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Abstract: Gamma delta (y3) T cells play a significant role in the prevention of viral infection and
tumor surveillance in mammals. Although the involvement of v 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)ys-
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 TCRy®é-activated PBMCs reduced virus replication in
the lungs and tumor incidence in MDV-challenged chickens. Infusion of TCRy$-activated PBMCs
induced IFN-y-producing v T cells at 10 days post-infection (dpi), and degranulation activity in
circulating v T cell and CD8«x* y5 T cells at 10 and 21 dpi in MDV-challenged chickens. Additionally,
the upregulation of IFN-y and granzyme A gene expression at 10 dpi was significant in the spleen of
the TCRyé-activated PBMCs-infused and MDV-challenged group compared to the control group.
Taken together, our results revealed that TCRy? stimulation promotes the effector function of chicken
v T cells, and these effector y6 T cells may be involved in protection against MD.
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1. Introduction

Gamma delta (v) T cells are a T cell subset which expresses the heterodimer antigen
receptor y and 0 chains. These cells have a unique feature as their functions are associated
with both innate and adaptive immunity [1]. Gamma delta T cells are involved in immunity
against pathogens, tumor control, immune surveillance, and homeostasis [2-4]. Although
the role of y8 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 v T cell subsets, interferon (IFN)-y* v
T cells, transforming growth factor (TGF)-B* v T cells, and cytotoxic y5 T cells in chickens
infected with Marek’s disease virus (MDV) [5]. However, the role of vb T cells in the 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 [6]. Inhaled cell-free virus particles are
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thought to infect lung epithelial cells and antigen-presenting cells, and subsequently, lung-
infiltrating B and T lymphocytes become targets of MDV [7,8]. MDYV 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) [9]. 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 response is
believed to be crucial. To date, the involvement of innate immune system cells including
macrophages, natural killer (NK) cells and v T cells, and adaptive immune cells including
CD4" o T cells and CD8" «f3 T cells in the immune reaction against MDYV infection has
been suggested [5,10-12].

In our previous report, we demonstrated that MDV vaccination induced IFN-y* y6 T
cells and membrane-bound TGF-f3 (mTGFR)* v T cells at the early phase of infection [5].
Furthermore, v6 T cells from MDV-challenged chickens at the later phase of infection
showed cytotoxic activity. IFN-y expression in y6 T cells at the early phase of infection
was also confirmed in MDV-challenged chickens and in MDV-vaccinated chickens [13,14].
These studies suggest an effector function of yo T cells in immune responses against MDYV,
but the detailed role of v T cells in MDYV infection is still not clear.

To examine if activated y5 T cells have a protective role against MDYV 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 [15]. In human stud-
ies, it was reported that y6 T cells expand after stimulation with the anti-T cell receptor
(TCR)y$ antibody, and ex vivo-expanded v T cells can be used for adoptive T cell im-
munotherapy [16,17]. In the present study, we infused ex vivo-activated peripheral blood
mononuclear cells (PBMCs) with an anti-TCRy®¢ 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 TCRyé-activated PBMCs.

2. Materials and Methods
2.1. Chicken Housing and Ethics

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, Uni-
versity 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.

2.2. Virus Preparation

The very virulent MDV (vvMDV), RB1B strain, was provided by Dr. K.A. Schat
(Cornell University, Ithaca, NY, USA) [18]. MDYV 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 [19].

2.3. Ex Vivo TCR~y$ 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 Histopaquel(077
(Sigma Chemical Co., St. Louis, MO, USA) and centrifuged at 560x g for 20 min. PBMCs
were subsequently aspirated from the interface and washed and centrifuged 3 times at
400x g for 5 min in Iscove’s modified Dulbecco’s medium (IMDM) (Gibco, Burlington,
ON, Canada) containing 100 U/mL of penicillin and 100 pg/mL of streptomycin (Gibco).
Cells were resuspended in complete IMDM cell culture medium: the IMDM medium
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contained 10% of fetal bovine serum (Millipore-Sigma), 2% of chicken serum (Millipore-
Sigma), 100 U/mL of penicillin and 100 pg/mL of streptomycin, 32.7 nM of 2-Aminoethanol
(Millipore-Sigma), 1% of Insulin-Transferrin-Selenium (Gibco), 2 ng/mL of linoleic acid
(Millipore-Sigma), 2 ng/mL of oleic acid (Millipore-Sigma), 2 pg/mL of palmitic acid
(Millipore-Sigma), and 10 ng/mL of recombinant chicken interleukin (IL)-2 protein (Ab-
cam, Cambridge, UK) [20]. Live cell numbers were determined using a haemocytometer
and Trypan blue. One million live cells were cultured in immobilized 96-well plates with
10 pg/mL of mouse anti-chicken TCRyd monoclonal antibody (mAb) (Southern Biotech,
Birmingham, AL, USA) (stimulated cells) or antibody-uncoated plates (unstimulated cells)
at 41 °C; 5% CO; 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 pg/mL of DNase I
(Millipore-Sigma) were added at 14 h post-stimulation (hps). For the gene expression analy-
sis, the cultured cells were collected and resuspended in 1 mL of Trizol reagent (Invitrogen,
Carlsbad, CA, USA).

2.4. Experimental Design

One hundred and twenty chickens were randomly divided into 6 groups: PBMCs-
uninfused and MDV-unchallenged (control), TCRy$-unactivated PBMCs-infused and MDV-
unchallenged (TCRy®d-/MDV-), TCRy?d-activated PBMCs-infused and MDV-unchallenged
(TCRy6+/MDV-), cell-uninfused and MDV-challenged (MDV+), TCRy$-unactivated PBMCs-
infused and MDV-challenged (TCRy$-/MDV+), and TCRyé-activated PBMCs-infused
and MDV-challenged groups (TCRys+/MDV+). At 21 days of age, 3 x 107 cultured
PBMCs in 500 pL of PBS were injected intraabdominally to the original chicken (autologous
cell infusion). On the same day of infusion, chickens in the MDV+, the TCRy6$-/MDV+,
and the TCRyb+/MDV+ groups were challenged with 500 plaque-forming units of RB1B
intraabdominally. The same 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 CO, inhalation at 4, 10, and 21 dpi. The spleen and lungs were collected aseptically
in 1 x Hank’s balanced salt solution (HBSS) (Gibco) supplemented with 100 U/mL of
penicillin and 100 pg/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) [21]. The 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.

2.5. Single-Cell Isolation from Lungs, Spleen, and Blood

Single mononuclear cell suspensions from the lungs and spleen were prepared fol-
lowing the protocol described elsewhere [5]. Blood samples diluted with the same vol-
ume of PBS were overlaid onto Histopaquel077 and centrifuged at 560x ¢ 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 pg/mL of streptomycin. Cells from
the 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 ug/mL of streptomycin, 50 ug/mL of Gentamicin (Gibco), 25 mM
of HEPES (Gibco), and 71.5 uM of 2-mercaptoethanol (Millipore-Sigma). Live cell num-
bers were calculated using a haemocytometer and Trypan blue. Five hundred thousand
mononuclear cells were used for surface molecular and mTGF-{ staining following the pro-
tocol described elsewhere [5]. For the purpose of IFN-y and TGF-f staining, 1 x 10° cells
were cultured with Golgi Plug and DNase I in the presence or absence of 20 ng/mL of
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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% CO;. The
protocol of the degranulation assay is described elsewhere [5].

2.6. Flow Cytometry

The protocols for surface molecule and mTGF-f staining, intracellular cytokine stain-
ing, and CD107a staining are described elsewhere [5]. Antibodies used in the experiment
are listed in Table 1. Stained cells were acquired on a FACSCanto II flow cytometer (Beckton
Dickinson Biosciences). Flow]Jo 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 S1. Fluorescence minus one control were
used to identify IFN-y, TGF-3, CD25, and degranulation (CD107a) activity.

Table 1. List of antibodies for flow cytometry.

Target Fluorochrome Clone Host Species Source

CD3e Pacific Blue CT-3 mouse Southern Biotech

CD4 PE-Cyanine 7 or CT-4 mouse Southern Biotech
allophycocyanin

CD8« fluorescein-5- CT-8 mouse Southern Biotech
isothiocyanate

TCRys phycoerythrin TCR-1 mouse Southern Biotech
fluorescein-5- Bio-Rad Laboratories

CD25 L oresce AbD13504 human Inc. Hercules, CA,
isothiocyanate USA

IFN-y biotin 5C.123.08 mouse Invitrogen

Streptavidin  allophycocyanin Invitrogen

TGF- allophycocyanin 1D11 mouse Bio-Techne, Inc.

Minneapolis, MN, USA
Developmental Studies
CD107a PE-Cyanine 7 LEP100 hybridoma cells ~ mouse Hybridoma Bank,
Iowa City, IA, USA

2.7. DNA Extraction

DNA was extracted from feather tips using Trizol reagent according to the instruction
provided by the manufacturer. NanoDrop® ND-1000 spectrophotometry (Thermo Fisher
Scientific Inc.) was used to calculate the DNA concentration.

2.8. RNA Extraction and cDNA Synthesis

The 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 calculated by NanoDrop® ND-1000 spectrophotometry. cDNA was
synthesized from DNase-treated RNA (spleen and lung samples: 1 pg 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.

2.9. Real-Time Quantitative Polymerase Chain Reaction (RT-qPCR)

To determine MDYV genome copy numbers in 100 ng of DNA extracted from feathers,
the viral meq gene was quantified using the primer set (Table 2) as described previously [22].
An 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 2 and 3, respectively. The primers were synthesized by Thermo Fisher
Scientific Inc. The relative expression of target genes was calculated using LightCycler® 480
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advanced relative quantification software in relation to chicken -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).

Table 2. Primer sequences for real-time PCR.

Target Gene Primer Sequence Accession Number Reference
. Forward 5-CAACACAGTGCTGTCTGGTGGTA-3'
B-actin Reverse 5/-ATCGTACTCCTGCTTGCTGATCC-3' X00182 23]
Forward 5-GTCCCCCCTCGATCTTTCTC-3'
meq Reverse 5'-CGTCTGCTTCCTGCGTCTTC-3' AY571783 22]
Forward 5/-GTCTGTTCAATTCGCCATGCTCC-3'
&8 Reverse 5/-CCTTCCTAATGTTGCACTCGCTG-3' AY129966 [24]
Forward 5'-ACACTGACAAGTCAAAGCCGCACA-3
IFN-y Reverse 5-AGTCGTTCATCGGGAGCTTGGC-3' X99774 25]
Forward 5 TGCAGTGTTACCTGGGAGAAGTGGT-3'
IL-2 Reverse 5/-ACTTCCGGTGTGATTTAGACCCGT-3' NM_204153.2 [26]
Forward 5 TTGCCGAAGAGCACCAGCCG-3'
IL-12p40 Reverse 5-CGGTGTGCTCCAGGTCTTGGG-3' AY262752.1 [25]
Forward 5-TATCAGCAAACGCTCACTGG-3'
IL-17A Reverse 5-AGTTCACGCACCTGGAATG-3' NM_204460.2 [27]
Forward 5-AGCAGATCAAGGAGACGTTC-3'
IL-10 Reverse 5'-ATCAGCAGGTACTCCTCGAT-3' AJ621614 (28]
Forward 5-CGGCCGACGATGAGTGGCTC-3'
TGF-B Reverse 5-CGGGGCCCATCTCACAGGGA-3' NM_001318456.1 [25]
Forward 5-TGGGTGTTAACAGCTGCTCATTGC-3'
granzyme A Reverse 5'-CACCTGAATCCCCTCGACATGAGT-3' NM_204457.2 [29]
. Forward 5/-ATGGCGCAGGTGACAGTGA-3
perforin Reverse 5-TGGCCTGCACCGGTAATTC-3' XM_046323135.1 [29]
Table 3. Cycling parameters for real-time PCR.
Cycling Parameters
Amplification ici
Target Gene : : : Melting Temp (°C) Efficiency
Denaturation Annealing Extension Number of Cycles
-actin 95°C10s 58°C5s 72°C10s 40 97 2
meq 95°C10s 64°C5s 72°C8s 45 97 1.8
gB 95°C10s 64°C5s 72°C8s 45 97 1.93
IFN-y 95°C10s 60°C5s 72°C10s 50 97 1.98
IL-2 95°C10s 58°C5s 72°C10s 50 97 2
IL-12p40 95°C10s 64°C5's 72°C10s 45 95 2
IL-17A 95°C10s 60°C5s 72°C10s 55 97 1.9
IL-10 95°C1s 55°C5s 72°C5s 55 97 1.78
TGF-f 95°C10s 60°C5s 72°C10s 40 97 2
granzyme A 95°C10s 55°C5s 72°C10s 50 97 2.02
perforin 95°C10s 64°C5s 72°C10s 50 97 191

2.10. Statistical Analysis

A statistical analysis of the ex vivo experimental data was performed with Levene’s
test for equality of variances followed by a two-tailed t-test or the Mann-Whitney U test. A
statistical analysis of the tumor incidence data was performed with Fisher’s exact test. A
statistical analysis of the tumor scoring and the in vivo experimental data was performed
with Levene’s test for equality of variances, followed by a one-way analysis of variance
(ANOVA), Tukey’s post hoc 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).
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3. Results
3.1. TCRy¢ Stimulation Induced IFN-vy Production by Chicken 6 T Cells

To determine if TCRy? stimulation via their TCR receptors induces cytokine produc-
tion and degranulation by chicken y$ T cells, PBMCs were stimulated with 10 ug/mL of
anti-chicken TCRyd mAb, and then intracellular IFN-y and TGF-3 cytokine production as
well as mTGF-f3, CD25, and CD107a expression levels were analyzed using flow cytometry.
Since our previous study suggested the different TGF-3 expression pattern between a solu-
ble form and a membrane-bound form in chicken v T cells, both the mTGF-f3 expression
and intracellular TGF-{3 production by v T cells were evaluated [5]. Data were presented
as the percentage of IFN-y*/ mTGF-p*/ TGF-f*/ CD25*/ TGF-f*CD25 / TGF-*CD25*/
CD107a* v6 T cells within v T cell populations and IFN-y*CD8«*/ CD107a*CD8a* y6 T
cells within CD8«x* v T cell populations. TCRy®d stimulation induced significant IFN-y
production by v6 T cells (p < 0.05) and CD8«* y5 T cells (p < 0.05) (Figure 1A,B), whereas
the CD25 expression on TCRy?d-stimulated vd T cells was lower than TCRy$-unstimulated
Y8 T cells (p < 0.05) (Figure 1C). Significant differences between the TCRyé-stimulated and
the unstimulated conditions were not observed in the frequency of mTGF-f3 v T cells,
TGE-B* yd T cells, TGF-BTCD25 v& T cells, TGF-3*CD25" yd T cells, CD107a* y4 T cells,
and CD107a*CD8«* v5 T cells (p > 0.05) (Figure 1D-I). At 18 hps, the mean percentage
of v6 T cells and afy T cells within the live lymphocyte population was 10.83 £ 0.93%
and 49.77 & 4.58%, respectively, in the TCRy$-unstimulated condition and 9.95 + 1.27%
and 53.28 £ 5.03%, respectively, in the TCRyd-stimulated condition. There were no sig-
nificance differences in T cell populations between in TCRyé-unstimulated PBMCs and
TCRyd-stimulated PBMCs.

3.2. TCRvy6 Stimulation Induced Upregulation of IFN-y, IL-2, and IL-17 Gene Expression and
Downregulation of TGF-pB Gene Expression in the PBMCs

To determine the effect of TCRyd stimulation, the PBMCs were stimulated with
10 pg/mL of anti-chicken TCRyd mAb, and IFN-y, IL-2, IL-12p40, IL-17A, TGF-$3, and
IL-10 gene expression in the stimulated PBMCs was analyzed at 3, 8, and 18 hps by real-
time PCR. TCRy® stimulation induced the significant upregulation of IFN-y and IL-2 gene
expression in the PBMCs at 3 hps (p < 0.05 and p < 0.01, respectively) (Figure 2A,B). The gene
expression of IL-2 in stimulated PBMCs was significantly higher at 8 and 18 hps compared
to unstimulated PBMCs (p < 0.05) (Figure 2B). There were no significant differences in
IL-12p40 gene expression between stimulated PBMCs and unstimulated PBMCs (p > 0.05)
(Figure 2C). The significantly higher gene expression of IL-17A was observed in stimulated
PBMCs than in unstimulated PBMCs at 3 and 18 hps (p < 0.01 and p < 0.001, respectively)
(Figure 2D). TCRy®6 stimulation induced the significant downregulation of TGF-f3 gene
expression in the PBMCs at 3 and 8 hps (p < 0.05), whereas significant differences in IL-10
gene expression were not observed between the stimulated PBMCs and unstimulated
PBMCs (Figure 2E,F).
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Figure 1. Cytokine and CD107a profiles in yd T cells at 4 or 18 h post-stimulation with anti-TCRy?d
antibody. The PBMCs obtained from healthy SPF chickens were stimulated with or without anti-
TCRy$ antibody, and degranulation activity of v T cells (4 h post-stimulation (hps)) and cytokine
production (18 hps) were analyzed using flow cytometry. Percentages of IFN-y* v T cells within vy
T cell populations (A), IEN-y*CD8o* v T cells within CD8«x* v6 T cell populations (B), CD25" y6 T
cells within v T cell populations (C), mTGF-f y3 T cells within v T cell populations (D), TGF-p
v8 T cells within y6 T cell populations (E), mTGF-p*CD25 v T cells within y5 T cell populations
(F), TGF-B*CD25* v6 T cells within yd T cell populations (G), CD107a* v T cells within y5 T cell
populations (H), and CD107a*CD8ax* v6 T cells within CD8«x* v6 T cell populations (I) derived from
the PBMCs are shown. TCRy$-unstimulated cells were used as a negative control. Data represent the
mean of 6 biological replicates £ SE. Significant differences are indicated by 1: p < 0.05.

3.3. Adoptive Transfer of TCR~yé-Activated PBMCs Reduced Tumor Incidence and Suppressed
Viral Replication in MDV-Challenged Chickens

To investigate whether activated yd T cells are involved in the prevention of MD-
lymphoma, chickens received TCRyb-activated PBMCs, followed by the MDV challenge.
Tumor incidence and neoplastic lesion scores were assessed at 21 dpi. Chickens in the
TCRyd+/MDV+ group showed significantly lower tumor incidence compared to the other
groups (p < 0.05) (Figure 3A). However, there were no significant differences between
groups in neoplastic lesion scores (p > 0.05) (Figure 3B).
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Figure 2. Cytokine expression profiles in the PBMCs stimulated with or without anti-TCRy? antibody
at 3, 8, and 18 hps. The PBMCs obtained from healthy SPF chickens were stimulated with or without
anti-TCRy$? antibody for 3, 8, and 18 h, and RNA were extracted from the cultured PBMCs. Expression
of cytokines, IFN-y (A), IL-2 (B), IL-12p40 (C), IL-17A (D), TGF-f (E), and IL-10 (F) was determined
by real-time PCR. Target genes were normalized by B-actin. TCRyd-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 t: p < 0.05, t+t: p < 0.01, and tt1: p < 0.001.

Next, we examined if the infusion of v6 T cells regulates virus production in feathers
or virus replication in MDV-challenged chickens. To this end, the MDV genome load
in feathers and transcripts of viral genes, meq, and glycoprotein B (gB), in the spleen,
PBMCs, and lungs were analyzed. Significant differences in the MDV genome load were
not observed in feathers between groups (p > 0.05) (Figure 4). Significant differences in
meq and gB gene expression were not observed in the spleen or PBMCs between groups
(p > 0.05) (Figure 5A,B,D,E). However, the gene expression of meq was significantly lower
in the lungs of the TCRyd+/MDV+ group at 10 dpi than in the MDV+ group (p < 0.05)
(Figure 5C). Lower gene expression of gB in the lungs was observed in the TCRyd+/MDV+
group compared to the MDV+ group (p < 0.01) and the TCRys-/MDV+ group (p < 0.05)

(Figure 5F).
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Figure 3. Tumor incidence and neoplastic lesion scores at 21 days post-cell infusion and MDV
challenge. TCRy®b-activated or -unactivated PBMCs were infused to recipient chickens at 21-days-old,
and the chickens were challenged with MDV. Tumor incidence (A) and neoplastic lesion scores (B)
were determined by necropsy in the MDV+, the TCRy6-/MDV+, and the TCRyd+/MDV+ groups at
21 dpi. Tumor scores were assessed by the number of tumor-bearing organs. Data of the neoplastic
lesion scores represent the mean of 10 biological replicates &+ SE in each group. Significant differences
are indicated by t: p < 0.05.

@ <Zt 1x10% (1 control
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Figure 4. MDV meq gene copy number from feather tips at 4, 10, and 21 dpi. TCRys-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 TCRy5-/MDV-, the
TCRyd+/MDV-, the MDV+, the TCRy$-/MDV+, and the TCRy$+/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.

3.4. Lower Frequency of v T Cells in the Spleen of the TCRyd-/MDV+ Group at 10 dpi and
Higher Frequency of ap T Cells in the Spleen and PBMCs of the TCRyd+/MDV+ Group at 21 dpi

To examine how the infusion of TCRyb-activated PBMCs affects T cell frequencies
in MDV-challenged chickens, the frequency of y& T cells and CD4* «f3 T cells in the
spleen, PBMCs, and lungs at 4, 10, and 21 dpi was analyzed using flow cytometry. Data
are presented as the percentage of y6 T cells or CD4"* a3 T cells within live lymphocyte
populations. A significant decrease in yd T cell frequency in the spleen and PBMCs was
observed in the TCRy$-/MDV+ group compared to the TCRy$-/MDV- group at 10 dpi
(p < 0.05), but not in the TCRy6+/MDV+ group compared to the TCRyd+/MDV- group
(p > 0.05) (Figure 6A,B). There were no significant differences in the frequency of yo
T cells in the lungs (p > 0.05) (Figure 6C). The frequency of CD4" «f3 T cells in the spleen,
PBMCs, and lungs was significantly higher in the TCRy&+/MDV+ group than that in the
TCRyd+/MDV- group at 21 dpi (p < 0.05) (Figure 6D-F).
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Figure 5. Transcripts of MDYV genes in the spleen, PBMCs, and lungs at 4, 10, and 21 dpi. TCRy?-
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
TCRy$-/MDV+, and the TCRyd+/MDV+ groups at 4, 10, and 21 dpi. Transcripts of MDV genes,
meq (A-C), and gB (D-F), in the spleen, PBMCs, and lungs collected from each group at 4, 10, and
21 dpi were determined by real-time PCR. Target genes were normalized by (3-actin. Data represent
the mean of 5 biological replicates + SE in each group at each time point. Significant differences are
indicated by t: p < 0.05 and tt: p < 0.01.

A spleen B PBMCs C lungs
- 40
)
z % 30
=]
g — 20
s 2 10
= : : ; b :
i kel E 18 0 £ &
4 10 21 4 10 21 4 10 21
Days post-infection Days post-infection Days post-infection
D control
80 TCRy3-/MDV-
TCRy&+/MDV-
MDV+

D
(=]

TCRy8-/MDV+ ——
TCRy8+/MDV+ ——

Frequency of
CD4" aBT cells
[ N
[—] [—]

4 10 21
Days post-infection Days post-infection Days post-infection

Figure 6. Frequency of y6 T cells and CD4" «f3 T cells in the spleen, PBMCs, and lungs, at 4, 10, and
21 dpi. TCRyéd-activated or -unactivated PBMCs were infused to recipient chickens at 21-days-old,
and the chickens were challenged with MDV. Percentages of v5 T cells (A-C) and CD4" «f3 T cells
(D-F) within live lymphocyte populations in the spleen, PBMCs, and lungs collected from the control,
the TCRyd-/MDV-, the TCRyd+/MDV-, the MDV+, the TCRy$-/MDV+, and the TCRy8+/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), t: p < 0.05, t1: p < 0.01, and t1+: p < 0.001.
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3.5. Circulating vé T Cells in the TCRyd+/MDV+ Group Showed a Higher Degranulation
Activity at 10 and 21 dpi

To examine the kinetics of 6 T cells in the TCRys+/MDV+ group, v T cells derived
from the spleen (Figure 7), PBMCs (Figure 8), or lungs (Figure 8) were cultured in the
presence of phorbol 12-myristate 13-acetate and ionomycin (PMA /ION) (potential activity)
or the absence of PMA /ION (baseline activity). IFN-y and TGF-f3 production as well as
CD25 and CD107a expression levels in y6 T cells were analyzed using flow cytometry at 4,
10, and 21 dpi. Data are presented as the percentage of IFN-y*/ IFN-y*CD8«*/ mTGF-B*/
TGF-B*/ CD25*/ TGF-f*CD25*/ CD107a*/ CD107a*CD8«* v5 T cells within y3 T cell
populations. The frequency of IFN-y* v6 T cells was significantly increased in the spleen of
both the TCRy6-/MDV+ and the TCRyd+/MDV+ groups compared to the control group
at 10 dpi (p < 0.05) without PMA /ION re-stimulation, which was also observed in the
PMA /ION-re-stimulated condition (p < 0.05) (Figure 7A). A significantly higher frequency
of IFN-y*CD8u* v6 T cells was observed in the spleen of the TCRyd+/MDV+ group
and the TCRy$-/MDV+ group at 10 dpi under the PMA /ION-re-stimulated condition
compared to the control group (p < 0.05) (Figure 7B). No significant differences in the
frequency of mTGF-B* v5 T cells, TGF-* v T cells, and TGF-B*CD25* v5 T cells were
observed in the spleen between groups (p > 0.05) (Figure 7C,D,F). The expression of CD25
on vd T cells in the spleen of the TCRy&+/MDV+ group at 10 dpi was significantly lower
than that in the control group (p < 0.01) and in the MDV+ group (p < 0.05) (Figure 7E).
Significant differences were not observed between groups in the frequency of CD107a* v6
T cells and CD107a*CD8«™* v5 T cells (p > 0.05) (Figure 7G,H). The frequency of IFN-y* v
T cells was significantly increased in the PBMCs of chickens from the TCRys-/MDV+ and
the TCRy6+/MDV+ groups at 10 dpi in both PMA /ION-unstimulated and -re-stimulated
conditions compared to the control group (p < 0.05) (Figure 8A). Higher IFN-y production
was observed in circulating CD8o* v6 T cells of chickens in the TCRy$-/MDV+ and
the TCRyd+/MDV+ groups upon PMA /ION re-stimulation at 10 dpi compared to the
control group (p < 0.01) (Figure 8B). There was no significant difference between groups
in the frequency of mTGF-B* v6 T cells (p > 0.05) (Figure 8C). TGF- production was
significantly increased in the circulating y3 T cells of TCRy&+/MDV+ chickens at 10 dpi
under the PMA /ION-unstimulated condition compared to the control group (p < 0.001) and
the TCRyd+/MDV- group (p < 0.01) (Figure 8D). The CD25 expression on the circulating
Y6 T cells in the TCRyd+/MDV+ group at 10 dpi was significantly lower than that in the
TCRybd+/MDV- group (p < 0.05) (Figure 8E). Chickens in both the TCRy3+/MDV+ and the
TCRyo-/MDV+ groups had a significantly higher frequency of TGF-3*CD25" y5 T cells
in the PBMCs than that in the control group without PMA /ION re-stimulation (p < 0.05)
(Figure 8F). Circulating v T cells and CD8«" y3 T cells in the TCRyd+/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) (Figure 8G,H). A significantly higher frequency
of CD107a*CD8«x* v§ T cells derived from the PBMCs of the TCRyd+/MDV+ group was
observed than that of the control group and the TCRyd+/MDV- group at 21 dpi upon
re-stimulation with PMA /ION (p < 0.05) and without PMA /ION re-stimulation (p < 0.05)
(Figure 8H). In the lungs, chickens in the TCRyd+/MDV+ group showed a significantly
higher frequency of IFN-y* y5 T cells and IFN-y*CD8«" v5 T cells than that in the control
group upon PMA /ION re-stimulation at 10 dpi (p < 0.01), which was observed in the
TCRys-/MDV+ group as well (p < 0.01) (Figure 9A,B). A significantly higher frequency of
IEN-y*CD8«x* v5 T cells was observed in all the MDV-challenged groups than that in the
control group at 21 dpi with and without PMA /ION re-stimulation (p < 0.05) (Figure 9B).
The frequency of mTGE-B* v T cells in lungs was higher in the TCRy3+/MDV+ and the
TCRy6-/MDV+ groups than that in the control group at 4 dpi (p < 0.05), but significant
differences between groups were not observed in the frequency of TGF-B* v T cells
(p > 0.05) and TGEF-B*CD25" v T cells (p > 0.05) (Figure 9C,D,F). The expression of CD25
on vd T cells in the lungs of the MDV+ group and the TCRy6-/MDV+ group at 4 dpi was
significantly upregulated compared to the control group (p < 0.05), while there was no
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significant difference between the TCRyd+/MDV+ group and the control group (p > 0.05)
(Figure 9E). A significantly higher CD107a expression was observed in CD8«x* v T cells
derived from the lungs of the TCRys-/MDV+ and the TCRy5+/MDV+ group than that in
the control group at 10 dpi under the PMA /ION-unstimulated condition (p < 0.05), and
inyd T cells and CD8«" v T cells derived from the lungs of the TCRys+/MDV+ group
compared to the control group at 21 dpi under the PMA /ION-unstimulated condition

(p < 0.05) (Figure 9G,H).
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Figure 7. Cytokine and immune system molecule profiles in yd T cells derived from the spleen at
4,10, and 21 dpi. Mononuclear cells isolated from the spleen of the control, the TCRyS-/MDV-, the
TCRys+/MDV-, the MDV+, the TCRyd-/MDV+, and the TCRyd+/MDV+ groups were cultured
with and without PMA /ION for 4 h. Percentages of IFN-y* 5 T cells (A), IEN-y*CD8u" v5 T cells
(B), mTGF- v5 T cells (C), TGF-B v8 T cells (D), CD25" v6 T cells (E), TGF-*CD25" v6 T cells (F),
CD107a* v5 T cells (G), and CD107a*CD8«x* v6 T cells (H) within yd T cell populations in the 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), **: p < 0.01 (vs. control) and t: p < 0.05.
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Figure 8. Cytokine and immune system molecule profiles in v T cells derived from the PBMCs at 4,
10, and 21 dpi. The PBMCs obtained from the control, the unstimulated PBMCs control, the TCRy$-
/MDV-, the TCRyd+/MDV-, the MDV+, the TCRy?5-/MDV+, and the TCRy8+/MDV+ groups were
cultured with and without PMA /ION for 4 h. Percentages of IFN-y+ v T cells (A), IFN-y+CD8 o+
vd T cells (B), mTGF-3 yb T cells (C), TGF- yd T cells (D), CD25+ vd T cells (E), TGF-+CD25+ v4 T
cells (F), CD107a+ vd T cells (G), and CD107a+CD8a+ v5 T cells (H) within yd T cell populations
in the 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), t: p < 0.05, +t: p < 0.01,
and t1+: p < 0.001.
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Figure 9. Cytokine and immune system molecule profiles in y5 T cells derived from the lungs at
4,10, and 21 dpi. Mononuclear cells isolated from the lungs of the control, the TCRys-/MDV-, the
TCRyb8+/MDV-, the MDV+, the TCRyS-/MDV+, and the TCRy&+/MDV+ groups were cultured
with and without PMA /ION for 4 h. Percentages of IFN-y* v5 T cells (A), IFN-y*CD8«" v5 T cells
(B), mTGF- vd T cells (C), TGF-B v5 T cells (D), CD25" v6 T cells (E), TGE-*CD25" v6 T cells (F),
CD107a* v T cells (G), and CD107a*CD8o* v T cells (H) within v T cell populations in the 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), t: p < 0.05, and t1: p < 0.01.
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3.6. Infusion of TCRyé-Activated PBMCs Induced IFN-vy Gene Expression in the Spleen at 4, 10,
and 21 dpi and Granzyme A Gene Expression at 10 dpi

To examine how the infusion of TCRyé-activated PBMCs alters cytokine and molecules
related to cytotoxic activity in MDV-challenged chickens, the gene expression of IFN-
v, IL-17A, IL-10, TGF-$3, granzyme A, and perforin in the spleen (Figure 10), PBMCs
(Figure 11), and lungs (Figure 12) was analyzed using a real-time PCR. The gene expres-
sion of IFN-v in the spleen of the TCRyd+/MDV+ group was significantly higher than
that of the TCRyd+/MDV- at 4, 10, and 21 dpi (p < 0.05, p < 0.001, and p < 0.05, respec-
tively) (Figure 10A). At 10 dpi, IFN-y gene expression was significantly upregulated in the
spleen of the TCRy$+/MDV+ group compared to the control group and the MDV+ group
(p <0.001 and p < 0.05, respectively) (Figure 10A). Chickens in the TCRy5+/MDV+ group
showed higher IL-17A gene expression in the spleen at 21 dpi compared to the TCRy®é-
/MDV+ group (p < 0.05) (Figure 10B). The gene expression of IL-10 in the spleen of the
TCRyb+/MDV+ group was significantly increased at 4 and 21 dpi compared to that of the
control group (p < 0.05) and the TCRyd+/MDV- group (p < 0.05) (Figure 10C). Significantly
higher TGF-3 gene expression was observed in the spleen of the TCRy$+/MDV- and the
TCRyd+/MDV+ group at 10 dpi compared to the control group (p < 0.05), while TGF-f3 gene
expression in the spleen of the TCRy$+/MDV+ group was lower than that in the MDV+
group at 4 and 21 dpi (p < 0.01 and p < 0.05, respectively), in the TCRys-/MDV+ group
at 4 dpi (p < 0.05), and in the control group at 21 dpi (p < 0.01) (Figure 10D). Granzyme A
gene expression was significantly upregulated in the spleen of the TCRy+/MDV+ group
at 10 dpi compared to that in the control group (p < 0.01), which was also observed in the
PBMCs and lungs (p < 0.01) (Figures 10E, 11E and 12E). The significantly lower gene expres-
sion of perforin in the spleen was observed in the TCRy&+/MDV+ group compared to the
TCRybd-/MDV+ group at 10 dpi (p < 0.05) and the TCRyd+/MDV- group at 21 dpi (p < 0.05)
(Figure 10F). Similar to the results observed in the spleen, chickens in the TCRy&+/MDV+
group showed a significantly higher IFN-y gene expression in the PBMCs at 4 dpi com-
pared to the control group and the TCRyd+/MDV- group (p < 0.05) (Figure 11A). The
IFN-y gene expression in the PBMCs of the TCRy$+/MDV+ group and the TCRy$-/MDV+
group was higher than that of the control group at 10 dpi (p < 0.01). The expression of the
IL-17A gene in the PBMCs of the TCRyd+/MDV+ group was significantly lower than that
of the TCRyd+/MDV- group at 21 dpi (p < 0.01) (Figure 11B). IL-10 gene expression in the
PBMCs of the TCRyb+/MDV+ group was higher than that in the control group and the
TCRyd+/MDV- group at 10 dpi (p < 0.05) (Figure 11C). Chickens in the TCRy&+/MDV+
group showed significantly lower TGF-3 gene expression in the PBMCs compared to the
control group and the MDV+ group at 21 dpi (p < 0.05) (Figure 11D). Perforin gene expres-
sion was also upregulated in the MDV+ group and the TCRyé-/MDV+ group at 10 dpi
compared to the control group (p < 0.05) (Figure 11F). In the lungs, all the MDV-challenged
groups showed significantly higher IFN-y gene expression compared to the control groups
at 10 and 21 dpi (p < 0.05) (Figure 12A). There were no significant differences between
groups in the expression of the IL-17A gene in the lungs (p > 0.05) (Figure 12B). IL-10
gene expression in the lungs was significantly higher in all the MDV-challenged groups
than that in the control group at 10 dpi (p < 0.05) (Figure 12C). The expression of the
TGF-f gene in the lungs of the TCRy6+/MDV+ was significantly higher than that in the
MDV+ group and the TCRyd-/MDV+ group at 10 dpi (p < 0.05), and lower than that in
the control group at 21 dpi (p < 0.01) (Figure 12D). A significantly higher perforin gene
expression was observed in the lungs of the TCRy-/MDV+ group compared to the control
and the TCRyd-/MDV- groups at 10 dpi (p < 0.05), but there was no significant difference
in perforin gene expression between the TCRy6+/MDV+ group and the control group
(p > 0.05) (Figure 12F).
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Figure 10. Cytokine, granzyme A, and perforin gene expression profiles in the spleen at 4, 10, and
21 dpi. Gene expression of IFN-y (A), IL-17A (B), IL-10 (C), TGE-f (D), granzyme A (E), and perforin
(F) in the spleen collected from the control, the unstimulated PBMCs control, the TCRy&-/MDV-, the
TCRyd+/MDV-, the MDV+, the TCRY5-/MDV+, and the TCRy3+/MDV+ groups at 4, 10, and 21 dpi
was determined by real-time PCR. Target genes were normalized by (3-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), t: p < 0.05, +t: p < 0.01,
and t1+: p <0.001.
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Figure 11. Cytokine, granzyme A, and perforin gene expression profiles in the PBMCs at 4, 10,
and 21 dpi. Gene expression of IFN-y (A), IL-17A (B), IL-10 (C), TGF-$ (D), granzyme A (E), and
perforin (F) in the PBMCs collected from the control, the unstimulated PBMCs control, the TCRy®o-
/MDV-, the TCRy&+/MDV-, the MDV+, the TCRY0-/MDV+, and the TCRy$+/MDV+ groups at 4,
10, and 21 dpi was determined by real-time PCR. Target genes were normalized by -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), t: p < 0.05, and

++: p < 0.01.
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Figure 12. Cytokine, granzyme A, and perforin gene expression profiles in the lungs at 4, 10, and 21
dpi. Gene expression of IFN-y (A), IL-17A (B), IL-10 (C), TGF-$ (D), granzyme A (E), and perforin
(F) in the lungs collected from the control, TCRy3-/MDV-, the TCRy5+/MDV-, the MDV+, the
TCRy?d-/MDV+, and the TCRyd+/MDV+ groups at 4, 10, and 21 dpi was determined by real-time
PCR. Target genes were normalized by (-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), t: p <0.05, and t1: p < 0.01.
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4. Discussion

Chicken y5 T cells are suggested to be involved in immunity against MDV infection [5].
In the current study, we applied an autologous cell infusion method to investigate if
TCRyo-stimulated v T cells are involved in protective immunity against MD or in MDV
pathogenesis. The ex vivo activation of circulating y6 T cells via TCRy? stimulation and its
effect on other PBMCs were analyzed. The results demonstrated that TCRyd stimulation
induces IFN-y production from circulating y& T cells including CD8* y3 T cells, but
this stimulation did not lead to TGF-f3 production or degranulation (Figure 1). It has
been reported that IFN-y produced by activated human yo T cells initiates a T helper
type 1 (Th1) response via the induction of Thl-promoting dendritic cells (DCs) [30-32].
We also demonstrated an association of the induction of a potent anti-MDV Th1 response
with resistance to MD [33,34]. Our results showing that Th1l cytokines, IFN-y and IL-2,
were upregulated and one of the anti-inflammatory cytokines, TGF-f3, was downregulated
in ex vivo-stimulated PBMCs with anti-TCRyd mAb and in the spleen after the infusion
of ex vivo-stimulated PBMCs at the transcript level indicate that activated chicken yo
T cells may contribute to the initiation of the Th1 response, which is shown to be important
for the control of MD-lymphoma (Figure 2). IFN-y induces nitric oxide production and
upregulates major histocompatibility complex (MHC) class Il molecules in macrophages,
and subsequently induces the activation of adaptive immune cells [35-37]. Recently, it
was reported that IFN-y inhibits MDYV replication and interferes with MD progression [38].
Therefore, the upregulation of IFN-y at the initial infection phase of the TCRy3+/MDV+
group may contribute to preventing viral replication and subsequent MD progression. In
our study, the results demonstrate that the protective role of adoptive y3 T cell transfer
against MD may be attributed to IFN-y production from immune system cells at the early
phase of MDYV infection (4 dpi) (Figures 10 and 11). It is noteworthy to mention that
IFN-y production by v6 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-y by v6 T cells initiates activation of the cell-mediated immune
response, which could contribute to the control of MD [39,40].

In the current study, we observed the upregulation of IL-17A gene expression in
TCRy$-stimulated PBMCs (Figure 2). As Walliser and Gobel reported, IL-17A is produced
by «f and v T cells upon PMA /ION stimulation in chickens, and v T cells may be one
of the IL-17A-producing cells in response to TCR stimulation [41]. In mammals, v T cells
immediately produce IL-17A and induce inflammation upon pathogen infections [42].
Thus, our results indicate that TCRyd stimulation initiates both Th1 and Th17 responses.
Considering that high expression of the IFN-y gene was observed in the TCRy5+/MDV+
group at 4 dpi, and IL-17 gene expression was downregulated at the similar level as the
control group by 10 dpi, the immune response may have skewed toward the Th1l response
as a result of MDV infection.

Cytotoxic activity by CD8* T cells, NK cells, and vy T cells is also suggested to be one
of the critical factors in immune responses against MDYV infection due to the cell-associated
feature of MDV [5,10,13,43,44]. These cells are thought to induce apoptosis in MDV-infected
cells via a granzyme—perforin pathway or a Fas—Fas ligand pathway [29,45]. In the present
study, we observed an upregulation of granzyme A expression in the spleen, PBMCs, and
lungs of the TCRyd+/MDV+ group at 10 dpi (Figures 10-12). Moreover, yb T cells and
CD8o" vo T cells in the TCRyd+/MDV+ group demonstrated enhanced degranulation
activity (Figures 8 and 9). 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 [46]. These CD8" T cells produce granzyme which inhibits
the spread of HSV and viral reactivation from latency [47,48]. Therefore, the upregulation
of cytotoxic activity at 10 dpi provided by the infusion of TCRyé-activated PBMCs may
constitute a rapid reaction against the early phase of MDV reactivation and may suppress
MDYV reactivation, which could prevent or delay MDV tumor formation. yd T cells may
also contribute to the suppression by cytotoxicity.
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Although reduced virus replication in the local tissue and lower tumor incidence
were observed in the TCRy$+/MDV+ group, the infusion of TCRy$-stimulated PBMCs
did not affect virus shedding from feathers in the present study (Figures 3-5). A previous
MDYV study suggested that even the chickens that are vaccinated, and are protected against
tumor, shed the virus from feathers [28]. Our findings in the current study indicate that
the infusion of activated 5 T cells is not sufficient to overcome the immunoregulatory
environment in the skin of MDV-infected chickens [49-51].

CD25, which is also known as the IL-2 receptor « chain, is a T cell-activation marker
as well as a marker of regulatory T cells in mammals [52]. Similar to mammals, CD25
is suggested as an activation marker of chicken T cells including v& T cells [53,54]. In
particular, a specific y6 T cell subset, CD8xo* vd T cells, upregulates CD25 expression
upon Salmonella stimulation [53]. In a human study, IL-2-stimulated v T cells upregulated
CD25 expression and enhanced CD25 expression when they received TCR stimulation [55].
However, in the present study, chicken yd T cells cultured with IL-2 expressed CD25
more than yd T cells which were cultured with IL-2 and anti-TCRyd mAb (Figure 1). In
addition to the ex vivo stimulation study, CD25 expression was decreased in yd T cells in
the TCRyd+/MDV+ group at 10 dpi, though IFN-y-producing y5 T cells were increased
(Figure 7). Considering that chicken y5 T cells in the PBMCs and tissues are heterogeneous,
CD25-expressing v5 T cells may be a different subset from IFN-y-producing y5 T cells.

TGE-3 gene expression reached a peak at 10 dpi in the spleen and lungs of the TCRy®o-
activated PBMCs-infused groups, whereas it was decreased in the other groups from 4 dpi
to 10 dpi regardless of MDYV infection (Figures 10 and 12). These results suggested that
TGF-f expression was highly impacted by the infusion of TCRy?d-activated PBMCs. Since
we observed the initiation of an inflammatory reaction upon the stimulation of TCRy?
in the current study, the upregulation of TGF-f3 in the spleen and lungs of the activated
PBMCs-infused chickens at 10 dpi might be associated with the immune resolution of the
acute inflammation [56]. In a mammalian study, it was reported that TGF-f3 in combination
with IL-2 enhanced an increase in anti-apoptosis molecules and a decrease in pro-apoptosis
molecules in yb T cells [57]. As we observed TGF-f3 upregulation and no change or mild
decrease in yd T cell frequency in the spleen of the TCRy&+/MDV+ group at 10 dpi in the
present study, TGF-f3 may protect y6 T cells from apoptosis (Figures 6 and 10).

Previous MDV studies revealed that challenging chickens with MDV upregulates IL-10
expression in the spleen, including in splenic CD4* T cells, CD8* T cells, and y5 T cells at
the later phase of infection [14,28,36,58]. In the current study, both IL-10 and IFN-y were
upregulated in the spleen of MDV-challenged chickens, especially in the TCRys+/MDV+
group (Figure 10). The upregulation of both IL-10 and IFN-y has been reported in human
cancer, and it has been proven that IL-10 enhances IFN-y and granzyme production in
tumor-infiltrating CD8* T cells [59]. Although a paradoxical role of IL-10 has been revealed
in human cancer studies, the functions of IL-10 and the relationship between IL-10 and
IFN-y in MDV tumor formation remain to be elucidated [28,60].

IL-17A has both an anti-tumor and pro-tumor effect in tumor lesions [61]. IL-17A
is produced by T helper type 17 (Th17), which is differentiated from naive T cells in the
presence of IL-6, IL-21, or IL-23 [62]. 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 [62]. In mammals,
IL-17-producing vd T cells are involved in cancer immunity [63]. In the current study,
the expression of IL-17A in the PBMCs of the TCRyd+/MDV+ group was significantly
lower than that of the TCRyd+/MDV- group (Figure 11). A human cancer study revealed
that the expression level of IL-17 in the PBMCs is correlated with cancer progression and
IL-17 directly induces tumor proliferation [64]. Therefore, low IL-17A expression at 21 dpi
provided by the infusion of activated PBMCs may be associated with the prevention of
tumor formation by MDV.

In the current study, whole PBMCs were infused to chickens because chicken vyb
T cells were not expanded after stimulation with anti-TCRy mAb, and, indeed, y5 T cell-
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expansion methods have not yet been established in chickens. The development of yo
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 y4 T cells might be another
method to examine the vy T cell role in MDV-infected chickens [65].

In conclusion, TCRy$ stimulation induced significant IFN-y production by chicken
vd T cells derived from the PBMCs, and decreased TGF-3 gene expression in the TCRy?-
stimulated PBMCs. The infusion of TCRyé-activated PBMCs decreased MDYV replication in
the lungs and prevented or delayed MDV tumor formation in MDV-challenged chickens.
Activated yd 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 MDYV infection.
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/ /www.mdpi.com/article/10.3390/v15020285/s1, Figure S1: Gating strategies for flow cytometry.

Author Contributions: Conceptualization, A.M.-K., N.B.,, M.EA.-C,, B.L.P, S.B. and S.S.; methodol-
ogy, AM.-K. and S.S.; formal analysis, A.M.-K_; investigation, AM.-K.,, B.S.,, N.B,, SR, M.A,,EF, CF,
J.Z. and B.G; data curation, A.M.-K.; writing—original draft preparation, A.M.-K.; writing—review
and editing, B.S.,, N.B., S.R,, M.A,, FF, CFE,].Z,B.G, MFA.-C, B.L.P, S.B. and S.S.; visualization,
A M.-K,; supervision, S.S.; project administration, A.M.-K. and S.S.; funding acquisition, S.S. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Ontario Ministry of Agriculture, Food and Rural Af-
fairs (funding number 030157); the Natural Sciences and Engineering Research Council of Canada
(funding number 400561); and the University of Guelph’s Food from Thought initiative (funding
number 499142). Shahriar Behboudi was funded by U.K. Research and Innovation Biotechnology
and Biological Sciences Research Council Grant BBS/E/I/00007030.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available from the corresponding
author on reasonable request.

Acknowledgments: We would like to acknowledge the staff of the isolation facility at the Ontario
Veterinary College.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Chien, Y.; Meyer, C.; Bonneville, M. I'd T Cells: First Line of Defense and Beyond. Annu. Rev. Immunol. 2014, 32, 121-155.
[CrossRef] [PubMed]

2. Ribot, J.C.; Lopes, N,; Silva-Santos, B. I'd T Cells in Tissue Physiology and Surveillance. Nat. Rev. Immunol. 2021, 21, 221-232.
[CrossRef] [PubMed]

3. Chan, K.E; Duarte, ].D.G.; Ostrouska, S.; Behren, A. I'6 T Cells in the Tumor Microenvironment—Interactions With Other Immune
Cells. Front. Immunol. 2022, 13, 894315. [CrossRef]

4. Zhao, Y,; Lin, L; Xiao, Z.; Li, M.; Wu, X,; Li, W,; Li, X.; Zhao, Q.; Wu, Y.; Zhang, H.; et al. Protective Role of I'd T Cells in Different
Pathogen Infections and Its Potential Clinical Application. J. Immunol. Res. 2018, 2018, 5081634. [CrossRef] [PubMed]

5. Matsuyama-Kato, A.; Iseki, H.; Boodhoo, N.; Bavananthasivam, J.; Alqazlan, N.; Abdul-Careem, M.E,; Plattner, B.L.; Behboudi, S.;
Sharif, S. Phenotypic Characterization of Gamma Delta (I'5) T Cells in Chickens Infected with or Vaccinated against Marek’s
Disease Virus. Virology 2022, 568, 115-125. [CrossRef]

6. Boodhoo, N.; Gurung, A.; Sharif, S.; Behboudi, S. Marek’s Disease in Chickens: A Review with Focus on Immunology. Vet. Res.
2016, 47, 119. [CrossRef]

7. St.Hill, C.A ; Silva, R.F; Sharma, ]. M. Detection and Localization of Avian Alphaherpesviruses in Embryonic Tissues Following in
Ovo Exposure. Virus Res. 2004, 100, 243-248. [CrossRef]

8. Barrow, A.D.; Burgess, S.C.; Baigent, S.].; Howes, K.; Nair, VK. Infection of Macrophages by a Lymphotropic Herpesvirus: A New
Tropism for Marek’s Disease Virus. J. Gen. Virol. 2003, 84, 2635-2645. [CrossRef]

9.  Calnek, B.W. Marek’s Disease—A Model for Herpesvirus Oncology. Crit. Rev. Microbiol. 1986, 12, 293-320. [CrossRef]


https://www.mdpi.com/article/10.3390/v15020285/s1
https://www.mdpi.com/article/10.3390/v15020285/s1
http://doi.org/10.1146/annurev-immunol-032713-120216
http://www.ncbi.nlm.nih.gov/pubmed/24387714
http://doi.org/10.1038/s41577-020-00452-4
http://www.ncbi.nlm.nih.gov/pubmed/33057185
http://doi.org/10.3389/fimmu.2022.894315
http://doi.org/10.1155/2018/5081634
http://www.ncbi.nlm.nih.gov/pubmed/30116753
http://doi.org/10.1016/j.virol.2022.01.012
http://doi.org/10.1186/s13567-016-0404-3
http://doi.org/10.1016/j.virusres.2003.11.011
http://doi.org/10.1099/vir.0.19206-0
http://doi.org/10.3109/10408418509104432

Viruses 2023, 15, 285 22 of 24

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Bertzbach, L.D.; van Haarlem, D.A.; Hértle, S.; Kaufer, B.B.; Jansen, C.A. Marek’s Disease Virus Infection of Natural Killer Cells.
Microorganisms 2019, 7, 588. [CrossRef]

Parvizi, P; Read, L.; Abdul-Careem, M.F.; Lusty, C.; Sharif, S. Cytokine Gene Expression in Splenic CD4(+) and CD8(+) T-Cell
Subsets of Chickens Infected with Marek’s Disease Virus. Viral Immunol. 2009, 22, 31-38. [CrossRef] [PubMed]

Wang, D.; Sun, S.; Heidari, M. Marek’s Disease Vaccine Activates Chicken Macrophages. J. Vet. Sci. 2018, 19, 375. [CrossRef]
[PubMed]

Hao, X.; Li, S;; Li, J.; Yang, Y.; Qin, A.; Shang, S. An Anti-Tumor Vaccine Against Marek’s Disease Virus Induces Differential
Activation and Memory Response of I'd T Cells and CD8 T Cells in Chickens. Front. Immunol. 2021, 12, 645426. [CrossRef]
[PubMed]

Laursen, A.M.S.; Kulkarni, R.R.; Taha-Abdelaziz, K.; Plattner, B.L.; Read, L.R.; Sharif, S. Characterizaton of Gamma Delta T Cells
in Marek’s Disease Virus (Gallid Herpesvirus 2) Infection of Chickens. Virology 2018, 522, 56—64. [CrossRef] [PubMed]
Yazdanifar, M.; Barbarito, G.; Bertaina, A.; Airoldi, I. I'd T Cells: The Ideal Tool for Cancer Immunotherapy. Cells 2020, 9, 1305.
[CrossRef]

Zhou, J.; Kang, N.; Cui, L.; Ba, D.; He, W. Anti-I'd TCR Antibody-Expanded I's T Cells: A Better Choice for the Adoptive
Immunotherapy of Lymphoid Malignancies. Cell. Mol. Immunol. 2012, 9, 34—44. [CrossRef]

Ou, L,; Wang, H.; Liu, Q.; Zhang, J.; Lu, H.; Luo, L.; Shi, C.; Lin, S.; Dong, L.; Guo, Y.; et al. Dichotomous and Stable Gamma Delta
T-Cell Number and Function in Healthy Individuals. ]. Immunother. Cancer 2021, 9, e002274. [CrossRef]

Schat, K.A.; Calnek, B.W.; Fabricant, J. Characterisation of Two Highly Oncogenic Strains of Marek’s Disease Virus 1 2. Avian
Pathol. 1982, 11, 593-605. [CrossRef]

Abdul-Careem, M.F,; Haq, K.; Shanmuganathan, S.; Read, L.R.; Schat, K.A.; Heidari, M.; Sharif, S. Induction of Innate Host
Responses in the Lungs of Chickens Following Infection with a Very Virulent Strain of Marek’s Disease Virus. Virology 2009, 393,
250-257. [CrossRef]

Yssel, H.; De Vries, J.E.; Koken, M.; Van Blitterswijk, W.; Spits, H. Serum-Free Medium for Generation and Propagation of
Functional Human Cytotoxic and Helper T Cell Clones. J. Immunol. Methods 1984, 72, 219-227. [CrossRef]

Bavananthasivam, J.; Alizadeh, M.; Astill, J.; Alqazlan, N.; Matsuyama-Kato, A.; Shojadoost, B.; Taha-Abdelaziz, K.; Sharif, S.
Effects of Administration of Probiotic Lactobacilli on Immunity Conferred by the Herpesvirus of Turkeys Vaccine against
Challenge with a Very Virulent Marek’s Disease Virus in Chickens. Vaccine 2021, 39, 2424-2433. [CrossRef] [PubMed]
Abdul-Careem, M.E,; Hunter, B.D.; Nagy, E.; Read, L.R.; Sanei, B.; Spencer, J.L.; Sharif, S. Development of a Real-Time PCR Assay
Using SYBR Green Chemistry for Monitoring Marek’s Disease Virus Genome Load in Feather Tips. J. Virol. Methods 2006, 133,
34-40. [CrossRef]

Brisbin, ].T.; Zhou, H.; Gong, J.; Sabour, P.; Akbari, M.R.; Haghighi, H.R.; Yu, H.; Clarke, A.; Sarson, A.].; Sharif, S. Gene Expression
Profiling of Chicken Lymphoid Cells after Treatment with Lactobacillus Acidophilus Cellular Components. Dev. Comp. Immunol.
2008, 32, 563-574. [CrossRef] [PubMed]

Abdul-Careem, M.E;; Hunter, B.D.; Sarson, A.J.; Parvizi, P; Haghighi, H.R.; Read, L.; Heidari, M.; Sharif, S. Host Responses Are
Induced in Feathers of Chickens Infected with Marek’s Disease Virus. Virology 2008, 370, 323-332. [CrossRef] [PubMed]
Brisbin, J.T.; Gong, J.; Parvizi, P.; Sharif, S. Effects of Lactobacilli on Cytokine Expression by Chicken Spleen and Cecal Tonsil
Cells. Clin. Vaccine Immunol. 2010, 17, 1337-1343. [CrossRef]

Yitbarek, A.; Rodriguez-Lecompte, J.C.; Echeverry, H.M.; Munyaka, P.; Barjesteh, N.; Sharif, S.; Camelo-Jaimes, G. Performance,
Histomorphology, and Toll-like Receptor, Chemokine, and Cytokine Profile Locally and Systemically in Broiler Chickens Fed
Diets Supplemented with Yeast-Derived Macromolecules. Poult. Sci. 2013, 92, 2299-2310. [CrossRef]

Crhanova, M.; Hradecka, H.; Faldynova, M.; Matulova, M.; Havlickova, H.; Sisak, F,; Rychlik, I. Inmune Response of Chicken
Gut to Natural Colonization by Gut Microflora and to Salmonella Enterica Serovar Enteritidis Infection. Infect. Immun. 2011, 79,
2755-2763. [CrossRef]

Abdul-Careem, M.E,; Hunter, B.D.; Parvizi, P.; Haghighi, H.R.; Thanthrige-Don, N.; Sharif, S. Cytokine Gene Expression Patterns
Associated with Immunization against Marek’s Disease in Chickens. Vaccine 2007, 25, 424-432. [CrossRef]

Sarson, A.J.; Abdul-Careem, M.E; Read, L.R.; Brisbin, J.T.; Sharif, S. Expression of Cytotoxicity-Associated Genes in Marek’s
Disease Virus—Infected Chickens. Viral Immunol. 2008, 21, 267-272. [CrossRef]

Dunne, M.R.; Madrigal-Estebas, L.; Tobin, L.M.; Doherty, D.G. (E)-4-Hydroxy-3-Methyl-but-2 Enyl Pyrophosphate-Stimulated
Vy9V62 T Cells Possess T Helper Type 1-Promoting Adjuvant Activity for Human Monocyte-Derived Dendritic Cells. Cancer
Immunol. Immunother. 2010, 59, 1109-1120. [CrossRef]

Ismaili, J.; Olislagers, V.; Poupot, R.; Fournié, J.-J.; Goldman, M. Human I'd T Cells Induce Dendritic Cell Maturation. Clin.
Immunol. 2002, 103, 296-302. [CrossRef]

Eberl, M.; Roberts, G.W.; Meuter, S.; Williams, ].D.; Topley, N.; Moser, B. A Rapid Crosstalk of Human I's T Cells and Monocytes
Drives the Acute Inflammation in Bacterial Infections. PLoS Pathog. 2009, 5, e1000308. [CrossRef]

Boodhoo, N.; Behboudi, S. Marek’s Disease Virus-Specific T Cells Proliferate, Express Antiviral Cytokines but Have Impaired
Degranulation Response. Front. Immunol. 2022, 13, 973762. [CrossRef] [PubMed]

Boodhoo, N.; Behboudi, S. Differential Virus-Specific IFN-Gamma Producing T Cell Responses to Marek’s Disease Virus in
Chickens With B19 and B21 MHC Haplotypes. Front. Immunol. 2022, 12, 784359. [CrossRef] [PubMed]


http://doi.org/10.3390/microorganisms7120588
http://doi.org/10.1089/vim.2008.0062
http://www.ncbi.nlm.nih.gov/pubmed/19210226
http://doi.org/10.4142/jvs.2018.19.3.375
http://www.ncbi.nlm.nih.gov/pubmed/29366301
http://doi.org/10.3389/fimmu.2021.645426
http://www.ncbi.nlm.nih.gov/pubmed/33659011
http://doi.org/10.1016/j.virol.2018.06.014
http://www.ncbi.nlm.nih.gov/pubmed/30014858
http://doi.org/10.3390/cells9051305
http://doi.org/10.1038/cmi.2011.16
http://doi.org/10.1136/jitc-2020-002274
http://doi.org/10.1080/03079458208436134
http://doi.org/10.1016/j.virol.2009.08.001
http://doi.org/10.1016/0022-1759(84)90450-2
http://doi.org/10.1016/j.vaccine.2021.03.046
http://www.ncbi.nlm.nih.gov/pubmed/33781599
http://doi.org/10.1016/j.jviromet.2005.10.018
http://doi.org/10.1016/j.dci.2007.09.003
http://www.ncbi.nlm.nih.gov/pubmed/17981327
http://doi.org/10.1016/j.virol.2007.09.013
http://www.ncbi.nlm.nih.gov/pubmed/17949771
http://doi.org/10.1128/CVI.00143-10
http://doi.org/10.3382/ps.2013-03141
http://doi.org/10.1128/IAI.01375-10
http://doi.org/10.1016/j.vaccine.2006.08.006
http://doi.org/10.1089/vim.2007.0094
http://doi.org/10.1007/s00262-010-0839-8
http://doi.org/10.1006/clim.2002.5218
http://doi.org/10.1371/journal.ppat.1000308
http://doi.org/10.3389/fimmu.2022.973762
http://www.ncbi.nlm.nih.gov/pubmed/36189228
http://doi.org/10.3389/fimmu.2021.784359
http://www.ncbi.nlm.nih.gov/pubmed/35095857

Viruses 2023, 15, 285 23 of 24

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Song, K.D.; Lillehoj, H.S.; Choi, K.D.; Zarlenga, D.; Han, ].Y. Expression and Functional Characterization of Recombinant Chicken
Interferon-Gamma. Vet. Immunol. Immunopathol. 1997, 58, 321-333. [CrossRef] [PubMed]

Kano, R.; Konnai, S.; Onuma, M.; Ohashi, K. Cytokine Profiles in Chickens Infected with Virulent and Avirulent Marek’s Disease
Viruses: Interferon-Gamma Is a Key Factor in the Protection of Marek’s Disease by Vaccination. Microbiol. Immunol. 2009, 53,
224-232. [CrossRef] [PubMed]

Hagq, K.; Elawadli, I.; Parvizi, P.; Mallick, A.L; Behboudi, S.; Sharif, S. Interferon-y Influences Immunity Elicited by Vaccines
against Very Virulent Marek’s Disease Virus. Antiviral Res. 2011, 90, 218-226. [CrossRef]

Bertzbach, L.D.; Harlin, O.; Hértle, S.; Fehler, F,; Vychodil, T.; Kaufer, B.B.; Kaspers, B. IFN« and IFNy Impede Marek’s Disease
Progression. Viruses 2019, 11, 1103. [CrossRef]

Gao, Y.; Yang, W.; Pan, M.; Scully, E.; Girardi, M.; Augenlicht, L.H.; Craft, J.; Yin, Z. I'd T Cells Provide an Early Source of
Interferon y in Tumor Immunity. J. Exp. Med. 2003, 198, 433—442. [CrossRef]

Toka, EN.; Kenney, M.A.; Golde, W.T. Rapid and Transient Activation of I's T Cells to IFN-y Production, NK Cell-Like Killing,
and Antigen Processing during Acute Virus Infection. J. Immunol. 2011, 186, 4853—4861. [CrossRef]

Walliser, I.; Gobel, T.W. Chicken IL-17A Is Expressed in A3 and I'd T Cell Subsets and Binds to a Receptor Present on Macrophages,
and T Cells. Dev. Comp. Immunol. 2018, 81, 44-53. [CrossRef]

Papotto, PH.; Ribot, ].C.; Silva-Santos, B. IL-17+ I'6 T Cells as Kick-Starters of Inflammation. Nat. Immunol. 2017, 18, 604—611.
[CrossRef]

Omar, A.R.; Schat, K.A. Syngeneic Marek’s Disease Virus (MDV)-Specific Cell-Mediated Immune Responses against Immediate
Early, Late, and Unique MDYV Proteins. Virology 1996, 222, 87-99. [CrossRef] [PubMed]

Markowski-Grimsrud, C.J.; Schat, K.A. Cytotoxic T Lymphocyte Responses to Marek’s Disease Herpesvirus-Encoded Glycopro-
teins. Vet. Immunol. Immunopathol. 2002, 90, 133-144. [CrossRef]

Chen, C.-Y,; Xie, Q.-M.; Xue, Y.; Ji, J.; Chang, S.; Ma, J.-Y.; Bi, Y.-Z. Characterization of Cytotoxicity-Related Gene Expression
in Response to Virulent Marek’s Disease Virus Infection in the Bursa of Fabricius. Res. Vet. Sci. 2013, 94, 496-503. [CrossRef]
[PubMed]

St.Leger, A.].; Koelle, D.M.; Kinchington, P.R.; Verjans, G.M.G.M. Local Inmune Control of Latent Herpes Simplex Virus Type 1 in
Ganglia of Mice and Man. Front. Immunol. 2021, 12, 723809. [CrossRef]

Pereira, R.A.; Simon, M.M.; Simmons, A. Granzyme A, a Noncytolytic Component of CD8 + Cell Granules, Restricts the Spread of
Herpes Simplex Virus in the Peripheral Nervous Systems of Experimentally Infected Mice. J. Virol. 2000, 74, 1029-1032. [CrossRef]
[PubMed]

Knickelbein, J.E.; Khanna, K.M.; Yee, M.B.; Baty, C.J.; Kinchington, PR.; Hendricks, R.L. Noncytotoxic Lytic Granule-Mediated
CD8 + T Cell Inhibition of HSV-1 Reactivation from Neuronal Latency. Scienice 2008, 322, 268-271. [CrossRef] [PubMed]
Bavananthasivam, J.; Alqazlan, N.; Alizadeh, M.; Matsuyama-Kato, A.; Astill, ].; Kulkarni, R.R.; Sharif, S. The Regulatory
Microenvironment in Feathers of Chickens Infected with Very Virulent Marek’s Disease Virus. Viruses 2022, 14, 112. [CrossRef]
Heidari, M.; Delekta, P.C. Transcriptomic Analysis of Host Immune Response in the Skin of Chickens Infected with Marek’s
Disease Virus. Viral Immunol. 2017, 30, 377-387. [CrossRef]

Heidari, M.; Wang, D.; Delekta, P.; Sun, S. Marek’s Disease Virus Immunosuppression Alters Host Cellular Responses and
Immune Gene Expression in the Skin of Infected Chickens. Vet. Immunol. Immunopathol. 2016, 180, 21-28. [CrossRef] [PubMed]
Minami, Y.; Kono, T.; Miyazaki, T.; Taniguchi, T. The IL-2 Receptor Complex: Its Structure, Function, and Target Genes. Annu.
Rev. Immunol. 1993, 11, 245-268. [CrossRef] [PubMed]

Braukmann, M.; Methner, U.; Berndt, A. Avian CD25(+) Gamma/Delta (I'5) T Cells after Salmonella Exposure. Vet. Immunol.
Immunopathol. 2015, 168, 14-18. [CrossRef] [PubMed]

Gurung, A.; Kamble, N.; Kaufer, B.B.; Pathan, A.; Behboudi, S. Association of Marek’s Disease Induced Immunosuppression with
Activation of a Novel Regulatory T Cells in Chickens. PLoS Pathog. 2017, 13, e1006745. [CrossRef] [PubMed]

Migalovich Sheikhet, H.; Villacorta Hidalgo, J.; Fisch, P.; Balbir-Gurman, A.; Braun-Moscovici, Y.; Bank, I. Dysregulated CD25 and
Cytokine Expression by I's T Cells of Systemic Sclerosis Patients Stimulated With Cardiolipin and Zoledronate. Front. Immunol.
2018, 9, 753. [CrossRef] [PubMed]

Placek, K.; Schultze, J.L.; Aschenbrenner, A.C. Epigenetic Reprogramming of Immune Cells in Injury, Repair, and Resolution.
J. Clin. Investig. 2019, 129, 2994-3005. [CrossRef]

Beatson, R.E.; Parente-Pereira, A.C.; Halim, L.; Cozzetto, D.; Hull, C.; Whilding, L.M.; Martinez, O.; Taylor, C.A.; Obajdin, J.;
Luu Hoang, K.N.; et al. TGF-B1 Potentiates Vy9V$2 T Cell Adoptive Immunotherapy of Cancer. Cell Rep. Med. 2021, 2, 100473.
[CrossRef]

Parvizi, P; Read, L.R.; Abdul-Careem, M.E; Sarson, A.].; Lusty, C.; Lambourne, M.; Thanthrige-Don, N.; Burgess, S.C.; Sharif, S.
Cytokine Gene Expression in Splenic CD4+ and CD8+ T Cell Subsets of Genetically Resistant and Susceptible Chickens Infected
with Marek’s Disease Virus. Vet. Immunol. Immunopathol. 2009, 132, 209-217. [CrossRef]

Mumm, J.B.; Emmerich, J.; Zhang, X.; Chan, I.; Wu, L.; Mauze, S.; Blaisdell, S.; Basham, B.; Dai, J.; Grein, J.; et al. IL-10 Elicits
IFNy-Dependent Tumor Immune Surveillance. Cancer Cell 2011, 20, 781-796. [CrossRef]

Ouyang, W.; O’Garra, A. IL-10 Family Cytokines IL-10 and IL-22: From Basic Science to Clinical Translation. Immunity 2019, 50,
871-891. [CrossRef]

Murugaiyan, G.; Saha, B. Protumor vs Antitumor Functions of IL-17. J. Immunol. 2009, 183, 4169-4175. [CrossRef] [PubMed]


http://doi.org/10.1016/S0165-2427(97)00034-2
http://www.ncbi.nlm.nih.gov/pubmed/9436275
http://doi.org/10.1111/j.1348-0421.2009.00109.x
http://www.ncbi.nlm.nih.gov/pubmed/19714859
http://doi.org/10.1016/j.antiviral.2011.04.001
http://doi.org/10.3390/v11121103
http://doi.org/10.1084/jem.20030584
http://doi.org/10.4049/jimmunol.1003599
http://doi.org/10.1016/j.dci.2017.11.004
http://doi.org/10.1038/ni.3726
http://doi.org/10.1006/viro.1996.0400
http://www.ncbi.nlm.nih.gov/pubmed/8806490
http://doi.org/10.1016/S0165-2427(02)00229-5
http://doi.org/10.1016/j.rvsc.2012.10.014
http://www.ncbi.nlm.nih.gov/pubmed/23164636
http://doi.org/10.3389/fimmu.2021.723809
http://doi.org/10.1128/JVI.74.2.1029-1032.2000
http://www.ncbi.nlm.nih.gov/pubmed/10623769
http://doi.org/10.1126/science.1164164
http://www.ncbi.nlm.nih.gov/pubmed/18845757
http://doi.org/10.3390/v14010112
http://doi.org/10.1089/vim.2016.0172
http://doi.org/10.1016/j.vetimm.2016.08.013
http://www.ncbi.nlm.nih.gov/pubmed/27692091
http://doi.org/10.1146/annurev.iy.11.040193.001333
http://www.ncbi.nlm.nih.gov/pubmed/8476561
http://doi.org/10.1016/j.vetimm.2015.09.010
http://www.ncbi.nlm.nih.gov/pubmed/26553561
http://doi.org/10.1371/journal.ppat.1006745
http://www.ncbi.nlm.nih.gov/pubmed/29267390
http://doi.org/10.3389/fimmu.2018.00753
http://www.ncbi.nlm.nih.gov/pubmed/29706966
http://doi.org/10.1172/JCI124619
http://doi.org/10.1016/j.xcrm.2021.100473
http://doi.org/10.1016/j.vetimm.2009.06.009
http://doi.org/10.1016/j.ccr.2011.11.003
http://doi.org/10.1016/j.immuni.2019.03.020
http://doi.org/10.4049/jimmunol.0901017
http://www.ncbi.nlm.nih.gov/pubmed/19767566

Viruses 2023, 15, 285 24 of 24

62.

63.
64.

65.

Maniati, E.; Soper, R.; Hagemann, T. Up for Mischief? IL-17/Th17 in the Tumour Microenvironment. Oncogene 2010, 29, 5653-5662.
[CrossRef] [PubMed]

Silva-Santos, B.; Serre, K.; Norell, H. I'd T Cells in Cancer. Nat. Rev. Immunol. 2015, 15, 683-691. [CrossRef] [PubMed]

Lee, M.-H.; Tung-Chieh Chang, J.; Liao, C.-T.; Chen, Y.-S.; Kuo, M.-L.; Shen, C.-R. Interleukin 17 and Peripheral IL-17-Expressing
T Cells Are Negatively Correlated with the Overall Survival of Head and Neck Cancer Patients. Oncotarget 2018, 9, 9825-9837.
[CrossRef] [PubMed]

Bertzbach, L.D.; Laparidou, M.; Hértle, S.; Etches, R.].; Kaspers, B.; Schusser, B.; Kaufer, B.B. Unraveling the Role of B Cells in the
Pathogenesis of an Oncogenic Avian Herpesvirus. Proc. Natl. Acad. Sci. USA 2018, 115, 11603-11607. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1038/onc.2010.367
http://www.ncbi.nlm.nih.gov/pubmed/20729908
http://doi.org/10.1038/nri3904
http://www.ncbi.nlm.nih.gov/pubmed/26449179
http://doi.org/10.18632/oncotarget.23934
http://www.ncbi.nlm.nih.gov/pubmed/29515773
http://doi.org/10.1073/pnas.1813964115
http://www.ncbi.nlm.nih.gov/pubmed/30337483

	Introduction 
	Materials and Methods 
	Chicken Housing and Ethics 
	Virus Preparation 
	Ex Vivo TCR Stimulation 
	Experimental Design 
	Single-Cell Isolation from Lungs, Spleen, and Blood 
	Flow Cytometry 
	DNA Extraction 
	RNA Extraction and cDNA Synthesis 
	Real-Time Quantitative Polymerase Chain Reaction (RT-qPCR) 
	Statistical Analysis 

	Results 
	TCR Stimulation Induced IFN- Production by Chicken  T Cells 
	TCR Stimulation Induced Upregulation of IFN-, IL-2, and IL-17 Gene Expression and Downregulation of TGF- Gene Expression in the PBMCs 
	Adoptive Transfer of TCR-Activated PBMCs Reduced Tumor Incidence and Suppressed Viral Replication in MDV-Challenged Chickens 
	Lower Frequency of  T Cells in the Spleen of the TCR-/MDV+ Group at 10 dpi and Higher Frequency of  T Cells in the Spleen and PBMCs of the TCR+/MDV+ Group at 21 dpi 
	Circulating  T Cells in the TCR+/MDV+ Group Showed a Higher Degranulation Activity at 10 and 21 dpi 
	Infusion of TCR-Activated PBMCs Induced IFN- Gene Expression in the Spleen at 4, 10, and 21 dpi and Granzyme A Gene Expression at 10 dpi 

	Discussion 
	References

