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A B S T R A C T   

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.   

1. Introduction 

γδ T cells are a subgroup of T cells which possesses T cell receptors 
(TCRs) γ and δ chains on their surface (Six et al., 1996; Kubota et al., 
1999). 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, me
tabolites, and stress-induced molecules in a major histocompatibility 
complex (MHC)-unrestricted manner and mount rapid immune re
sponses (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 (Zheng et al., 2013; Poccia et al., 2005). 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 lungs. MDV, a highly 
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cell-associated virus, primarily infects lung epithelial cells and 
antigen-presenting cells (St Hill et al., 2004, Barrow et al., 2003). Sub
sequently, 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 reac
tivation 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 trans
formation 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 im
mune 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 signif
icant increase of IFN-γ expression was observed in splenic γδ T cells 
obtained from MDV-infected chickens during the early and trans
formation phases of infection (Laursen et al., 2018). Although Gurung 
et al. (2017) revealed that TGF-β expressing regulatory T cells were 
associated with lymphoma formation in MDV-infected chickens, it re
mains 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. 

2. Materials and methods 

2.1. 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 Com
mittee of the University of Guelph and were conducted according to 
their guidelines. 

2.2. 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 to 3 weeks age SPF chickens to establish 
stock and infectious dose (Abdul-Careem et al., 2009). The vaccine 
strain, CVI988 (RISMAVAC), was provided courtesy of Merck Animal 
Health Intervet Canada Corp. (Quebec, Canada). 

2.3. Experimental design 

Sixty chickens were randomly divided into 4 groups, control (un
vaccinated and uninfected), RB1B infected (unvaccinated and RB1B 
infected), CVI988 vaccinated (CVI988 vaccinated and uninfected), and 
vaccinated/challenged group (CVI988 vaccinated and RB1B chal
lenged). 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 1080 plaque forming unit 
of cell-free RB1B for 20 min 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. 1). Feather tips were 
also obtained in RNA later (Qiagen Inc., Mississauga, Ontario, Canada) 
and stored at − 20 ◦C. 

2.4. Single-cell isolation from lungs, skin, and spleen 

Single mononuclear cells from lungs and skin were prepared 
following the protocol as described elsewhere (Parvizi et al., 2015; 
Broggi et al., 2016), 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 
min at 37 ◦C in a water bath. Skin tissue 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 h at 37 
◦C. Single cell suspensions of spleen, and digested lung and skin were 
passed through a size 40 μm cell strainer (VWR International, Mis
sissauga, 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 min. Mononuclear cells were subse
quently aspirated from the interface and washed at 400 g for 5 min in 
RPMI 1640 with 100 U/ml of penicillin and 100 μg/ml of streptomycin 
(Gibco). Pellets were resuspended in complete RPMI cell culture me
dium; RPMI 1640 medium containing 10% of fetal bovine serum (Mil
lipore-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). 

2.5. Flow cytometry  

(i) 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 al
bumin (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 CD3ζ mAbs conju
gated 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-Techne, Inc., Minneapolis, MN, 
USA), and 7-AAD (Invitrogen, Carlsbad, CA, USA) for 20 min on 
ice in the dark (Table 1). Cells were washed twice with 200 μl of 
FACS staining buffer and were resuspended in 100 μl of 2% 
paraformaldehyde (PFA). 
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(ii) 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 h at 41 ◦C, 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 CD3ζ 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 CD3ζ 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 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 min at room temperature (RT), fol
lowed 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 intracel
lular TGF-β panel, respectively, for 40 min 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 conju
gated with APC (Invitrogen) for 40 min at RT in the dark, fol
lowed by washing twice with Perm/Wash 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.  

(iii) T cell degranulation (CD107a) assay: The LEP100 hybridoma cells 
(Developmental Studies Hybridoma Bank, Iowa City, Iowa, USA) 
were cultured (37 ◦C, 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 conju
gated 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 h at 41 ◦C, 5% CO2. 
Cells were subsequently washed twice with FACS staining buffer, 

Fig. 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. 

Table 1 
Antibody panels for flow cytometry.  

Fluorochrome Antibody Panel 

intracellular 
IFN-γ 

membrane/ 
intracellular TGF-β 

T cell degranulation 
assay 

PB CD3ζ CD3ζ CD3ζ 
PE TCRγδ TCRγδ TCRγδ 
FITC CD8α CD25 CD8α 
PE-Cy7 CD4 CD4 CD107a 
APC 1st: IFN- 

γ-biotin 
TGF-β1, 2, 3 CD4 

2nd: 
Streptavidin  
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followed by staining with mouse anti-chicken TCRγδ mAbs con
jugated with PE, mouse anti-chicken CD3ζ 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 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), fol
lowed by forward scatter height (FSC–H) versus FSC-A to define single 
cells. Dead cells were excluded by 7-AAD staining. 

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. 

2.6. 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). 

2.7. 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). 

2.8. 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. Results 

3.1. Kinetics of MDV viral shedding as measured in feathers of inoculated 
chickens 

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. 2). Chickens infected with the RB1B strain had a higher viral load 
when compared to the vaccinated chickens and the vaccinated/chal
lenged chickens at 10 dpi, but significant differences were not observed 
among the groups (p > 0.05) (Fig. 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. 2). In this infection 
model, viral load in the vaccinated chickens and the vaccinated/chal
lenged chickens was below the detection limit at 21 dpi (Fig. 2). 

3.2. 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. 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/chal
lenged group was significantly (p < 0.01 and p < 0.001, respectively) 
higher than that of the control group at 4 dpi in lungs (Fig. 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 was no significant difference (p > 0.05) (Fig. 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. 3C). In skin, the 
frequency of IFN-γ+CD8α+ γδ T cells was significantly increased in the 
vaccinated/challenged 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. 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. 3B, C, and 3D). 

3.3. 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 intracel
lular 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. 4A). The results demonstrate that a signifi
cantly 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. 4B and C). 
The frequency of mTGF-β+ γδ T cells at 10 dpi was significantly 

Fig. 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. 

A. Matsuyama-Kato et al.                                                                                                                                                                                                                     



Virology 568 (2022) 115–125

119

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. 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 vacci
nated/challenged chickens (p < 0.01) compared to the control group 
(Fig. 4B), and these trends were observed in spleen and skin as well 
(Fig. 4C and D). Most of mTGF-β expressing γδ T cells were CD25 
negative cells (Sup. Fig. A–F). In contrast, intracellular TGF-β staining 
demonstrates that γδ T cells in lungs of the vaccinated chickens and the 
vaccinated/challenged chickens produced significantly more TGF-β 
than those of the control chickens (p < 0.001 and p < 0.001, respec
tively) and RB1B-infected chickens (p < 0.01 and p < 0.001, respec
tively) at 21 dpi (Fig. 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. 4E and F). 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/chal
lenged groups, respectively) (Sup. Fig. K). Higher frequency of intra
cellular TGF-β+ γδ T cells was observed in skin of chickens in the 
vaccinated group at 21 dpi (p < 0.05) (Fig. 4G). These results demon
strated 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. 

Fig. 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 < 0.05 (vs 
control), **: p < 0.01 (vs control), ***: p < 0.001 (vs control), and †: p < 0.05. 
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Fig. 4. Frequency of TGF-βþ 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 < 0.001 (vs control), †: p < 0.05, ††: 
p < 0.01, and ††: p < 0.001. 
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3.4. 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. 5A). 
The vaccinated and the vaccinated/challenged chickens had a lower 
percentage of CD4+ αβ T cells than that in lungs of 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. 5B). Although no sig
nificant differences were observed, an increase of CD4+ αβ T cells was 
detected in spleen of the RB1B-infected group at 10 and 21 dpi (p > 0.05 
and p > 0.05, respectively) (Fig. 5C). No differences were observed at 4 
dpi (p > 0.05) (Fig. 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, respec
tively) 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. 5D). 

3.5. 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, RB1B-infected, vacci
nated, and vaccinated/challenged groups was analyzed without ex vivo 
stimulation and with PMA/ION stimulation to examine constitutive 
activity and potential for activation, respectively (Wattrang et al., 2015; 
Cohen et al., 2021). 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. 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 vacci
nated/challenged group (p < 0.01 or p < 0.01, respectively) (Fig. 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. 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, respec
tively) and the RB1B-infected group (SI = 1.5 ± 0.1) (p < 0.01 and p <
0.001, respectively) (Fig. 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. 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. 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. 6E). 

4. 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 

Fig. 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. 
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CVI988 vaccine and challenged them with a cell-free vvMDV prepara
tion via the aerosol route to model natural infection. Since MDV infec
tion 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 et al. 
(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 MDV propagation. 
Since IFN-γ is suggested to play a key role in MDV infection, 

Fig. 6. Frequency of CD107aþ γδ T cells and CD107aþCD8αþ 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. 
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vaccine-primed γδ T cells might be a source of IFN-γ which upregulates 
MHC class II molecules and NO production in macrophage and subse
quently induces adaptive immune cells, especially at the initial site of 
infection (Song et al., 1997; Kano et al., 2009b; Haq et al., 2011). Hence, 
these cells may contribute to protection of young chicks against MD. 

The γδ TCR repertoire provides a framework that suggests a pro
grammed 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 sub
sets 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 (Yang et al., 
2013; Han et al., 2009). 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 down
regulate 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 homeo
stasis (Dahmani and Delisle, 2018). Ma and Zhang (2015) revealed that 
TGF-β is required 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 et al. (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 associ
ated with the immunosuppression caused by MDV and MDV pathogen
esis. 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 indi
cating that mouse IL-17 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 pro
tection against MDV (Kano et al., 2009a; Hao et al., 2021). In the current 
study, a higher frequency of CD4+ T cells and cytotoxic activity 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). 

In the present study, we observed a high SI of CD107a+ γδ T cells in 
the vaccinated group and the vaccinated/challenged group. These re
sults 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 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 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 et al., 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 skin from 10 dpi to 21 
dpi while the frequency of TGF-β+ γδ T cells in 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 (Islam et al., 2007; Baigent et al., 2013). 

In the current study, we examined γδ T cell activities induced by a 
Marek’s disease vaccine followed by infection with a very virulent MDV. 
However, the design of this study did not formally exclude the possi
bility 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. 

A. Matsuyama-Kato et al.                                                                                                                                                                                                                     



Virology 568 (2022) 115–125

124

Declaration of competing interest 

The authors declare that there is no conflict of interest. 

Funding sources 

This research was funded by the Natural Sciences and Engineering 
Research Council of Canada and the Ontario Ministry of Agriculture, 
Food and Rural Affairs. Shahriar Behboudi is supported by a UKRI 
Biotechnology and Biological Sciences Research Council (BBSRC) 
Institute Strategic Programme Grant to the Pirbright Institute (BBS/E/I/ 
00007030). 

CRediT authorship contribution statement 

Ayumi Matsuyama-Kato: Conceptualization, Methodology, Formal 
analysis, Investigation, Writing – original draft. Hiroshi Iseki: Meth
odology, Investigation, Writing – review & editing. Nitish Boodhoo: 
Methodology, Investigation, Writing – review & editing. Jegarubee 
Bavananthasivam: Methodology, Writing – review & editing. Nadiyah 
Alqazlan: Investigation, Writing – review & editing. Mohamed Faizal 
Abdul-Careem: Conceptualization, Methodology, Writing – review & 
editing. Brandon L. Plattner: Conceptualization, Writing – review & 
editing. Shahriar Behboudi: Conceptualization, Methodology, Writing 
– review & editing. Shayan Sharif: Conceptualization, Supervision, 
Writing – review & editing, Project administration, Funding acquisition. 

Acknowledgments 

We would like to acknowledge the staff of the isolation facility of 
Ontario Veterinary College for their dedication to take care of chickens. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.virol.2022.01.012. 

References 

Abdul-Careem, M.F., Hunter, B.D., Nagy, É., Read, L.R., Sanei, B., Spencer, J.L., 
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