100 U/mL of penicillin and 100 μg/mL of 

streptomycin, 50 μg/mL of Gentamicin (Gibco), 25 mM of HEPES (Gibco), and 71.5 μM of 2-

mercaptoethanol (Millipore-Sigma). Live cell numbers were calculated using a haemocytometer 

and Trypan blue. Five hundred thousand mononuclear cells were used for surface molecular and 
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mTGF-β staining following the protocol described elsewhere (Matsuyama-Kato et al., 2022). For 

the purpose of IFN-γ and TGF-β staining, 1 × 106 cells were cultured with Golgi Plug and DNase 

І in the presence or absence of 20 ng/mL of phorbol 12-myristate 13-acetate (PMA) (Millipore-

Sigma) and 500 ng/mL of ionomycin (ION) (Millipore-Sigma) in 96-well round bottom plates 

for 4 h at 41 °C, 5% CO2. The protocol of the degranulation assay is described elsewhere 

(Matsuyama-Kato et al., 2022). 

4.3.6 Flow Cytometry 

The protocols for surface molecule and mTGF-β staining, intracellular cytokine staining, 

and CD107a staining are described elsewhere (Matsuyama-Kato et al., 2022). Antibodies used in 

the experiment are listed in Table 1. Stained cells were acquired on a FACSCanto II flow 

cytometer (Beckton Dickinson Biosciences). FlowJo version 10.8.1 (TreeStar Inc., Ashland, OR, 

USA) was used to analyze the acquired data. Single cells were examined by the side scatter area 

(SSC-A) versus forward scatter area (FSC-A), followed by the forward scatter height (FSC-H) 

versus FSC-A. Dead cells were excluded by 7-AAD (Invitrogen) staining. Representative gating 

strategies are shown in Supplementary Figure 4.1. Fluorescence minus one control were used to 

identify IFN-γ, TGF-β, CD25, and degranulation (CD107a) activity. 

4.3.7 DNA extraction 

DNA was extracted from feather tips using Trizol reagent according to the instruction 

provided by the manufacture. NanoDrop® ND-1000 spectrophotometry (Thermo Fisher 

Scientific Inc) was used to calculate the DNA concentration. 

4.3.8 RNA extraction and cDNA synthesis 

Spleen, lungs, and PBMCs were homogenized in 1 mL of Trizol reagent and RNA was 

extracted according to the instruction provided by the manufacturer. The RNA concentration was 
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calculated by NanoDrop®® ND-1000 spectrophotometry. cDNA was synthesized from DNase-

treated RNA (spleen and lung samples: 1 μg of RNA, PBMC samples: 500 ng of RNA) using 

Oligo (dT) 12–18 primers and the SuperScript™ II Reverse Transcriptase (Invitrogen) according 

to the manufacturer’s instruction. Diluted cDNA at 1:10 (spleen and lung samples) or 1:5 

(PBMC samples) in nuclease-free water was used in a real-time PCR to evaluate virus or host 

gene expressions.  

4.3.9 Real-time quantitative polymerase chain reaction (RT-qPCR) 

To determine MDV genome copy numbers in 100 ng of DNA extracted from feathers, 

the viral meq gene was quantified using the primer set (Table 4.2) as described previously 

(Abdul-Careem et al., 2006). RT-qPCR was conducted using the LightCycler® 480 II instrument 

(Roche Diagnostics GmbH, Mannheim, Germany) and LightCycler® 480 SYBR Green I Master 

Mix (Roche Diagnostics). Primer sequences of chicken or MDV genes and cycling parameters 

are provided in Tables 4.2 and 4.3, respectively. The primers were synthesized by Thermo Fisher 

Scientific Inc. The relative expression of target genes was calculated using LightCycler®® 480 

advanced relative quantification software in relation to chicken β-actin. Serial dilution of the 

standard plasmid for meq was prepared for the quantification of meq gene expression by 

LightCycler®® 480 quantification software (Roche Diagnostics). 

4.3.10 Statistical analysis 

Statistical analysis of the ex vivo experimental data was performed with Levene’s test for 

equality of variances followed by two-tailed t-test or the Mann Whitney U test. Statistical 

analysis of the tumor incidence data was performed with Fisher’s exact test. Statistical analysis 

of the tumor scoring and the in vivo experimental data was performed with Levene’s test for 

equality of variances followed by one-way analysis of variance (ANOVA) and Tukey’s post hoc 
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test or Kruskal-Wallis test and Dunn’s test with Benjamini and Hochberg adjustment. All the 

statistical analyses were performed using IBM SPSS statistics 28 (IBM, Armonk, New York, 

USA) or GraphPad Prism 7 (GraphPad Software Inc., La Jolla, CA, USA). The data are 

represented as mean ± standard error (SE).  

4.4 Results 

4.4.1 TCRγδ stimulation induced IFN-γ production by chicken γδ T cells 

To determine if TCRγδ stimulation via their TCR receptors induces cytokine production 

and degranulation by chicken γδ T cells, PBMCs were stimulated with 10 μg/mL of anti-chicken 

TCRγδ mAb, and then intracellular IFN-γ and TGF-β cytokine production as well as mTGF-β, 

CD25, and CD107a expression levels were analyzed using flow cytometry. Since our previous 

study suggested the different TGF-β expression pattern between a soluble form and a membrane-

bound form in chicken γδ T cells, both the mTGF-β expression and intracellular TGF-β 

production by γδ T cells were evaluated (Matsuyama-Kato et al., 2022). Data are presented as 

the percentage of IFN-γ+/ mTGF-β+/ TGF-β+/ CD25+/ TGF-β+CD25-/ TGF-β+CD25+/ CD107a+ 

γδ T cells within γδ T cell populations and IFN-γ+CD8α+/ CD107a+CD8α+ γδ T cells within 

CD8α+ γδ T cell populations. TCRγδ stimulation induced significant IFN-γ production by γδ T 

cells (p < 0.05) and CD8α+ γδ T cells (p < 0.05) (Fig. 4.1A and 4.1B) whereas CD25 expression 

on TCRγδ-stimulated γδ T cells was lower than TCRγδ-unstimulated γδ T cells (p < 0.05) (Fig. 

4.1C). Significant differences between the TCRγδ-stimulated and the unstimulated conditions 

were not observed in frequency of mTGF-β γδ T cells, TGF-β+ γδ T cells, TGF-β+CD25- γδ T 

cells, TGF-β+CD25+ γδ T cells, CD107a+ γδ T cells, and CD107a+CD8α+ γδ T cells (p ≥ 0.05) 

(Fig. 4.1D-I). At 18 hps, the mean percentage of γδ T cells and αβ T cells within the live 

lymphocyte population was 10.83 ± 0.93% and 49.77 ± 4.58%, respectively, in the TCRγδ-
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unstimulated condition and 9.95 ± 1.27% and 53.28 ± 5.03%, respectively, in the TCRγδ-

stimulated condition. There were no significance differences in T cell populations between in 

TCRγδ-unstimulated PBMCs and TCRγδ-stimulated PBMCs. 

4.4.2 TCRγδ stimulation induced upregulation of IFN-γ, IL-2, and IL-17A gene 

expression and downregulation of TGF-β gene expression in PBMCs 

To determine the effect of TCRγδ stimulation, PBMCs were stimulated with 10 μg/ml of 

anti-chicken TCRγδ mAb and IFN-γ, IL-2, IL-12p40, IL-17A, TGF-β, and IL-10 gene 

expression in the stimulated PBMCs was analyzed at 3, 8, and 18 hps by real-time PCR. TCRγδ 

stimulation induced the significant upregulation of IFN-γ and IL-2 gene expression in PBMCs at 

3 hps (p < 0.05 and p < 0.01, respectively) (Fig. 4.2A and 4.2B). The gene expression of IL-2 in 

stimulated PBMCs was significantly higher at 8 and 18 hps compared to unstimulated PBMCs (p 

< 0.05) (Fig. 4.2B). There were no significant differences in IL-12p40 gene expression between 

stimulated PBMCs and unstimulated PBMCs (p ≥ 0.05) (Fig. 4.2C). The significantly higher 

gene expression of IL-17A was observed in stimulated PBMCs than in unstimulated PBMCs at 3 

and 18 hps (p < 0.01 and p < 0.001, respectively) (Fig. 4.2D). TCRγδ stimulation induced the 

significant downregulation of TGF-β gene expression in PBMCs at 3 and 8 hps (p < 0.05) 

whereas significant differences in IL-10 gene expression were not observed between stimulated 

PBMCs and unstimulated PBMCs (Fig. 4.2E and 4.2F). 

4.4.3 Adoptive transfer of TCRγδ-activated PBMCs reduced tumor incidence and 

suppressed viral replication in MDV-challenged chickens 

To investigate whether activated γδ T cells are involved in prevention of MD-lymphoma, 

chickens received TCRγδ-activated PBMCs, followed by MDV challenge. Tumor incidence and 

lesion scores were assessed at 21 dpi. Chickens in the TCRγδ+/MDV+ group showed 
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significantly lower tumor incidence compared to the other groups (p < 0.05) (Fig. 4.3A). 

However, there were no significant differences between groups in lesion scores (p ≥ 0.05) (Fig. 

4.3B). 

Next, we examined if the infusion of γδ T cells regulates virus production in feathers or 

virus replication in MDV-challenged chickens. To this end, MDV genome load in feathers and 

transcripts of viral genes, meq and glycoprotein B (gB), in spleen, PBMCs, and lungs were 

analyzed. Significant differences in MDV genome load were not observed in feathers between 

groups (p ≥ 0.05) (Fig. 4.4). Significant differences in meq and gB gene expression were not 

observed in spleen or PBMCs between groups (p ≥ 0.05) (Fig. 4.5A, 4.5B, 4.5D, and 4.5E). 

However, gene expression of meq was significantly lower in lungs of the TCRγδ+/MDV+ group 

at 10 dpi than in the MDV+ group (p < 0.05) (Fig. 4.5C). Lower gene expression of gB in lungs 

was observed in the TCRγδ+/MDV+ group compared to the MDV+ group (p < 0.01) and the 

TCRγδ-/MDV+ group (p < 0.05) (Fig. 4.5F). 

4.4.4 Lower frequency of γδ T cells in spleen of the TCRγδ-/MDV+ group at 10 dpi and 

higher frequency of αβ T cells in spleen and PBMCs of the TCRγδ+/MDV+ group at 21 dpi 

To examine how the infusion of TCRγδ-activated PBMCs affects T cell frequencies in 

MDV-challenged chickens, the frequency of γδ T cells and CD4+ αβ T cells in spleen, PBMCs, 

and lungs at 4, 10, and 21 dpi was analyzed using flow cytometry. Data are presented as the 

percentage of γδ T cells or CD4+ αβ T cells within live lymphocyte populations. A significant 

decrease of γδ T cell frequency in spleen and PBMCs was observed in the TCRγδ-/MDV+ group 

compared to the TCRγδ-/MDV- group at 10 dpi (p < 0.05) but not in the TCRγδ+/MDV+ group 

compared to the TCRγδ+/MDV- group (p ≥ 0.05) (Fig. 4.6A and 4.6B). There were no 

significant differences in frequency of γδ T cells in lungs (p ≥ 0.05) (Fig. 4.6C). The frequency 



 

112 

 

of CD4+ αβ T cells in spleen, PBMCs, and lungs was significantly higher in the TCRγδ+/MDV+ 

group than that in the TCRγδ+/MDV- group at 21 dpi (p < 0.05) (Fig. 4.6D, 4.6E, and 4.6F). 

4.4.5 Circulating γδ T cells in the TCRγδ+/MDV+ group showed a higher degranulation 

activity at 10 and 21 dpi 

To examine the kinetics of γδ T cells in the TCRγδ+/MDV+ group, γδ T cells derived 

from spleen (Fig. 4.7), PBMCs (Fig. 4.8), or lungs (Fig. 4.8) were cultured in the presence of 

PMA/ION (potential activity) or the absence of PMA/ION (baseline activity). IFN-γ and TGF-β 

production as well as CD25 and CD107a expression levels in γδ T cells were analyzed using 

flow cytometry at 4, 10, and 21 dpi. Data are presented as the percentage of IFN-γ+/ IFN-

γ+CD8α+/ mTGF-β+/ TGF-β+/ CD25+/ TGF-β+CD25+/ CD107a+/ CD107a+CD8α+ γδ T cells 

within γδ T cell populations. The frequency of IFN-γ+ γδ T cells was significantly increased in 

spleen of both the TCRγδ-/MDV+ and the TCRγδ+/MDV+ groups compared to the control 

group at 10 dpi (p < 0.05) without PMA/ION re-stimulation, which was also observed in 

PMA/ION-re-stimulated condition (p < 0.05) (Fig. 4.7A). A significantly higher frequency of 

IFN-γ+CD8α+ γδ T cells was observed in spleen of the TCRγδ+/MDV+ group and the TCRγδ-

/MDV+ group at 10 dpi under the PMA/ION-re-stimulated condition compared to the control 

group (p < 0.05) (Fig. 4.7B). No significant differences in the frequency of mTGF-β+ γδ T cells, 

TGF-β+ γδ T cells, and TGF-β+CD25+ γδ T cells were observed in spleen between groups (p ≥ 

0.05) (Fig. 4.7C, 4.7D, and 4.7F). The expression of CD25 on γδ T cells in spleen of the 

TCRγδ+/MDV+ group at 10 dpi was significantly lower than that in the control group (p < 0.01) 

and in the MDV+ group (p < 0.05) (Fig. 4.7E). Significant differences were not observed 

between groups in frequency of CD107a+ γδ T cells and CD107a+CD8α+ γδ T cells (p ≥ 0.05) 

(Fig. 4.7G and 4.7H). The frequency of IFN-γ+ γδ T cells was significantly increased in PBMCs 
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of chickens from the TCRγδ-/MDV+ and the TCRγδ+/MDV+ groups at 10 dpi in both 

PMA/ION-unstimulated and -re-stimulated conditions compared to the control group (p < 0.05) 

(Fig. 4.8A). Higher IFN-γ production was observed in circulating CD8α+ γδ T cells of chickens 

in the TCRγδ-/MDV+ and the TCRγδ+/MDV+ groups upon PMA/ION re-stimulation at 10 dpi 

compared to the control group (p < 0.01) (Fig. 4.8B). There was no significant difference 

between groups in frequency of mTGF-β+ γδ T cells (p ≥ 0.05) (Fig. 4.8C). TGF-β production 

was significantly increased in circulating γδ T cells of TCRγδ+/MDV+ chickens at 10 dpi under 

PMA/ION-unstimulated condition compared to the control group (p < 0.001) and the 

TCRγδ+/MDV- group (p < 0.01) (Fig. 4.8D). CD25 expression on circulating γδ T cells in the 

TCRγδ+/MDV+ group at 10 dpi was significantly lower than that in the TCRγδ+/MDV- group 

(p < 0.05) (Fig. 4.8E). Chickens in both the TCRγδ+/MDV+ and the TCRγδ-/MDV+ groups had 

significantly higher frequency of TGF-β+CD25+ γδ T cells in PBMCs than that in the control 

group without PMA/ION re-stimulation (p < 0.05) (Fig. 4.8F). Circulating γδ T cells and CD8α+ 

γδ T cells in the TCRγδ+/MDV+ group had a significantly higher degranulation activity upon re-

stimulation with PMA/ION at 10 dpi compared to the control group (p < 0.05) (Fig. 4.8G and 

4.8H). Significantly higher frequency of CD107a+CD8α+ γδ T cells derived from PBMCs of the 

TCRγδ+/MDV+ group was observed than that of the control group and the TCRγδ+/MDV- 

group at 21 dpi upon re-stimulation with PMA/ION (p < 0.05) and without PMA/ION re-

stimulation (p < 0.05) (Fig. 4.8H). In lungs, chickens in the TCRγδ+/MDV+ group showed 

significantly higher frequency of IFN-γ+ γδ T cells and IFN-γ+CD8α+ γδ T cells than that in the 

control group upon PMA/ION re-stimulation at 10 dpi (p < 0.01), which was observed in the 

TCRγδ-/MDV+ group as well (p < 0.01) (Fig. 4.9A and 4.9B). Significantly higher frequency of 

IFN-γ+CD8α+ γδ T cells was observed in all the MDV-challenged groups than that in the control 
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group at 21 dpi with and without PMA/ION re-stimulation (p < 0.05) (Fig. 4.9B). The frequency 

of mTGF-β+ γδ T cells in lungs was higher in the TCRγδ+/MDV+ and the TCRγδ-/MDV+ 

groups than that in the control group at 4 dpi (p < 0.05), but significant differences between 

groups were not observed in frequency of TGF-β+ γδ T cells (p ≥ 0.05) and TGF-β+CD25+ γδ T 

cells (p ≥ 0.05) (Fig. 4.9C, 4.9D, and 4.9F). The expression of CD25 on γδ T cells in lungs of the 

MDV+ group and the TCRγδ-/MDV+ group at 4 dpi was significantly upregulated compared to 

the control group (p < 0.05) while there was no significant difference between the 

TCRγδ+/MDV+ group and the control group (p ≥ 0.05) (Fig. 4.9E). Significantly higher CD107a 

expression was observed in CD8α+ γδ T cells derived from lungs of the TCRγδ-/MDV+ and the 

TCRγδ+/MDV+ group than that in the control group at 10 dpi under the PMA/ION-unstimulated 

condition (p < 0.05) and in γδ T cells and CD8α+ γδ T cells derived from lungs of the 

TCRγδ+/MDV+ group compared to the control group at 21 dpi under the PMA/ION-

unstimulated condition (p < 0.05) (Fig. 4.9G and 4.9H). 

4.4.6 Infusion of TCRγδ-activated PBMCs induced IFN-γ gene expression in spleen at 4, 

10, and 21 dpi and granzyme A gene expression at 10 dpi 

To examine how the infusion of TCRγδ-activated PBMCs alters cytokine and molecules 

related to cytotoxic activity in MDV-challenged chickens, the gene expression of IFN-γ, IL-17A, 

IL-10, TGF-β, granzyme A, and perforin in spleen (Fig. 4.10), PBMCs (Fig. 4.11), and lungs 

(Fig. 4.12) was analyzed using real-time PCR. The gene expression of IFN-γ in spleen of the 

TCRγδ+/MDV+ group was significantly higher than that of the TCRγδ+/MDV- at 4, 10, and 21 

dpi (p < 0.05, p < 0.001, and p < 0.05, respectively) (Fig. 4.10A). At 10 dpi, IFN-γ gene 

expression was significantly upregulated in spleen of the TCRγδ+/MDV+ group compared to the 

control group and the MDV+ group (p < 0.001 and p < 0.05, respectively) (Fig. 4.10A). 
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Chickens in the TCRγδ+/MDV+ group showed higher IL-17A gene expression in spleen at 21 

dpi compared to the TCRγδ-/MDV+ group (p < 0.05) (Fig. 4.10B). The gene expression of IL-10 

in spleen of the TCRγδ+/MDV+ group was significantly increased at 4 and 21 dpi compared to 

that of the control group (p < 0.05) and the TCRγδ+/MDV- group (p < 0.05) (Fig. 4.10C). 

Significantly higher TGF-β gene expression was observed in spleen of the TCRγδ+/MDV- and 

the TCRγδ+/MDV+ group at 10 dpi compared to the control group (p < 0.05) while TGF-β gene 

expression in spleen of the TCRγδ+/MDV+ group was lower than that in the MDV+ group at 4 

and 21 dpi (p < 0.01 and p < 0.05, respectively), that in the TCRγδ-/MDV+ group at 4 dpi (p < 

0.05), and that in the control group at 21 dpi (p < 0.01) (Fig. 4.10D). Granzyme A gene 

expression was significantly upregulated in spleen of the TCRγδ+/MDV+ group at 10 dpi 

compared to that in the control group (p < 0.01), which was also observed in PBMCs and lungs 

(p < 0.01) (Fig. 4.10E, 4.11E, and 4.12E). Significantly lower gene expression of perforin in 

spleen was observed in the TCRγδ+/MDV+ group compared to the TCRγδ-/MDV+ group at 10 

dpi (p < 0.05) and the TCRγδ+/MDV- group at 21 dpi (p < 0.05) (Fig. 4.10F). Similar to the 

results observed in spleen, chickens in the TCRγδ+/MDV+ group showed significantly higher 

IFN-γ gene expression in PBMCs at 4 dpi compared to the control group and the TCRγδ+/MDV- 

group (p < 0.05) (Fig. 4.11A). IFN-γ gene expression in PBMCs of the TCRγδ+/MDV+ group 

and the TCRγδ-/MDV+ group was higher than that of the control group at 10 dpi (p < 0.01). The 

expression of IL-17A gene in PBMCs of the TCRγδ+/MDV+ group was significantly lower than 

that of the TCRγδ+/MDV- group at 21 dpi (p < 0.01) (Fig. 4.11B). IL-10 gene expression in 

PBMCs of the TCRγδ+/MDV+ group was higher than that in the control group and the 

TCRγδ+/MDV- group at 10 dpi (p < 0.05) (Fig. 4.11C). Chickens in the TCRγδ+/MDV+ group 

showed significantly lower TGF-β gene expression in PBMCs compared to the control group and 
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the MDV+ group at 21 dpi (p < 0.05) (Fig. 4.11D). Perforin gene expression was also 

upregulated in the MDV+ group and the TCRγδ-/MDV+ group at 10 dpi compared to the control 

group (p < 0.05) (Fig. 4.11F). In lungs, all the MDV-challenged groups showed significantly 

higher IFN-γ gene expression compared to the control groups at 10 and 21 dpi (p < 0.05) (Fig. 

4.12A). There were no significant differences between groups in the expression of IL-17A gene 

in lungs (p ≥ 0.05) (Fig. 4.12B). IL-10 gene expression in lungs was significantly higher in all 

the MDV-challenged groups than that in the control group at 10 dpi (p < 0.05) (Fig. 4.12C). The 

expression of TGF-β gene in lungs of the TCRγδ+/MDV+ was significantly higher than that in 

the MDV+ group and the TCRγδ-/MDV+ group at 10 dpi (p < 0.05) and lower than that of the 

control group at 21 dpi (p < 0.01) (Fig. 4.12D). Significantly higher perforin gene expression 

was observed in lungs of the TCRγδ-/MDV+ group compared to the control and the TCRγδ-

/MDV- groups at 10 dpi (p < 0.05), but there was no significant difference in perforin gene 

expression between the TCRγδ+/MDV+ group and the control group (p ≥ 0.05) (Fig. 4.12F). 

4.5 Discussion 

Chicken γδ T cells are suggested to be involved in immunity against MDV infection 

(Matsuyama-Kato et al., 2022). In the current study, we applied an autologous cell infusion 

method to investigate if TCRγδ-stimulated γδ T cells are involved in protective immunity against 

MD or in MDV pathogenesis. The ex vivo activation of circulating γδ T cells via TCRγδ 

stimulation and its effect on other PBMCs were analyzed. The results demonstrated that TCRγδ 

stimulation induces IFN-γ production from circulating γδ T cells including CD8+ γδ T cells, but 

this stimulation did not lead to TGF-β production or degranulation. It has been reported that IFN-

γ produced by activated human γδ T cells initiates T helper type 1 (Th1) response via induction 

of Th1 promoting dendritic cells (DCs) (Dunne et al., 2010; Eberl et al., 2009; Ismaili et al., 
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2002). We also demonstrated an association of the induction of a potent anti-MDV Th1 response 

with resistance to MD (Boodhoo and Behboudi, 2022a, 2022b). Our results showing that Th1 

cytokines, IFN-γ and IL-2, were upregulated and one of the anti-inflammatory cytokines, TGF-β, 

was downregulated in ex vivo-stimulated PBMCs with anti-TCRγδ mAb and in spleen after the 

infusion of ex vivo-stimulated PBMCs at the transcript level indicate that activated chicken γδ T 

cells may contribute to the initiation of the Th1 response, which is shown to be important for the 

control of MD-lymphoma. IFN-γ induces nitric oxide production and upregulates major 

histocompatibility complex (MHC) class II molecules in macrophages, and subsequently induces 

the activation of adaptive immune cells (Haq et al., 2011; Kano et al., 2009b; Song et al., 1997). 

Recently, it was reported that IFN-γ inhibits MDV replication and interferes with MD 

progression (Bertzbach et al., 2019a). Therefore, the upregulation of IFN-γ at the initial infection 

phase of the TCRγδ+/MDV+ group may contribute to preventing viral replication and 

subsequent MD progression. In our study, the results demonstrate that the protective role of 

adoptive γδ T cell transfer against MD may be attributed to IFN-γ production from immune 

system cells at the early phase of MDV infection (4 dpi). It is noteworthy to mention that IFN-γ 

production by γδ T cells at 4 dpi was not significantly higher in MDV-challenged chickens 

compared to the control chickens. In mammalian studies, it is known that the rapid production of 

IFN-γ by γδ T cells initiates activation of the cell-mediated immune response, which could 

contribute to the control of MD (Gao et al., 2003; Toka et al., 2011). 

In the current study, we observed the upregulation of IL-17A gene expression in TCRγδ-

stimulated PBMCs. As Walliser and Göbel reported that IL-17A is produced by αβ and γδ T 

cells upon PMA/ION stimulation in chickens, γδ T cells may be one of the IL-17A-producing 

cells in response to TCR stimulation (Walliser and Göbel, 2018). In mammals, γδ T cells 
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immediately produce IL-17A and induce inflammation upon pathogen infections (Papotto et al., 

2017). Thus, our results indicate that TCRγδ stimulation initiates both Th1 and Th17 responses. 

Considering that high expression of IFN-γ gene was observed in the TCRγδ+/MDV+ group at 4 

dpi and IL-17 gene expression was downregulated at the similar level as the control group by 10 

dpi, immune response may have skewed toward Th1 response as a result of MDV infection.    

Cytotoxic activity by CD8+ T cells, NK cells, and γδ T cells is also suggested to be one of 

the critical factors in immune responses against MDV infection due to the cell-associated feature 

of MDV (Bertzbach et al., 2019b; Hao et al., 2021; Markowski-Grimsrud and Schat, 2002; 

Matsuyama-Kato et al., 2022; Omar and Schat, 1996). These cells are thought to induce 

apoptosis in MDV-infected cells via a granzyme-perforin pathway or a Fas-Fas ligand pathway 

(Chen et al., 2013; Sarson et al., 2008). In the present study, we observed an upregulation of 

granzyme A expression in spleen, PBMCs, and lungs of the TCRγδ+/MDV+ group at 10 dpi. 

Moreover, γδ T cells and CD8α+ γδ T cells in the TCRγδ+/MDV+ group demonstrated enhanced 

degranulation activity. In mammals, herpes simplex virus (HSV) studies suggest that CD8+ T 

cells are retained in local infected sites and are able to be activated immediately at the early 

phase of reactivation (St. Leger et al., 2021). These CD8+ T cells produce granzyme which 

inhibits the spread of HSV and viral reactivation from latency (Knickelbein et al., 2008; Pereira 

et al., 2000). Therefore, the upregulation of cytotoxic activity at 10 dpi provided by the infusion 

of TCRγδ-activated PBMCs may constitute a rapid reaction against the early phase of MDV 

reactivation and may suppress MDV reactivation, which could prevent or delay MDV tumor 

formation. γδ T cells may also contribute to the suppression by cytotoxicity.  

Although reduced virus replication in the local tissue and lower tumor incidence were 

observed in the TCRγδ+/MDV+ group, the infusion of TCRγδ-stimulated PBMCs did not affect 
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virus shedding from feathers in the present study. A previous MDV study suggested that even the 

chickens that are vaccinated, and are protected against tumor, shed the virus from feathers 

(Abdul-Careem et al., 2007). Our findings in the current study indicate that the infusion of 

activated γδ T cells is not sufficient to overcome the immunoregulatory environment in skin of 

MDV-infected chickens (Bavananthasivam et al., 2022; Heidari et al., 2016; Heidari and 

Delekta, 2017). 

CD25, which is also known as the IL-2 receptor α chain, is a T cell-activation marker as 

well as a marker of regulatory T cells in mammals (Minami et al., 1993). Similar to mammals, 

CD25 is suggested as an activation marker of chicken T cells including γδ T cells (Braukmann et 

al., 2015; Gurung et al., 2017). In particular, a specific γδ T cell subset, CD8αα+ γδ T cells, 

upregulates CD25 expression upon Salmonella stimulation (Braukmann et al., 2015). In a human 

study, IL-2-stimulated γδ T cells upregulate CD25 expression and enhance CD25 expression 

when they receive TCR stimulation (Sheikhet et al., 2018). However, in the present study, 

chicken γδ T cells cultured with IL-2 expressed CD25 more than γδ T cells which were cultured 

with IL-2 and anti-TCRγδ mAb. In addition to the ex vivo stimulation study, CD25 expression 

was decreased on γδ T cells in the TCRγδ+/MDV+ group at 10 dpi though IFN-γ-producing γδ T 

cells were increased. Considering that chicken γδ T cells in PBMCs and tissues are 

heterogeneous, CD25-expressing γδ T cells may be a different subset from IFN-γ-producing γδ T 

cells. 

TGF-β gene expression reached a peak at 10 dpi in spleen and lungs of the TCRγδ-

activated PBMCs-infused groups whereas it was decreased in the other groups from 4 dpi to 10 

dpi regardless of MDV infection. These results suggested that TGF-β expression was highly 

impacted by the infusion of TCRγδ-activated PBMCs. Since we observed the initiation of an 
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inflammatory reaction upon the stimulation of TCRγδ in the current study, the upregulation of 

TGF-β in spleen and lungs of the activated PBMCs-infused chickens at 10 dpi might be 

associated with immune resolution of the acute inflammation (Placek et al., 2019). In a 

mammalian study, it is reported that TGF-β in combination with IL-2 enhances an increase of 

anti-apoptosis molecules and a decrease of pro-apoptosis molecules in γδ T cells (Beatson et al., 

2021). As we observed TGF-β upregulation and no change or mild decrease in γδ T cell 

frequency in spleen of the TCRγδ+/MDV+ group at 10 dpi in the present study, TGF-β may 

protect γδ T cells from apoptosis.  

Previous MDV studies revealed that challenging chickens with MDV upregulate IL-10 

expression in spleen, including in splenic CD4+ T cells, CD8+ T cells, and γδ T cells at the later 

phase of infection (Abdul-Careem et al., 2007; Kano et al., 2009b; Laursen et al., 2018; Parvizi 

et al., 2009). In the current study, both IL-10 and IFN-γ were upregulated in spleen of MDV-

challenged chickens, especially in the TCRγδ+/MDV+ group. The upregulation of both IL-10 

and IFN-γ has been reported in human cancer, and it has been proven that IL-10 enhances IFN-γ 

and granzyme production in tumor-infiltrating CD8+ T cells (Mumm et al., 2011). Although a 

paradoxical role of IL-10 has been revealed in human cancer studies, functions of IL-10 and the 

relationship between IL-10 and IFN-γ in MDV tumor formation remain to be elucidated (Abdul-

Careem et al., 2007; Ouyang and O’Garra, 2019).  

IL-17A has both anti-tumor and pro-tumor effect in tumor lesions (Murugaiyan and Saha, 

2009). IL-17A is produced by T helper type 17 (Th17) which is differentiated from naïve T cells 

in the presence of IL-6, IL-21, or IL-23 (Maniati et al., 2010). At the tumor site, IL-17 induces 

the production of angiogenic factors which accelerate microvessel generation. On the contrary, 

IL-17 induces the recruitment of DCs in a chemokine-dependent manner (Maniati et al., 2010). 
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In mammals, IL-17-producing γδ T cells are involved in cancer immunity (Silva-Santos et al., 

2015). In the current study, the expression of IL-17A in PBMCs of the TCRγδ+/MDV+ group 

was significantly lower than that of the TCRγδ+/MDV- group. A human cancer study revealed 

that the expression level of IL-17 in PBMCs is correlated with cancer progression and IL-17 

directly induces tumor proliferation (Lee et al., 2018). Therefore, low IL-17A expression at 21 

dpi provided by the infusion of activated PBMCs may be associated with prevention from tumor 

formation by MDV. 

In the current study, whole PBMCs were infused to chickens because chicken γδ T cells 

were not expanded after stimulation with anti-TCRγδ mAb, and, indeed, γδ T cell-expansion 

methods have not yet been established in chickens. The development of γδ T cell-expansion 

techniques will be required for further adoptive transfer studies in chickens. As an MDV study 

successfully investigated the B cell role in immunity against MDV using specific gene-knockout 

chickens, transgenic chickens that lack γδ T cells might be another method to examine the γδ T 

cell role in MDV-infected chickens (Bertzbach et al., 2018). 

In conclusion, TCRγδ stimulation induced significant IFN-γ production by chicken γδ T 

cells derived from PBMCs and decreased TGF-β gene expression in the TCRγδ-stimulated 

PBMCs. The infusion of TCRγδ-activated PBMCs decreased MDV replication in lungs and 

prevented or delayed MDV tumor formation in MDV-challenged chickens. Activated γδ T cells 

may contribute to the initiation of immune responses against MDV at the early infection phase 

and control MD by inducing cytokines and cytotoxic activity during MDV infection. 
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Table 4. 1: List of antibodies for flow cytometry 

Target Fluorochrome Clone 
Host 

Species 
Source 

CD3ε Pacific Blue CT-3 mouse Southern Biotech 

     

CD4 
PE-Cyanine 7 or 

allophycocyanin 
CT-4 mouse Southern Biotech 

     

CD8α 
fluorescein-5-

isothiocyanate 
CT-8 mouse Southern Biotech 

     

TCRγδ phycoerythrin TCR-1 mouse Southern Biotech 

     

CD25 
fluorescein-5-

isothiocyanate 
AbD13504 human 

Bio-Rad Laboratories Inc. 

Hercules, CA, USA 

     

IFN-γ biotin 5C.123.08 mouse Invitrogen 

     

Streptavidin  allophycocyanin   Invitrogen 

     

TGF-β allophycocyanin 1D11 mouse 
Bio-Techne, Inc.     

Minneapolis, MN, USA 

     

CD107a PE-Cyanine 7 

LEP100 

hybridoma 

cells 

mouse 

Developmental Studies 

Hybridoma Bank,                

Iowa City, Iowa, USA 
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Table 4. 2: Primer sequences for real-time PCR 

  

Target 

Gene 
Primer sequence Accession Number Reference 

β-actin 
Forward 5'-CAACACAGTGCTGTCTGGTGGTA-3' 

X00182 
Brisbin et al., 

2008 Reverse 5'-ATCGTACTCCTGCTTGCTGATCC-3' 

meq 
Forward 5'-GTCCCCCCTCGATCTTTCTC-3' 

AY571783 
Abdul-Careem et 

al., 2006 Reverse 5'-CGTCTGCTTCCTGCGTCTTC-3' 

gB 
Forward 5'-GTCTGTTCAATTCGCCATGCTCC-3' 

AY129966 
Abdul-Careem et 

al., 2008b Reverse 5'-CCTTCCTAATGTTGCACTCGCTG-3' 

IFN-γ 
Forward 5'-ACACTGACAAGTCAAAGCCGCACA-3' 

X99774 
Brisbin et al., 

2010 Reverse 5'-AGTCGTTCATCGGGAGCTTGGC-3' 

IL-2 
Forward 5'-TGCAGTGTTACCTGGGAGAAGTGGT-3' 

NM_204153.2 
Yitbarek et al., 

2013 Reverse 5'-ACTTCCGGTGTGATTTAGACCCGT-3' 

IL-12p40 
Forward 5'-TTGCCGAAGAGCACCAGCCG-3' 

AY262752.1 
Brisbin et al., 

2010 Reverse 5'-CGGTGTGCTCCAGGTCTTGGG-3' 

IL-17A 
Forward 5'-TATCAGCAAACGCTCACTGG-3' 

NM_204460.2 
Crhanova et al., 

2011 Reverse 5'-AGTTCACGCACCTGGAATG-3' 

IL-10 
Forward 5'-AGCAGATCAAGGAGACGTTC-3' 

AJ621614 
Abdul-Careem et 

al., 2007 Reverse 5'-ATCAGCAGGTACTCCTCGAT-3' 

TGF-β 
Forward 5'-CGGCCGACGATGAGTGGCTC-3' 

NM_001318456.1 
Brisbin et al., 

2010 Reverse 5'-CGGGGCCCATCTCACAGGGA-3' 

granzyme 

A 

Forward 5'-TGGGTGTTAACAGCTGCTCATTGC-3' 
NM_204457.2 

Sarson et al., 

2008 Reverse 5'-CACCTGAATCCCCTCGACATGAGT-3' 

perforin 
Forward 5'-ATGGCGCAGGTGACAGTGA-3' 

XM_046929135.1 
Sarson et al., 

2008 Reverse 5'-TGGCCTGCACCGGTAATTC-3' 
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Table 4. 3: Cycling parameters for real-time PCR 

Target 

Gene 

Cycling Parameters 

Efficiency Amplification Melting Temp 

(°C) Denaturation Annealing Extension Number of Cycles 

β-actin  95°C 10 sec  58°C 5 sec  72°C 10 sec 40 97 2 
 

meq  95°C 10 sec  64°C 5 sec  72°C 8 sec 45 97 1.8 
 

 

gB  95°C 10 sec  64°C 5 sec  72°C 8 sec 45 97 1.93 
 

 

IFN-γ  95°C 10 sec  60°C 5 sec  72°C 10 sec 50 97 1.98 
 

 

IL-2  95°C 10 sec  58°C 5 sec  72°C 10 sec 50 97 2 
 

 

IL-12p40  95°C 10 sec  64°C 5 sec  72°C 10 sec 45 95 2 
 

 

IL-17A  95°C 10 sec  60°C 5 sec  72°C 10 sec 55 97 1.9 
 

 

IL-10  95°C 1 sec  55°C 5 sec  72°C 5 sec 55 97 1.78 
 

 

TGF-β  95°C 10 sec  60°C 5 sec  72°C 10 sec 40 97 2 
 

 

granzyme 

A 
 95°C 10 sec  55°C 5 sec  72°C 10 sec 50 97 2.02 

 

 

perforin  95°C 10 sec  64°C 5 sec  72°C 10 sec 50 97 1.91 
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Figure 4. 1: Cytokine and CD107a profiles in γδ T cells at 4 or 18 hours post-stimulation 

with anti-TCRγδ antibody 

PBMCs obtained from healthy SPF chickens were stimulated with or without anti-TCRγδ 

antibody and degranulation activity of γδ T cells (4 hours post-stimulation (hps)) and cytokine 

production (18 hps) were analyzed using flow cytometry. Percentages of IFN-γ+ γδ T cells within 

γδ T cell populations (A), IFN-γ+CD8α+ γδ T cells within CD8α+ γδ T cell populations (B), 

CD25+ γδ T cells within γδ T cell populations (C), mTGF-β γδ T cells within γδ T cell 

populations (D), TGF-β γδ T cells within γδ T cell populations (E), mTGF-β+CD25- γδ T cells 

within γδ T cell populations (F), TGF-β+CD25+ γδ T cells within γδ T cell populations (G), 
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CD107a+ γδ T cells within γδ T cell populations (H), and CD107a+CD8α+ γδ T cells within 

CD8α+ γδ T cell populations (I) derived from PBMCs are shown. TCRγδ-unstimulated cells were 

used as a negative control. Data represent the mean of 6 biological replicates ± SE. Significant 

differences are indicated by †: p < 0.05. 
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Figure 4. 2: Cytokine expression profiles in PBMCs stimulated with or without anti-TCRγδ 

antibody at 3, 8, and 18 hps 

PBMCs obtained from healthy SPF chickens were stimulated with or without anti-TCRγδ 

antibody for 3, 8, and 18 hours and RNA were extracted from the cultured PBMCs. Expression 

of cytokines, IFN-γ (A), IL-2 (B), IL-12p40 (C), IL-17A (D), TGF-β (E), and IL-10 (F) was 

determined by real-time PCR. Target genes were normalized by β-actin. TCRγδ-unstimulated 

cells were used as a negative control. Data represent the mean of 6 biological replicates ± SE at 

each time point. Significant differences are indicated by †: p < 0.05, ††: p < 0.01, and †††: p < 

0.001.  



 

129 

 

 

Figure 4. 3: Tumor incidence and lesion scores at 21 days post cell infusion and MDV 

challenge 

TCRγδ-activated or -unactivated PBMCs were infused to recipient chickens at 21-days old and 

the chickens were challenged with MDV. Tumor incidence (A) and lesion scores (B) were 

determined by necropsy in the MDV+, the TCRγδ-/MDV+, and the TCRγδ+/MDV+ groups at 

21dpi. Tumor scores were assessed by the number of tumor-bearing organs. Data of the lesion 

scores represent the mean of 10 biological replicates ± SE in each group. Significant differences 

are indicated by †: p < 0.05.  



 

130 

 

 

Figure 4. 4: MDV meq gene copy number from feather tips at 4, 10, and 21 dpi 

TCRγδ-activated or -unactivated PBMCs were infused to recipient chickens at 21-days old and 

the chickens were challenged with MDV. Feather samples were collected from the control, the 

TCRγδ-/MDV-, the TCRγδ+/MDV-, the MDV+, the TCRγδ-/MDV+, and the TCRγδ+/MDV+ 

groups at 4, 10, and 21 dpi. Meq gene was evaluated in 100 ng of DNA extracted from feathers. 

Data represent the mean of 5 biological replicates ± SE in each group at each time point. 
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Figure 4. 5: Transcripts of MDV genes in spleen, PBMCs, and lungs at 4, 10, and 21 dpi 

TCRγδ-activated or -unactivated PBMCs were infused to recipient chickens at 21-days old and 

the chickens were challenged with MDV. Spleen, PBMCs, and lungs samples were collected 

from the MDV+, the TCRγδ-/MDV+, and the TCRγδ+/MDV+ groups at 4, 10, and 21 dpi. 

Transcripts of MDV genes, meq (A, B, and C) and gB (D, E, and F), in spleen, PBMCs, and 

lungs collected from each group at 4, 10, and 21 dpi was determined by real-time PCR. Target 

genes were normalized by β-actin. Data represent the mean of 5 biological replicates ± SE in 

each group at each time point. Significant differences are indicated by †: p < 0.05 and ††: p < 

0.01. 
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Figure 4. 6: Frequency of γδ T cells and CD4+ αβ T cells in spleen, PBMCs, and lungs, at 4, 

10, and 21 dpi 

TCRγδ-activated or -unactivated PBMCs were infused to recipient chickens at 21-days old and 

the chickens were challenged with MDV. Percentages of γδ T cells (A, B, and C) and CD4+ αβ T 

cells (D, E, and F) within live lymphocyte populations in spleen, PBMCs, and lungs collected 

from the control, the TCRγδ-/MDV-, the TCRγδ+/MDV-, the MDV+, the TCRγδ-/MDV+, and 

the TCRγδ+/MDV+ groups at 4, 10, and 21 dpi are shown. Data represent the mean of 5 

biological replicates ± SE in each group at each time point. Significant differences are indicated 

by *: p < 0.05 (vs control), ***: p < 0.001 (vs control), †: p < 0.05, ††: p < 0.01, and †††: p < 

0.001. The asterisks indicate a significant difference when compared to the control group at each 

time point. 
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Figure 4. 7: Cytokine and immune system molecule profiles in γδ T cells derived from 

spleen at 4, 10, and 21 dpi 

Mononuclear cells isolated from spleen of the control, the TCRγδ-/MDV-, the TCRγδ+/MDV-, 

the MDV+, the TCRγδ-/MDV+, and the TCRγδ+/MDV+ groups were cultured with and without 

PMA/ION for 4 hours. Percentages of IFN-γ+ γδ T cells (A), IFN-γ+CD8α+ γδ T cells (B), 

mTGF-β γδ T cells (C), TGF-β γδ T cells (D), CD25+ γδ T cells (E), TGF-β+CD25+ γδ T cells 

(F), CD107a+ γδ T cells (G), and CD107a+CD8α+ γδ T cells (H) within γδ T cell populations in 

spleen collected from each group at 4, 10, and 21 dpi are shown. Data represent the mean of 5 

biological replicates ± SE in each group at each time point. Significant differences are indicated 

by *: p < 0.05 (vs control) and †: p < 0.05. The asterisks indicate a significant difference when 

compared to the control group at each time point. 
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Figure 4. 8: Cytokine and immune system molecule profiles in γδ T cells derived from 

PBMCs at 4, 10, and 21 dpi 

PBMCs obtained from the control, the unstimulated PBMCs control, the TCRγδ-/MDV-, the 

TCRγδ+/MDV-, the MDV+, the TCRγδ-/MDV+, and the TCRγδ+/MDV+ groups were cultured 

with and without PMA/ION for 4 hours. Percentages of IFN-γ+ γδ T cells (A), IFN-γ+CD8α+ γδ 

T cells (B), mTGF-β γδ T cells (C), TGF-β γδ T cells (D), CD25+ γδ T cells (E), TGF-β+CD25+ 

γδ T cells (F), CD107a+ γδ T cells (G), and CD107a+CD8α+ γδ T cells (H) within γδ T cell 

populations in PBMCs collected from each group at 4, 10, and 21 dpi are shown. Data represent 

the mean of 5 biological replicates ± SE in each group at each time point. Significant differences 

are indicated by *: p < 0.05 (vs control), **: p < 0.01 (vs control), ***: p < 0.001 (vs control), †: 

p < 0.05, ††: p < 0.01, and †††: p < 0.001. The asterisks indicate a significant difference when 

compared to the control group at each time point. 
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Figure 4. 9: Cytokine and immune system molecule profiles in γδ T cells derived from lungs 

at 4, 10, and 21 dpi 

Mononuclear cells isolated from lungs of the control, the TCRγδ-/MDV-, the TCRγδ+/MDV-, 

the MDV+, the TCRγδ-/MDV+, and the TCRγδ+/MDV+ groups were cultured with and without 

PMA/ION for 4 hours. Percentages of IFN-γ+ γδ T cells (A), IFN-γ+CD8α+ γδ T cells (B), 

mTGF-β γδ T cells (C), TGF-β γδ T cells (D), CD25+ γδ T cells (E), TGF-β+CD25+ γδ T cells 

(F), CD107a+ γδ T cells (G), and CD107a+CD8α+ γδ T cells (H) within γδ T cell populations in 

lungs collected from each group at 4, 10, and 21 dpi are shown. Data represent the mean of 5 

biological replicates ± SE in each group at each time point. Significant differences are indicated 

by *: p < 0.05 (vs control), **: p < 0.01 (vs control), †: p < 0.05, and ††: p < 0.01. The asterisks 

indicate a significant difference when compared to the control group at each time point.  
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Figure 4. 10: Cytokine, granzyme A, and perforin gene expression profiles in spleen at 4, 

10, and 21 dpi 

Gene expression of IFN-γ (A), IL-17A (B), IL-10 (C), TGF-β (D), granzyme A (E), and perforin 

(F) in spleen collected from the control, the unstimulated PBMCs control, the TCRγδ-/MDV-, 

the TCRγδ+/MDV-, the MDV+, the TCRγδ-/MDV+, and the TCRγδ+/MDV+ groups at 4, 10, 

and 21 dpi was determined by real-time PCR. Target genes were normalized by β-actin. Data 

represent the mean of 5 biological replicates ± SE in each group at each time point. Significant 

differences are indicated by *: p < 0.05 (vs control), **: p < 0.01 (vs control), ***: p < 0.001 (vs 

control), †: p < 0.05, ††: p < 0.01, and †††: p < 0.001. The asterisks indicate a significant 

difference when compared to the control group at each time point.  



 

141 

 

 

 

 

 



 

142 

 

Figure 4. 11: Cytokine, granzyme A, and perforin gene expression profiles in PBMCs at 4, 

10, and 21 dpi 

Gene expression of IFN-γ (A), IL-17A (B), IL-10 (C), TGF-β (D), granzyme A (E), and perforin 

(F) in PBMCs collected from the control, the unstimulated PBMCs control, the TCRγδ-/MDV-, 

the TCRγδ+/MDV-, the MDV+, the TCRγδ-/MDV+, and the TCRγδ+/MDV+ groups at 4, 10, 

and 21 dpi was determined by real-time PCR. Target genes were normalized by β-actin. Data 

represent the mean of 5 biological replicates ± SE in each group at each time point. Significant 

differences are indicated by *: p < 0.05 (vs control), **: p < 0.01 (vs control), †: p < 0.05, and 

††: p < 0.01. The asterisks indicate a significant difference when compared to the control group 

at each time point.  
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Figure 4. 12: Cytokine, granzyme A, and perforin gene expression profiles in lungs at 4, 10, 

and 21 dpi 

Gene expression of IFN-γ (A), IL-17A (B), IL-10 (C), TGF-β (D), granzyme A (E), and perforin 

(F) in lungs collected from the control, TCRγδ-/MDV-, the TCRγδ+/MDV-, the MDV+, the 

TCRγδ-/MDV+, and the TCRγδ+/MDV+ groups at 4, 10, and 21 dpi was determined by real-

time PCR. Target genes were normalized by β-actin. Data represent the mean of 5 biological 

replicates ± SE in each group at each time point. Significant differences are indicated by *: p < 

0.05 (vs control), **: p < 0.01 (vs control), †: p < 0.05, and ††: p < 0.01. The asterisks indicate a 

significant difference when compared to the control group at each time point. 
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Supplementary Figure 4. 1 

Representative gating strategy is shown for defining IFN-γ
+
 γδ T cells, TGF-β

+
 γδ T cells, and 

CD107a
+
 γδ T cells in live mononuclear cells by 7-AAD exclusion from the control, the 

unstimulated PBMCs control, the stimulated PBMCs control, the MDV-challenged, the 

unstimulated PBMCs + MDV, the stimulated PBMCs + MDV groups (spleen at 4 dpi).  
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5.1 Abstract 

The tumor microenvironment (TME) is generated by the cross-talk among tumor cells, 

immune system cells, and stromal cells. The TME generated by Marek’s disease virus (MDV) is 

suggested to display an immunosuppressive milieu due to immune inhibitory molecules and 

cytokines which are possibly induced by MDV-transformed cells and regulatory T cells. Both 

anti-tumor and pro-tumor gamma delta (γδ) T cells are reported in human cancer. Although anti-

tumor like and pro-tumor like γδ T cells are found in MDV-infected chickens at the later phase 

of infection, how the TME affects circulating and tissue-resident γδ T cells has not been 

investigated. Here, we demonstrated that the supernatant of the cultured splenocytes derived 

from MDV-challenegd chickens inhibited interferon (IFN)-γ production and CD25 expression by 

T cell receptor (TCR)γδ-stimulated tissue-resident γδ T cells, but the supernatant of the cultured 

MDV-transformed cell line did not affect γδ T cell activation. TCRγδ-stimulated circulating γδ T 

cells were influenced neither the supernatant of the cultured splenocytes derived from MDV-

challenegd chickens nor by the supernatant of the cultured MDV-transformed cell line. Taken 

together, activation and IFN-γ production by tissue-resident γδ T cells can be inhibited in the 

TME generated by MDV while tumor attracted circulating γδ T cells may not be influenced in 

activation and IFN-γ production by the TME generated by MDV. 

 

Keywords 

Chicken; γδ T cell; Marek’s disease virus; Tumor microenvironment; IFN-γ  
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5.2 Introduction 

The tumor microenvironment (TME) is a complex network comprised of tumor, tissue 

resident cells, and tumor-infiltrating cells. Effector immune system cells promote inflammatory 

responses against tumor cells and induce immune cell recruitment while tumor cells interact with 

tissue resident or tumor-infiltrating immune system cells and alter them toward suppressive 

phenotypes or exhausted condition (Peña-Romero and Orenes-Piñero, 2022). In the TME, 

gamma delta (γδ) T cells play roles as both anti-tumor and pro-tumor cells in mammals (Imbert 

and Olive, 2020; Li et al., 2021). Anti-tumor γδ T cells produce interferon (IFN)-γ and tumor 

necrosis factor (TNF)-α and show cytotoxicity to tumor cells via perforin-granzyme and Fas-Fas 

ligand pathways. Especially, IFN-γ produced by γδ T cells is suggested to be important in 

immunity against tumors as it directs immune responses toward a T helper type 1 (Th1) response 

and initiates further IFN-γ production by CD4+ and CD8+ T cells (Gao et al., 2003). Despite their 

potential to regulate tumor growth, it is reported that IFN-γ production by γδ T cells is inhibited 

by molecules produced by tumor cells (Meraviglia et al., 2017). In contrast, pro-tumor γδ T cells 

produce interleukin (IL)-4, IL-17A, IL-10, and transformting growth factor (TGF)-β which 

suppress T helper cell proliferation and dendritic cell maturation (Kühl et al., 2009; Ye et al., 

2013a). It is suggested that tissue-resident γδ T cells exert anti-tumor properties and tumor 

infiltrating peripheral γδ T cells have pro-tumor function which is mediated by T cell receptor 

(TCR) or natural killer group 2, member D (NKG2D) stimulation in skin cancer (Girardi et al., 

2001; Wakita et al., 2010). In contrast, recent studies revealed that the fate of tumor migrating γδ 

T cells depends on cytokines produced in the TME (Wu et al., 2017). In humans, γδ T cells are 

attracted by chemokines and cytokines produced by cancer cells such as C-C motif chemokine 

ligand (CCL) 2 and IL-10 (Lança et al., 2013; Ye et al., 2013b). The attracted γδ T cells to 
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neoplastic lesions could differenciate toward Th1-, Th2-, Th17-, or regulatory T (Treg)-like γδ T 

cells under the stimulation of TCR and specific cytokines (Wu et al., 2017). 

A potential role of γδ T cells as an anti-tumor cells or pro-tumor cells is suggested in 

Marek’s disease virus (MDV) infected chickens (Laursen et al., 2018; Matsuyama-Kato et al., 

2022). MDV is an avian alphaherpesvirus that causes Marek’s disease (MD). MDV-infected 

cells transform to malignant lymphoma cells after the latency phase and form solid tumors in 

various organs at the later phase of infection (Boodhoo et al., 2016). In MDV tumor lesions, the 

establishment of immunosuppressive milieu has been suggested. Gurung and colleagues (2017) 

suggested the involvement of TGF-β-producing Tregs and MDV-transformed cells in 

immunosuppression caused by MDV. IL-10 was increased in CD4+ and CD8+ T cells of MDV-

challenged susceptible chickens at the later phase of infection (Parvizi et al., 2009). Moreover, 

immunoinhibitory molecules such as programmed death ligand 1 (PD-L1) and cytotoxic T-

lymphocyte associated protein 4 (CTLA-4) were upregulated in MDV tumor lesions and CD4+ T 

cells (Matsuyama-Kato et al., 2012; Parvizi et al., 2010). With regard to γδ T cells, our previous 

study suggested that IFN-γ-expressing γδ T cells and IL-10-expressing γδ T cells are involved in 

immunity against MDV at the later phase of infection (Laursen et al., 2018). In addition, an 

increase of membrane-bound TGF-β (mTGF-β)+CD25- and TGF-β+CD25+ γδ T cells and a 

degranulation potential of γδ T cells were observed in spleen of MDV-challenged chickens at the 

later phase of infection (Matsuyama-Kato et al., 2022). These results suggest the existence of 

both anti-tumor like and pro-tumor like γδ T cells in MDV tumor lesions. However, if these cells 

in MDV tumor lesions are originated from tissue-resident or circulating γδ T cells and how the 

TME alters γδ T cell functions remain to be elucidated. 
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In the present study, we examined how the TME generated by MDV-transformed cells 

influences the function of TCRγδ-stimulated circulating γδ T cells and tissue-resident γδ T cells, 

splenocytes and peripheral blood mononuclear cells (PBMCs) were cultured with supernatants of 

cultured splenocytes derived from MDV-challenged chickens or cultured MDV-transformed cell 

line and IFN-γ and TGF-β production and degranulation activity of these cells were examined.  

5.3 Materials and Methods 

5.3.1 Chicken housing and ethics 

One-day-old specific pathogen free (SPF) White Leghorn chickens were purchased from 

the Animal Disease Research Institute, Canadian Food Inspection Agency (Ottawa, Ontario, 

Canada). Chickens were placed in Campus Animal Facility at the Ontario Veterinary College, 

University of Guelph. Chickens had ad libitum access to food and water for the duration of the 

experiment. All experiments were approved by the Animal Care Committee of the University of 

Guelph and were performed according to the guidelines of the Canadian Council on Animal 

Care. 

5.3.2 Virus preparation 

The very virulent MDV (vvMDV), RB1B strain, was provided curtesy of Dr. K.A. Schat 

(Cornell University, NY, USA) (Schat et al., 1982). RB1B was propagated in SPF chickens for 3 

weeks, collected from spleen of the infected chickens. and stored in liquid nitrogen. Virus titers 

were calculated on primary chicken kidney cells obtained from 2 to 3 weeks age SPF chickens 

(Abdul-Careem et al., 2009). 

5.3.3 MDV infection 

Twelve chickens were randomly divided into 2 groups, control and MDV-challenged 

groups. Five-day-old chickens in the MDV-challenged group were challenged with 250 plaque-
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forming units of RB1B intraabdominally. Same volume of phosphate buffered saline (PBS) was 

injected to chickens in the control group as a control. Six chickens per group were euthanized by 

CO2 inhalation at 21 days post-infection. Spleen was collected aseptically in 1 × Hank’s 

balanced salt solution (HBSS) (Gibco, Burlington, Ontario, Canada) containing 100 U/ml of 

penicillin and 100 μg/ml of streptomycin and stored on ice until further use.  

5.3.4 Single cell isolation from spleen and splenocyte culture 

Spleen tissue was crushed and cells were passed through a size 40 μm cell strainer (VWR 

International, Mississauga, ON, Canada) using the rubber end of a 10 ml syringe. Single cell 

suspensions were overlaid on Histopaque1077 and centrifuged at 400 × g for 20 minutes. 

Mononuclear cells collected from the interface were washed 3 times with Iscove's modified 

Dulbecco's medium (IMDM) containing 100 U/ml of penicillin and 100 μg/ml of streptomycin 

(Gibco). After centrifugation at 400 × g for 5 minutes, cells were subsequently resuspended in 

complete IMDM cell culture medium; IMDM medium containing 10 % of fetal bovine serum 

(Millipore-Sigma, St. Louis, MO, USA), 2 % of chicken serum (Millipore-Sigma), 100 U/ml of 

penicillin and 100 μg/ml of streptomycin, 32.7 nM of 2-Aminoethanol (Millipore-Sigma), 1 % of 

Insulin-Transferrin-Selenium (Gibco), 2 μg/ml of linoleic acid (Millipore-Sigma), 2 μg/ml of 

oleic acid (Millipore-Sigma), and 2 μg/ml of palmitic acid (Millipore-Sigma) (Yssel et al., 1984). 

Cell number was calculated using a haemocytometer and Trypan blue exclusion method.  

5.3.5 Obtaining supernatants from cultures of splenocytes or an MDV-transformed cell 

line 

One million spleen mononuclear cells were cultured in 96 well round-bottom plates at 

41 ℃, 5 % CO2. After 48 hours culture, cells and supernatant were collected and centrifuged at 

400 × g for 10 minutes. Supernatants from cultured splenocytes (6 biological replicates from 
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control or MDV-challenged group) were pooled, passed through a size 0.45 μm filter (Millipore-

Sigma), and stored at -80 ℃ until further use. The cultured cells were resuspended in 1 ml of 

Trizol reagent (Invitrogen, Carlsbad, CA, USA). 

The MDV-transformed CD4+ T cell line, Marek’s disease cell culture (MDCC)-MSB-1 

(MSB-1), was adapted to the complete IMDM cell culture medium by passaging cells in cell 

culture supernatant from previous passage and the same volume of new medium 3 times, 

followed by culturing in the adapted medium for 48 hours at 41 ℃, 5 % CO2. Supernatant was 

passed through a size 0.45 μm filter and stored at -80 ℃ until further use. The cultured cells were 

resuspended in 1 ml of Trizol reagent. 

5.3.6 Ex vivo treatment with cultured-cell supernatants 

Spleen samples were collected aseptically from 6 healthy SPF chickens at 5 weeks of age 

in HBSS containing 100 U/ml of penicillin and 100 μg/ml of streptomycin and stored on ice until 

further use. Blood was obtained from femoral artery and vein using syringe with heparin 

(Millipore-Sigma) after euthanasia. Spleens were crushed and splenocytes were passed through a 

size 40 μm cell strainer using the rubber end of a 10 ml syringe. Single cell suspensions of spleen 

and diluted blood samples with the same volume of PBS were overlayed on Histopaque1077 and 

centrifuged at 540 × g for 20 minutes. Mononuclear cells were aspirated from the interface and 

washed 3 times with IMDM containing 100 U/ml of penicillin and 100 μg/ml of streptomycin. 

Cells were subsequently resuspended in the complete IMDM cell culture medium. Cell number 

was calculated using a haemocytometer and Trypan blue exclusion method. One million 

mononuclear cells for IFN-γ and TGF-β staining and 5 × 105 cells for degranulation assay were 

seeded in 2.5 μg/ml of mouse anti-chicken TCRγδ monoclonal antibody (mAb) (Southern 

Biotech, Birmingham, AL, USA) immobilized 96-well round-bottom plates and incubated with 
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100 μl of supernatant from cultured splenocytes or MSB-1 cells for 4 hours (degranulation assay) 

or 18 hours (IFN-γ and TGF-β staining) at 41 ℃, 5 % CO2. Golgi Plug (Beckton Dickinson 

Biosciences, San Jose, CA, USA) and 20 μg/ml of DNase Ⅰ (Millipore-Sigma) were added in 

each well at the final 4 hours of incubation period for the purpose of intracellular cytokine 

staining. 

5.3.7 Flow Cytometry 

Cultured cells were washed twice with FACS staining buffer and were stained with 

antibodies following the protocol described elsewhere (Matsuyama-Kato et al., 2022) with some 

modifications. mTGF-β staining, intracellular cytokine staining, and CD107a staining 

(degranulation assay) methods are briefly described below. 

5.3.7.1 mTGF-β staining 

Cells were stained with mouse anti-chicken TCRγδ mAb conjugated with Phycoerythrin 

(PE) (Southern Biotech), mouse anti-chicken CD3ε mAb conjugated with Pacific Blue™ (PB) 

(Southern Biotech), mouse anti-chicken CD4 mAb conjugated with PE-Cyanine 7 dye (PE-Cy7) 

(Southern Biotech), human anti-chicken CD25 mAb conjugated with fluorescein-5-

isothiocyanate (FITC) (Bio-Rad Laboratories Inc., Hercules, CA, USA), mouse TGF-β1, 2, 3 

mAb conjugated with allophycocyanin (APC) (Bio-Techne, Inc., Minneapolis, MN, USA), and 

Live/Dead Fixable Near-IR Viability dye (Invitrogen) for 20 minutes on ice in the dark. Cells 

were washed twice with 200 μl of FACS staining buffer and were resuspended in 100 μl of 2 % 

paraformaldehyde (PFA). 

5.3.7.2 Intracellular cytokine staining 

Cells were stained with mouse anti-chicken TCRγδ mAb conjugated with PE, mouse 

anti-chicken CD3ε mAb conjugated with PB, mouse anti-chicken CD4 mAb conjugated with PE-
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Cy7, mouse anti-chicken CD8α mAb conjugated with FITC (Southern Biotech), and Live/Dead 

Fixable Near-IR Viability dye for the IFN-γ panel or mouse anti-chicken TCRγδ mAbs 

conjugated with PE, mouse anti-chicken CD3ε mAb conjugated with PB, mouse anti-chicken 

CD4 mAb conjugated with PE-Cy7, human anti-chicken CD25 mAb conjugated with FITC, and 

Live/Dead Fixable Near-IR Viability dye for the TGF-β panel for 20 min on ice in the dark. 

After incubation in Cytofix/Cytoperm solution (Beckton Dickinson Biosciences) for 40 minutes 

at room temperature (RT), cells were stained with mouse anti-chicken IFN-γ mAb conjugated 

with biotin (detection antibody from Chicken IFN-γ CytoSet™, Invitrogen) for the IFN-γ panel 

or mouse TGF-β1, 2, 3 mAb conjugated with APC for the TGF-β panel for 40 minutes at RT in 

the dark. Cells for the IFN-γ panel were stained with streptavidin conjugated with APC 

(Invitrogen) for 40 minutes at RT in the dark.  

5.3.7.3 T cell degranulation (CD107a) assay 

The CD107a monoclonal antibody (mouse IgG1 isotype) was purified from the LEP100 

hybridoma cell (Developmental Studies Hybridoma Bank, Iowa City, Iowa, USA) culture 

supernatant using the Protein G Chromatography Cartridge (Thermo Fisher Scientific Inc., 

Waltham, Massachusetts, USA) according to the manufacturer's protocol. A PE-Cy7 conjugation 

kit (Abcam, Cambridge, United Kingdom) was used to conjugate the CD107a antibody. 

Mononuclear cells were cultured in the presence or absence of CD107a antibody for 4 hours at 

41 ℃, 5 % CO2. Cells were stained with mouse anti-chicken TCRγδ mAb conjugated with PE, 

mouse anti-chicken CD3ε mAb conjugated with PB, mouse anti-chicken CD8α mAb conjugated 

with FITC, mouse anti-chicken CD4 mAb conjugated with APC (Southern Biotech), and 

Live/Dead Fixable Near-IR Viability dye for 20 min on ice in the dark.  
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The data of stained cells were acquired on a FACSCanto II flow cytometer (Beckton 

Dickinson Biosciences). The acquisition data were analyzed by FlowJo version 10.8.1 (TreeStar 

Inc., Ashland, OR, USA). Single cells were defined by side scatter area (SSC-A) versus forward 

scatter area (FSC-A), followed by forward scatter height (FSC-H) versus FSC-A. Dead cells 

were excluded by Live/Dead Fixable Near-IR Viability dye staining. γδ T cells were defined by 

CD3ε and TCRγδ expressions. CD8α+ γδ T cells were defined by gating CD3ε+TCRγδ+ followed 

by CD4-CD8α+. 

For the purpose of negative and positive cell identification, fluorescence minus one 

controls were used for IFN-γ, TGF-β, CD25, and CD107a gating. 

5.3.8 RNA extraction and cDNA synthesis 

RNA was extracted from cultured splenocytes and MSB-1 cells in Trizol reagent 

according to the instruction provided by the manufacture. RNA concentration was determined by 

NanoDrop® ND-1000 spectrophotometry (Thermo Fisher Scientific Inc). cDNA synthesis was 

performed using 500 ng of DNase-treated RNA, Oligo (dT) 12–18 primers, and the 

SuperScript™ II Reverse Transcriptase (Invitrogen) according to manufacturer's instructions. 

cDNA was diluted at 1:5 in nuclease-free water and used in real-time quantitative polymerase 

chain reaction (RT-qPCR).  

5.3.9 Real-time quantitative polymerase chain reaction (RT-qPCR) 

RT-qPCR was performed by LightCycler® 480 II instrument (Roche Diagnostics GmbH, 

Mannheim, Germany) using LightCycler® 480 SYBR Green I Master Mix (Roche Diagnostics). 

Primer sequences of target and reference genes are provided in Table 5.1.  The primers were 

synthesized by Thermo Fisher Scientific Inc. Cycling parameters are described in Table 5.2. 
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LightCycler® 480 advanced relative quantification software was used to analyze relative 

expression of target genes in relation to chicken β-actin.  

5.3.10 Statistical analysis 

Statistical analysis for flow cytometry data was performed with Levene’s test for equality 

of variances followed by two-tailed t-test or Welch test by IBM SPSS statistics 28 (IBM, 

Armonk, New York, USA). Statistical analysis for real-time PCR data (IL-10 and TGF-β) was 

performed with Levene’s test for equality of variances followed by one-way analysis of variance 

(ANOVA) and Tukey’s post hoc test or Kruskal-Wallis test and Dunn’s test adjusted by 

Benjamini and Hochberg method using IBM SPSS statistics 28 or GraphPad Prism 7 (GraphPad 

Software Inc., La Jolla, CA, USA). The data are represented as mean ± standard error (SE). 

5.4 Results 

5.4.1 Frequency of IFN-γ+ γδ T cells was lower in the MDV supernatant treated condition 

To examine how the TME generated by MDV-transformed cells influences splenic or 

circulating γδ T cell function, splenocytes and PBMCs derived from healthy SPF chickens were 

cultured with the control or MDV supernatant in the presence of anti-TCRγδ mAb and IFN-γ and 

TGF-β production as well as CD25 and CD107a expression levels in γδ T cells were analyzed 

using flow cytometry. Data are presented as the percentage of IFN-γ+/ IFN-γ+CD8α+/ CD25+/ 

mTGF-β+/ TGF-β+/ mTGF-β+CD25-/ TGF-β+CD25+/ CD107a+/ CD107a+CD8α+ γδ T cells 

within γδ T cells. Frequency of IFN-γ+ and IFN-γ+CD8α+ γδ T cells derived from spleen was 

significantly lower in the MDV supernatant-treated condition than that in the control 

supernatant-treated condition (p < 0.01 and p < 0.05, respectively) whereas significant 

differences between the control supernatant-treated condition and the MDV supernatant-treated 
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condition were not observed in the frequency of IFN-γ+ and IFN-γ+CD8α+ γδ T cells derived 

from PBMCs (p ≥ 0.05) (Fig. 5.1A and 5.1B).  

Lower expression of CD25 molecule on γδ T cells derived from spleen and PBMCs was 

observed in the MDV supernatant-treated condition than that in the control supernatant-treated 

condition (p < 0.01 and p < 0.05, respectively) (Fig. 5.1C). Significant differences between the 

control and MDV supernatant-treated conditions were not observed in the frequency of mTGF-

β+/ TGF-β+/ mTGF-β+CD25-/ TGF-β+CD25+/ CD107a+/ CD107a+CD8α+ γδ T cells (p ≥ 0.05) 

(Fig. 5.1D-I). 

5.4.2 Cell culture supernatant obtained from cultured MSB-1 cells did not induce a 

decrease in IFN-γ production by γδ T cells 

Next, we examined if the decrease of splenic γδ T cell activation was induced by 

molecules which MDV-transformed cells secreted. Splenocytes and PBMCs γδ T cells derived 

from healthy SPF chickens were cultured with anti-TCRγδ mAb in the presence or absence of 

MSB-1 cell supernatant and IFN-γ and TGF-β production as well as CD25 and CD107a 

expression levels in γδ T cells were analyzed using flow cytometry. MSB-1 cell supernatant did 

not affect IFN-γ and TGF-β production and degranulation activity by splenic or circulating γδ T 

cells (p ≥ 0.05) (Fig. 5.2A-I). 

5.4.3 Immunoinhibitory cytokine genes were upregulated in cultured splenocytes derived 

from MDV-challenged chickens 

To examine possible cytokines which suppressed activation and IFN-γ production by γδ 

T cells treated with the MDV supernatant, gene expression of immunoinhibitory cytokines, IL-10 

and TGF-β, in the cultured splenocytes and MSB-1 cells were analyzed by real-time PCR. The 

results demonstrated that IL-10 and TGF-β genes were significantly upregulated in the cultured 
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splenocytes derived from MDV-challenged chickens compared to the control splenocytes (p < 

0.01 and p < 0.001, respectively) (Fig. 5.3A and 5.3B). The gene expression of TGF-β in the 

cultured splenocytes of MDV-challenged chickens was significantly higher than that in MSB-1 

cells (p < 0.001) (Fig. 5.3B). 

5.5 Discussion 

Tumor surveillance is one of the pivotal roles that γδ T cells play. Specific subsets of 

human γδ T cells constantly circulate blood stream and immediately differentiate to effector cells 

in inflammatory sites such as tumor lesion (Dieli et al., 2003). In the current study, the 

supernatant obtained from cultured splenocytes of MDV-challenged chickens reduced IFN-γ 

production and CD25 expression on TCR-stimulated γδ T cells. These results indicate two 

possibilities: activation of IFN-γ-producing or CD25-expressing γδ T cells in the supernatant of 

splenocytes derived from MDV-challenged chickens treated condition was inhibited by 

suppressive cytokines or cultured γδ T cells were differentiated into other γδ T cell subsets such 

as IL-17-producing γδ T cells rather than IFN-γ- or TGF-β-producing γδ T cells. The 

immunosuppressive microenvironment in tumor lesions of MDV-infected chickens is suggested 

due to suppressive cytokine and immunosuppressive molecules in tumor lesions (Matsuyama-

Kato et al., 2012; Parvizi et al., 2009; Parvizi et al., 2010). As immunoinhibitory cytokines, IL-

10 and TGF-β, were upregulated in the cultured splenocytes of MDV-challenged chickens in the 

present study, these cytokines may suppress activation of IFN-γ-producing γδ T cells. 

Considering that no influence was observed in IFN-γ production and CD25 expression on splenic 

γδ T cells by MSB-1 cell culture supernatant, IL-10 and TGF-β are possibly produced by 

regulatory immune cells induced in the TME generated by MDV-transformed cells. In a human 

study, it was reported that the supernatant obtained from colon cancer stem cells inhibits IFN-γ 
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production and promotes IL-17 production by human γδ T cells (Meraviglia et al., 2017). IL-17-

producing human γδ T cells are differentiated under stimulation of IL-23, IL-1β + IL-6 + TGF-β, 

or the combination of these cytokines (Caccamo et al., 2011; Ness-Schwickerath et al., 2010; 

Wu et al., 2014). Although little is known as to which cytokine is essential for the differentiation 

of IL-17-producing γδ T cells in chickens, a recent chicken study revealed that IL-17A-

producing γδ T cells exist in spleen and PBMCs (Walliser and Göbel, 2018). Further studies will 

be needed to examine how distinct γδ T cell subsets can be differentiated and how activated γδ T 

cells are inhibited in TME generated by MDV-transformed cells.  

MicroRNAs (miRNAs) are also considerable components in supernatants of cultured 

cells. Association of MDV-encoded or host cell-encoded miRNAs with MDV tumor formation 

has been reported (Ding et al., 2020; Neerukonda et al., 2019). Specific miRNA which can 

suppress chicken γδ T cell activation have not been identified, but there is a report that IFN-γ 

production by human γδ T cells was limited by a miRNA (Schmolka et al., 2018). Chicken γδ T 

cell activation is possibly regulated by miRNAs which are upregulated in MDV tumor lesions. 

In mammals, phenotypical and functional differences between circulating γδ T cells and 

tissue-resident γδ T cells are known (Mao et al., 2016; Park and Lee, 2021). Human Vδ1 γδ T 

cells which are abundant in mucosal tissues produce high amounts of IL-10 and IL-17 while Vδ2 

T cells which mainly circulate in blood stream preferentially produce IFN-γ and TNF-α upon 

stimulation of TCR (Mao et al., 2016; Meraviglia et al., 2017). In the present study, there were 

not significant changes in IFN-γ production by circulating γδ T cells between the control 

supernatant treatment and the MDV supernatant treatment. Although neither phenotypic markers 

nor detailed functional differences have been revealed in chickens, our results suggested 

different regulation patterns between splenic and circulating chicken γδ T cells in the TME 
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generated by MDV-transformed cells. Due to limitation of chicken-specific antibody availability, 

IL-10-producing or IL-17-producing γδ T cells which have a role as pro-tumor γδ T cells could 

not be analyzed in the current study. Development of chicken antibodies will enable to examine 

further functions of tumor attracted circulating γδ T cells. 

In conclusion, the results presented here suggest that IFN-γ production of circulating γδ T 

cells is not influenced in TME generated by MDV-transformed cells. In contrast, the TME 

generated by MDV-transformed cells may inhibit activation of tissue-resident effector γδ T cells 

or may induce γδ T cell differentiation to other subsets. 
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Table 5. 1: Primer sequences for real-time PCR 

  

Target Gene Primer sequence 
Accession 

Number 
Reference 

β-actin 
Forward 5'-CAACACAGTGCTGTCTGGTGGTA-3' 

X00182 
Brisbin et al., 

2008 Reverse 5'-ATCGTACTCCTGCTTGCTGATCC-3' 

IL-10 
Forward 5'-AGCAGATCAAGGAGACGTTC-3' 

AJ621614 
Abdul-Careem 

et al., 2007 Reverse 5'-ATCAGCAGGTACTCCTCGAT-3' 

TGF-β 
Forward 5'-CGGCCGACGATGAGTGGCTC-3' 

NM_001318456.1 
Brisbin et al., 

2010 Reverse 5'-CGGGGCCCATCTCACAGGGA-3' 
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Table 5. 2: Cycling parameters for real-time PCR 

Target 

Gene 

Cycling Parameters 
Efficiency 

Amplification Melting Temp (°C) 

Denaturation Annealing Extension 
Number of 

Cycles 
  

β-actin  95°C 10 sec  58°C 5 sec  72°C 10 sec 40 97 2 
 

IL-10  95°C 1 sec  55°C 5 sec  72°C 5 sec 55 97 1.78 
 

 

TGF-β  95°C 10 sec  60°C 5 sec  72°C 10 sec 40 97 2 
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Figure 5. 1: Cytokine and immune system molecule profiles in TCRγδ-stimulated γδ T cells 

derived from spleen or PBMCs at 18 hours post-treatment with supernatant of cultured 

splenocytes from control or MDV-challenged chickens 

Splenocytes or PBMCs obtained from healthy SPF chickens were cultured with supernatants of 

splenocytes derived from MDV-challenged chickens for 18 hours. Percentages of IFN-γ+ γδ T 

cells (A), IFN-γ+CD8α+ γδ T cells (B), CD25+ γδ T cells (C), mTGF-β γδ T cells (D), TGF-β γδ 

T cells (E), TGF-β+CD25+ γδ T cells (F), TGF-β+CD25- γδ T cells (G), CD107a+ γδ T cells (H), 

and CD107a+CD8α+ γδ T cells (I) within γδ T cell populations derived from spleen or PBMCs 

are shown. Each dot represents data of individual chickens. 
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Figure 5. 2: Cytokine and immune system molecule profiles in TCRγδ-stimulated γδ T cells 

derived from spleen or PBMCs at 18 hours post-treatment with supernatant of cultured 

MSB-1 cells 

Splenocytes or PBMCs obtained from healthy SPF chickens were cultured with supernatants of 

MSB-1 cells. Percentages of IFN-γ+ γδ T cells (A), IFN-γ+CD8α+ γδ T cells (B), CD25+ γδ T 

cells (C), mTGF-β γδ T cells (D), TGF-β γδ T cells (E), TGF-β+CD25+ γδ T cells (F), TGF-

β+CD25- γδ T cells (G), CD107a+ γδ T cells (H), and CD107a+CD8α+ γδ T cells (I) within γδ T 

cell populations derived from spleen or PBMCs are shown. Each dot represents data of 

individual chickens. 
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Figure 5. 3: Inhibitory cytokine gene expressions in splenocytes of control or MDV-

challenged chickens or MSB-1 

Splenocytes obtained from control or MDV-challenged chickens or MSB-1 cells were cultured 

for 48 hours. The mRNA expression of cytokines, IL-10 (A) and TGF-β (B), in the cultured 

splenocytes or MSB-1 cells was determined by real-time PCR. Target genes were normalized by 

β-actin. Data represent the mean of 6 biological replicates ± SE for splenocytes or the mean of 4 

replicates ± SE for MSB-1. Significant differences are indicated by **: p < 0.01 and ***: p < 

0.001. 

 

  



 

168 

 

CHAPTER 6 

General discussion 

γδ T cells have various biological functions in immune surveillance, homeostasis, 

immunity against pathogens and tumors, injury, and tissue repairing. Similar to conventional T 

cells, γδ T cells play a role as Th1-like, Th2-like, Th17-like, or Treg-like T cells depending on 

their subset, stimulation types, and cytokines present in the circumstance. Their unique 

contribution is based on their involvement in both innate and adaptive immunity. γδ T cells 

recognize peptide and non-peptide antigens via TCR, NK receptors, and PRRs, which may lead 

to production of cytokines, and exerting cytotoxic activities. Although detailed phenotype, 

antigen recognition, activation mechanisms, and functional roles of γδ T cells have been 

elucidated in mammals, little is known in chickens. To explore antigen recognition and elucidate 

activation mechanisms of chicken γδ T cells, cytokine production and degranulation activity of 

γδ T cells derived from various tissues were evaluated upon stimulation with TLR ligands and 

pAgs as a candidate stimulant for γδ T cells (Chapter 2). The results of this study demonstrated 

that poly(I:C) stimulation significantly upregulated CD8α molecules on circulating and lung γδ T 

cells. IFN-γ production by splenic and lung CD8α+ γδ T cells was induced by poly(I:C) 

stimulation whereas IFN-γ production by circulating γδ T cells was increased by CpG-ODN 

2007 stimulation. As IFN-γ production was neither induced in purified γδ T cells nor enhanced 

in TCR-stimulated γδ T cells by poly(I:C) stimulation, chicken γδ T cells may require cytokines 

or molecular interactions by poly(I:C)-stimulated cells to produce IFN-γ. CpG-ODN 2007 

enhanced IFN-γ production from TCR-stimulated γδ T cells sorted from spleen. Considering no 

effects of CpG-ODN in human γδ T cell activation, activation by CpG-ODN is a unique feature 
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of chicken γδ T cells. Results of this study revealed that poly(I:C) or CpG-ODN 2007 

stimulation is not sufficient for degranulation of chicken γδ T cells. Additionally, IFN-γ 

production and degranulation by chicken γδ T cells were not induced by pAgs. The lack of 

specific butyrophilin members which are essential for γδ T cell activation may be the reason why 

γδ T cells were not activated by pAgs in chickens. Findings of this study suggest that chicken γδ 

T cells recognize invading pathogens via TLRs and produce IFN-γ as a first line of defense.  

Due to the higher frequency of circulating γδ T cells in chickens compared to humans and 

mice, γδ T cells may be an important player in immunity against bacteria and virus infections in 

chickens. A recent study suggested the involvement of IFN-γ-expressing and IL-10-expressing 

γδ T cells in immunity against MDV infection. Considering the cell-associated nature of MDV, 

cell-mediated immunity is essential to prevent viral cell-to-cell spread and subsequent MD 

progression. In Chapter 3, cytokine production and degranulation activity of γδ T cells were 

examined in MDV-vaccinated and challenged chickens. As γδ T cells have an important role as a 

first line of defense against virus invasion, an aerosol cell-free MDV infection model was used to 

analyze γδ T cell function in lungs, the main target as the initial site of MDV infection. 

Additionally, γδ T cells in spleen and skin were also targeted due to their relationship with MDV 

pathogenesis as a systemic immune system site and a virus particle producing site, respectively. 

The results of this study revealed that MDV vaccine induced IFN-γ production by effector γδ T 

cells in lungs and that vaccinated and challenged chickens showed highest IFN-γ production by 

CD8α+ γδ T cells in lungs, spleen, and skin in the early phase of infection. Upregulation of 

mTGF-β on γδ T cells and the decrease of CD4+ αβ T cells in lungs of the vaccinated and 

challenged chickens were observed at the early phase of infection. mTGF-β+ γδ T cells and TGF-

β+ γδ T cells were increased in lungs of the vaccinated chickens and the vaccinated and 
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challenged chickens at the later phase of infection. γδ T cells in the vaccinated and vaccinated 

and challenged chickens had a higher potential for cytotoxic activity compared to that in the 

control and the MDV-challenged chickens. Findings of this study indicated the involvement of 

two distinct functional subsets, IFN-γ-producing γδ T cells and TGF-β-producing γδ T cells, in 

immunity conferred by MDV vaccine. 

Since both IFN-γ and TGF-β are suggested as two of the key factors in immunity against 

MDV infection, IFN-γ-producing effector γδ T cells and TGF-β-producing γδ T cells may 

contribute to protection against MD. Thus, we investigated if activated γδ T cells contribute to 

immunity against MDV infection or accelerate MD pathogenesis in Chapter 4. First, we 

examined if TCRγδ-stimulated γδ T cells produce cytokines or show degranulation using anti-

TCRγδ mAb. Although we confirmed that CpG-ODN 2007 induces activation of γδ T cells in 

Chapter 2, CpG-ODN 2007 induce activation in various types of immune cells. Therefore, to 

target particularly γδ T cells, anti-TCRγδ mAb were used to activate these cells in Chapter 4. The 

results demonstrated that TCRγδ-stimulated γδ T cells derived from PBMCs produce IFN-γ and 

IFN-γ, IL-2, and IL-17A gene expression were upregulated in TCRγδ-stimulated PBMCs. 

Although production of TGF-β and degranulation activity were not observed in TCRγδ-

stimulated γδ T cells derived from PBMCs, TGF-β gene expression was downregulated in 

TCRγδ-stimulated PBMCs. Next, the ex vivo TCRγδ-activated PBMCs were infused into 

recipient chickens and the effects of these activated γδ T cells in MD progression and immunity 

against MDV were examined. The results of this study demonstrated that TCRγδ-activated 

PBMCs infusion could reduce MDV replication in lungs at 10 dpi and tumor incidence in the 

MDV-challenged chickens at 21 dpi. Further analysis revealed a mild decline of γδ T cell 

frequency and a high potential of IFN-γ-producing CD8α+ γδ T cells in the TCRγδ+/MDV+ 
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group at 10 dpi. Additionally, a high degranulation activity was observed in circulating γδ T cell 

and CD8α+ γδ T cells of TCRγδ+/MDV+ chickens under PMA/ION re-stimulation at 10 dpi. 

Upregulation of IFN-γ gene expression in spleen was observed in TCRγδ+/MDV+ chickens at 

10 and 21 dpi. The gene expression of granzyme A was increased at 10 dpi while IL-10 gene 

expression was increased at 21 dpi in spleen of the TCRγδ+/MDV group. Findings of this study 

indicate the involvement of IFN-γ-producing γδ T cells in protective immunity against MD. 

γδ T cells play significant roles not only in pathogen infection but also in tumor 

immunity. It has been suggested that γδ T cells have effector and suppressor functions in 

mammalian anti-tumor immunity and their differentiation and function are influenced by the 

TME. In Chapter 5, to investigate how the TME generated by MDV transformed cells influences 

circulating or tissue-resident γδ T cell function, splenocytes and PBMCs from healthy SPF 

chickens were cultured with supernatants obtained from cultured splenocytes of control and 

MDV-challenged chickens and a cultured MDV-transformed cell line in the presence of anti-

TCRγδ mAb. TCRγδ-stimulated γδ T cells derived from spleen decreased IFN-γ production and 

downregulated CD25 expression in the MDV supernatant-treated condition. However, the 

supernatant of MDV-transformed cell line did not induce a reduction of IFN-γ production by 

TCRγδ-stimulated γδ T cells. IFN-γ reduction was not observed in circulating γδ T cells in the 

MDV supernatant-treated condition. Findings of this study suggested two possibilities: TCRγδ-

stimulated tissue-resident γδ T cells are suppressed by suppressive cytokines such as IL-10 and 

TGF-β produced in the TME generated by MDV-transformed cells or TCRγδ-stimulated tissue-

resident γδ T cells are differentiated to other γδ T cell subsets rather than IFN-γ-producing cells 

such as IL-17-producing γδ T cells. 
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We used novel techniques to characterize and analyze γδ T cell functions in immunity 

against MDV infection. However, the chicken γδ T cell research faces some limitations. First, 

critical phenotypic markers of chicken γδ T cell subsets have not been identified. Therefore, 

although chicken γδ T cells in PBMCs and tissues were heterogeneous population, functional 

analysis of each subset was limited. Recent chicken TCR γ repertoire analysis revealed Vγ gene 

usage of chicken γδ T cells. In future, chicken γδ T cells might be divided into several subsets 

based on Vγ and Vδ usage, which will expand the possibility of distinct γδ T cell analysis. 

Second, chicken antibody commercial availability was limited. Analysis at transcript level 

revealed IL-10 or IL-17 expression in chicken γδ T cells. Nevertheless, IL-10+ and IL-17+ γδ T 

cells could not be examined using flowcytometry due to the lack of commercial antibodies. As 

these subsets are involved in pathogenesis or immunity against pathogens and cancer in 

mammals, characterizing IL-10+ and IL-17+ γδ T cells in immunity against MDV could 

contribute to elucidation of detailed immune mechanisms in MDV-infected chickens. Moreover, 

tissue distribution of IL-10- or IL-17-producing γδ T cells could provide tissue specific roles in 

different tissues such as the contribution of IL-17+ γδ T cells to mucosal tissue surveillance. 

Lastly, γδ T cell expansion methods have not been established in chickens. To expand chicken γδ 

T cells ex vivo, identification of specific antigens which could induce γδ T cell activation and 

proliferation will be essential. Expansion of particular γδ T cell subset could provide detailed 

insight into chicken γδ T cell functions. 

To explore the functional role of chicken γδ T cells in immunity against MDV in detail, 

further studies will be required. As the infusion of activated γδ T cells led to a reduction of  

tumor incidence in MDV-infected chickens (Chapter 5), the effect of γδ T cell depletion in may 

be studied using antibodies or transgenic chickens in the next step. To investigate in which phase 
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γδ T cells play a pivotal role in immunity against MDV, it would also be interesting to infuse ex 

vivo-activated γδ T cells or γδ T cells derived from MDV-vaccinated chickens into MDV-

challenged chickens at various MDV infection phases using MHC haplotype-matched chickens. 

In the present study, infusing activated γδ T cells did not suppress MDV production in feathers 

(Chapter 5). Further characterization and functional analysis of chicken γδ T cells localized in 

the skin and feather follicles may contribute to the development of adjuvants or vaccines which 

prevent MDV shedding from skin and feathers. 

In conclusion, the studies in this thesis revealed that chicken γδ T cells are activated by 

CpG-ODN, poly(I:C)-stimulated mononuclear cells, and TCRγδ stimulation and activated 

chicken γδ T cells produce IFN-γ. Potentially distinct subsets of chicken γδ T cell, IFN-γ-

producing, TGF-β-producing, and cytotoxic γδ T cells are involved in immunity against MDV. 

Especially TCRγδ-stimulated and IFN-γ-producing chicken γδ T cells contributed to protective 

immunity against MD. Activated γδ T cells and IFN-γ-producing γδ T cells may be suppressed in 

the TME generated by MDV-transformed cells or may be differentiated to other subsets of γδ T 

cells. The results shed light on activation mechanisms of chicken γδ T cells and their functional 

role in MDV-infected chickens. 
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