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ABSTRACT Marek’s disease virus (MDV) is an oncogenic alphaherpesvirus that causes 
deadly lymphomas in chickens. In chickens, up to 50% of all peripheral T cells are gamma 
delta (γδ) T cells. Until now, their role in MDV pathogenesis and tumor formation remains 
poorly understood. To investigate the role of γδ T cells in MDV pathogenesis, we infected 
recently generated γδ T cell knockout chickens with very virulent MDV. Strikingly, disease 
and tumor incidence were highly increased in the absence of γδ T cells, indicating that 
γδ T cells play an important role in the immune response against MDV. In the absence 
of γδ T cells, virus replication was drastically increased in the thymus and spleen, which 
are potential sites of T cell transformation. Taken together, our data provide the first 
evidence that γδ T cells play an important role in the pathogenesis and tumor formation 
of this highly oncogenic herpesvirus.

IMPORTANCE Gamma delta (γδ) T cells are the most abundant T cells in chickens, but 
their role in fighting pathogens remains poorly understood. Marek’s disease virus (MDV) 
is an important veterinary pathogen, that causes one of the most frequent cancers in 
animals and is used as a model for virus-induced tumor formation. Our study revealed 
that γδ T cells play a crucial role in combating MDV, as disease and tumor incidence 
drastically increased in the absence of these cells. γδ T cells restricted virus replication 
in the key lymphoid organs, thereby decreasing the likelihood of causing tumors and 
disease. This study provides novel insights into the role of γδ T cells in the pathogenesis 
of this highly oncogenic virus.

KEYWORDS Marek’s disease virus, gamma delta T cells, tumors, tumorigenesis, cellular 
immunity

M arek’s disease virus (MDV) is a highly oncogenic alphaherpesvirus that infects a 
wide range of chicken immune cells and causes deadly T cell lymphomas (1). 

Chickens are infected with the virus via inhalation of MDV-containing dust from a 
contaminated environment (2). In the respiratory tract, MDV can infect various immune 
cells, including macrophages, dendritic cells, and B cells, which are thought to transport 
the virus to the primary lymphoid organs (3). The virus can be detected in the bursa of 
Fabricius, spleen, and thymus within 24–48 hours post-infection (3, 4). In these lymphoid 
organs, MDV infects B and T cells and subsequently establishes latency in CD4+ T cells 
(5). We recently demonstrated that B cells are dispensable for MDV pathogenesis using 
the first cell-knockout chickens lacking B cells (6). MDV is also able to transform infected 
CD4+ T cells, which ultimately leads to deadly T cell lymphomas in various organs, 
including the liver, kidney, and spleen. These tumors are mostly of clonal origin (7–9), 
indicating that only one or a few T cells are transformed. Infected lymphocytes also 
transport the virus to the skin, where the infectious virus is produced in the feather 
follicle epithelium (FFE) and shed into the environment (10). MDV infection can trigger 
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both innate and adaptive immune responses. Various cell types are thought to be 
involved in the immune response against MDV including macrophages, natural 
killer cells, CD4+, and CD8+ T cells (11–13).

T cells are characterized by their T cell receptor (TCR), which can be divided into 
two main subgroups: alpha beta (αβ) and gamma delta (γδ) T cells (14). γδ T cells are 
unconventional T cells and represent up to 50% of the peripheral T cells in chickens 
(5). The diversity of their TCR repertoires is greater than that observed in humans and 
mice (15). γδ T cells also represent a major subset of cytotoxic lymphocytes that can 
spontaneously lyse target cells without being restricted to major histocompatibility 
complex (MHC) molecules (15). Until now, the role of γδ T cells in the immune response 
against many pathogens remains poorly understood.

Intriguingly, it has been recently shown that γδ T cells are significantly increased 
in MDV-infected animals (5, 16). In addition, these cells upregulate the expression of 
interferon-γ (IFN-γ) during early infection, suggesting that they may play a role in either 
the immune response against MDV or its pathogenesis (16). Furthermore, it was recently 
shown that peripheral blood mononuclear cells (PBMCs) activated with an anti-TCRγδ 
monoclonal antibody increase IFN-γ production and showed cytotoxic effect against 
MDV-infected cells (17). An adoptive transfer of these PBMCs containing activated γδ T 
cells reduced virus replication in the lungs and MDV-induced tumorigenesis in chickens. 
This suggested that activated γδ T cells may play a role in initiating immune responses 
against MDV during the early stages of infection (17).

Despite recent advances, the role of γδ T cells in MDV pathogenesis remains poorly 
known, which is mostly due to the lack of γδ T cell-knockout chickens. Recently, we 
successfully generated a chicken line that lacks the γδ T cells (TCR Cγ−/−) (18). We used 
these knockout chickens to study the role of γδ T cells in the MDV life cycle. Our data 
revealed that the absence of γδ T cells increases virus replication in the thymus and 
spleen during early infection. In addition, we observed a drastic increase in both disease 
and tumor incidence in infected animals. Our experiments thereby shed light on the role 
of these abundant T cell populations in the MDV pathogenesis.

RESULTS

Absence of γδ T cells increases disease and tumor incidence

Until now, the role of γδ T cells in the immune response against MDV and its pathogen
esis remains poorly understood. Therefore, we infected genetically modified chickens 
that lack γδ T cells with very virulent MDV. This chicken line was recently generated 
and characterized (18). Throughout infection, the disease incidence was significantly 
increased in TCR Cγ−/− compared to the wild-type (WT) animals (Fig. 1A). Until the end 
of the experiment, 70% of the infected TCR Cγ−/− animals showed MDV-specific clinical 
symptoms compared to 37.5% of their WT hatch mates. Similarly, tumor incidence was 
increased by more than twofold in the absence of γδ T cells (45%) compared to WT 
(20%) (Fig. 1B), suggesting that γδ T cells play a protective role in MDV pathogeneses. 
To decipher if the absence of γδ T cells affects tumor dissemination, the number of 
tumor-containing organs per tumor-bearing animal was determined. Surprisingly, the 
average number of tumors in the infected TCR Cγ−/− animals was comparable to WT 
(Fig. 1C), suggesting that γδ T cells do not restrict tumor dissemination once tumors 
arise. Taken together, our data revealed that disease and tumor incidence is increased 
in the absence of γδ T cells, indicating that these cells play an important role in MDV 
pathogenesis and/or the immune response against the virus.

γδ T cells are dispensable for MDV shedding and transmission to naïve birds

As γδ T cells have a high frequency in the skin (19), we investigate the role of γδ T 
cells in controlling virus replication in the skin, shedding, and transmission. To achieve 
this, we quantified the MDV genome copies in feather shafts, dust, and the infection 
of contact animals. Intriguingly, MDV genome copies in the FFE of TCR Cγ−/− animals 
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were comparable to WT animals (Fig. 2A), suggesting that γδ T cells are not involved in 
controlling MDV replication in the skin.

Next, we evaluated the virus load in the dust. Consistently, MDV genome copies in the 
dust were comparable between both groups (Fig. 2B), indicating that γδ T cells do not 
influence virus shedding. In addition, we assessed if the absence of γδ T cells affects virus 
transmission. As MDV is efficiently shed into the environment after 14 days post-infection 
(dpi), we quantified MDV genome copies in the contact animals 21, 28, and 35 dpi (Fig. 
2C). MDV was very efficiently transmitted to the naïve animals as all tested animals were 
already positive at 21 dpi. A comparable virus load was detected between the groups 
(data not shown). Taken together, these data reveal that γδ T cells present in the skin do 
not restrict MDV replication in the FFE, shedding, and transmission.

Impact of the absence of γδ T cells on MDV replication and immune cell 
populations in the blood

To determine why the disease and tumor incidence were increased in the absence of γδ 
T cells, we quantified virus replication in the blood at various time points. Surprisingly 
virus replication was comparable between the two groups (Fig. 3A), indicating that 
γδ T cells do not affect MDV replication in the blood. To determine if the absence of 
γδ T cells affects other lymphocyte populations, we quantified different populations 
including B cell, CD4+, and CD8+ T cells in the blood of the infected and uninfected 
groups on 7, 10, and 14 dpi. B cell numbers were not significantly different between the 
groups (Fig. 3B). The recently described decrease in the number of B cells at 10 dpi was 
observed in both infected WT and TCR Cγ−/− birds (21). In addition, more B cells were 
detected in infected and uninfected TCR Cγ−/− chickens at 14 dpi. Similarly, CD8+ αβ T cell 
numbers were also not statistically significantly different (Fig. 3C), but again an increase 
was observed in infected and uninfected TCR Cγ−/− chickens at 14 dpi. No significant 
differences were found for numbers of CD4+ αβ T cells (Fig. 3D), however, at 14 dpi we 
found an increase only in infected TCR Cγ−/− animals. As MDV commonly transforms CD4+ 

T cells, this increase likely represents expanding tumor cells consistent with the increased 
tumor incidence in these chickens. Overall, this data highlights that γδ T cells do not 
influence the viral load in the blood and only have a minor effect on other immune cell 
populations in the blood.

FIG 1 Absence of γδ T cells increases disease and tumor incidence. (A) Disease incidence in MDV-infected WT (n = 24) and TCR Cγ−/− chickens (n = 20). The 

percentage of chickens with clear clinical symptoms of Marek’s disease, such as ataxia, paralysis torticollis, somnolence, and tumors (postmortem) is shown 

throughout the experiment (*P = 0.0396, Fisher’s exact test). (B) Tumor incidence is shown as a percentage of the chickens with gross tumors, during the 

postmortem examination (P > 0.05, Fisher’s exact test). (C) The average number of gross tumor-containing organs per tumor-bearing animal is shown with the 

standard deviation (error bars) (P > 0.05, Fisher’s exact test). Asterisks indicate statistical significance.
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FIG 2 γδ T cells are dispensable for MDV shedding and transmission. (A) quantitative Polymerase Chain 

Reaction (qPCR) analysis of MDV genome copies in the FFE of WT (n = 8) and TCR Cγ−/− chickens (n 

= 8). Mean genome copies are shown per million cells with standard deviation (error bars) (P > 0.05, 

Mann–Whitney U tests). (B) Average MDV genome copies per 1 µg of dust collected from the dust filter 

from each group at the indicated time points (20) (P > 0.05, Mann–Whitney U tests). (C) Percentage of 

MDV-positive contact chickens (n = 8) detected by qPCR at the indicated time points.
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Absence of γδ T cells increases MDV replication in specific lymph organs

To determine the role of γδ T cells in MDV replication in the primary lymphoid organs, 
we infected WT and TCR Cγ−/− animals and quantified MDV genome copies in the bursa, 
spleen, and thymus by qPCR. In all three organs, comparable MDV genome copies were 
detected at 7 dpi (Fig. 4A through C), indicating that γδ T cells are dispensable for the 
delivery of the virus to the lymphoid organs. In the bursa which contains mostly B cells, 
a comparable viral load was detected during the phase of lytic MDV replication. The viral 
load in the spleen and thymus was slightly increased in the absence of γδ T cells at 10 
and 14 dpi (Fig. 4B and C). These higher infection levels may increase the likelihood of 
T cell transformation and contribute to the elevated tumor incidence observed in the 
absence of γδ T cells.

DISCUSSION

γδ T cells play a crucial role in the immune response against viral infections in mammals 
(23, 24). They possess the ability to recognize and kill pathogens and tumor cells in an 
MHC-independent manner (25, 26). In humans, γδ T cells have a frequency of about 5% 
of circulating T cells. In contrast, γδ T cells represent up to 50% of T cells in the blood 

FIG 3 Effect of γδ T cells on MDV replication and immune cell populations in the blood. (A) qPCR analysis of virus replication in the blood of infected WT (n = 8) 

and TCR Cγ−/− (n = 8) chickens (P > 0.05, Mann–Whitney U tests). B cell (B), CD8+ (C), and CD4+ T cell (D) count in the blood of uninfected and infected chickens WT 

(n = 3) and TCR Cγ−/− (n = 3) using fluoresacence activated cell sorting (FACS) (22) [P > 0.05, two-way analysis of variance (ANOVA) (Tukey’s multiple comparisons 

tests)].

Research Article mBio

August 2024  Volume 15  Issue 8 10.1128/mbio.00315-24 5

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/m

bi
o 

on
 0

9 
O

ct
ob

er
 2

02
4 

by
 1

30
.1

33
.1

74
.2

42
.

https://doi.org/10.1128/mbio.00315-24


of chickens (15, 27). A recent study revealed that γδ T cells can spontaneously trigger 
cytotoxicity to kill virus-infected cells (15). Due to the highly cell-associated nature of 
MDV, cellular immune responses in general are thought to be crucial to combat the virus. 
A recent study suggested that γδ T cells are likely involved in the immune response 
against MDV (17), a link that we followed up in our manuscript.

To investigate the role of γδ T cells in MDV pathogenesis and tumor formation, we 
infected chickens that lack γδ T cells with very virulent MDV (RB-1B strain) as suggested 
by Matsuyama-Kato et al. (17). This recently generated and characterized chicken line 
allowed us to address the role of γδ T cells in MDV pathogenesis. In our experiment, 
we observed that in the absence of γδ T cells, the disease incidence was significantly 
increased during the experiment. As tumors play a crucial role in the development of 
Marek`s disease, we determined if and how many infected knockout and WT animals 
developed tumors. Tumor incidence increased by more than twofold in the absence of 
γδ T cells (45%) compared to the WT group (20%). This is relatively low for a virulent MDV 
strain and is due to the high genetic resistance of the chicken line (LSL, white leghorn) 
against MDV (18).

A recent study reported a delay in MDV tumor formation when PBMCs activated with 
an anti-TCRγδ monoclonal antibody were transferred into chickens. The study suggested 
that this delay is due to the upregulation of cytotoxic activity, which could restrict MDV 
reactivation (17). In humans, γδ T cells were reported to have anti-tumor function against 
several types of lymphoma (28–30) and serve as a promising cancer immunotherapy.

Interestingly, the average number of visceral organs with gross tumors was compara
ble between TCR Cγ−/− and WT animals. This suggests that γδ T cells do not restrict 
metastasis but only tumor development at an earlier stage.

It is known that infected T cells can transport the virus to the skin, where MDV 
efficiently replicates in the FFE and is shed into the environment (7, 31). Since γδ T cells 
have a high frequency in the skin (19), we investigated if the absence of these cells 
affected virus shedding. We quantified virus genome copies in the FFE, dust, and in naïve 
contact chickens. Surprisingly, comparable virus genome copies were detected in the 
feathers and dust of TCR Cγ−/− and WT chickens by qPCR. This highlighted that γδ T cells 
do not influence MDV replication and shedding from the FFE. In addition, MDV efficiently 
spread independent of the presence or absence of γδ T cells as all contact chickens were 
infected until day 21 of the experiment. These contacts were all WT chickens to ensure 
a comparable susceptibility to infection. The observation that virus genome copies were 

FIG 4 Absence of γδ T cells increases MDV replication in specific lymph organs. MDV genome copies in the bursa (A), spleen (B), and thymus (C) of MDV-infected 

WT (n = 9) and TCR Cγ−/− (n = 8) chickens at 7, 10, and 14 dpi. Mean genome copies are shown per million cells with standard deviation (error bars) (P > 0.05, 

Wilcoxon–Mann–Whitney test).
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comparable between the groups indicates that comparable virus levels infected them in 
the same time frame. This is in agreement with a recent study that showed that MDV 
replication in the skin is not influenced by the infusion of PBMCs activated with an 
anti-TCRγδ monoclonal antibody (17).

To assess why TCR Cγ−/− animals showed a higher disease and tumor incidence, 
we initially quantified virus replication in the blood of the infected animals over time. 
Intriguingly, the viral copies in the TCR Cγ−/− animals were comparable to WT, suggesting 
that γδ T cells are dispensable for virus replication in blood. In addition, we assessed 
the effect of the absence of γδ T cells on other immune cell populations in infected 
and uninfected animals at 7, 10, and 14 dpi. B cell populations were not significantly 
different between the groups (Fig. 3B). Only slightly more B cells were detected in 
infected and uninfected TCR Cγ−/− chickens at 14 dpi. CD8+ αβ T cell numbers were also 
not statistically significantly different (Fig. 3C), while an increase was observed in infected 
and uninfected TCR Cγ−/− chickens at 14 dpi. This is consistent with a previous study 
by von Heyl et al. that extensively characterized lymphocyte subsets in the blood of 
uninfected TCR Cγ−/− animals and did not observe any significant changes compared to 
their WT hatch mates (18). Similarly, CD4+ T cells were also not significantly different (Fig. 
3D), while only an increase in infected TCR Cγ−/− was observed at 14 dpi. Since CD4+ T 
cells are the primary target for MDV transformation (3, 32), this increase may be due to 
the expansion of tumor cells.

Next, we assessed the role of γδ T cells in MDV lytic replication in the bursa, thymus, 
and spleen. This is particularly important, as MDV mostly replicates in these lymphoid 
organs, and transformation is thought to occur in them. In general, the virus was 
efficiently transported to the lymphoid organs as comparable levels were observed at 
7 dpi, a commonly used time point for lytic replication. This indicated that γδ T cells do 
not play a role in the delivery of the virus to the primary lymphoid organs. The absence 
of γδ T cells did not affect virus replication in the bursa, likely because the bursa is 
mostly composed of B cells and only a few γδ T cells are present in the bursa that could 
affect MDV replication. Albeit not statistically significantly different, MDV replication was 
increased in the spleen and thymus in the absence of γδ T cells. These higher infection 
levels may increase the likelihood of T cell transformation and contribute to the elevated 
tumor incidence observed in the absence of γδ T cells.

The increased virus load in the spleen and thymus but not in the blood, skin, or bursa, 
indicated that γδ T cells play a tissue-specific role in the immune response against MDV. 
This is consistent with a previous study that showed that γδ T cells have cytotoxic activity 
in the spleen but not in the blood (15).

In conclusion, Our study provides crucial evidence that γδ T cells play an important 
role in MDV pathogenesis. Our data revealed a higher disease and tumor incidence in the 
absence of γδ T cells in MDV-infected chickens. Much higher viral loads were detected 
in the spleen and thymus in the absence of γδ T cells, indicating that γδ T cells restrict 
virus replication and/or tumor development. Overall, our data provide important insights 
into the role of this highly abundant cell population in the pathogenesis of this deadly 
pathogen.

MATERIALS AND METHODS

Animals and genotyping

The γδ T cell-knockout chickens (TCR Cγ−/−) were recently generated and completely 
lacked γδ T cells (18). γδ T cell-knockout chickens develop normally and had compara
ble body weights compared to their non-transgenic hatch mates. Their immunological 
profile has been characterized intensively recently (18). Whole peripheral blood was 
collected from newly hatched chicks, and total DNA was extracted using the NucleoSpin 
96 Blood core kit (Macherey-Nagel, Düren, Germany) according to the manufacturer’s 
instructions. Genotyping has been performed by PCR using TCR-specific primers as 
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published previously (18). Chicks were categorized into two groups: WT (TCR Cγ+/+) or KO 
(TCR Cγ−/−). The primers used for genotyping are shown in Table 1.

Cells and viruses

Chicken embryo cells (CECs) were prepared from 11-day-old Valo specific-pathogen-free 
(SPF) embryos (ValoBioMedia) as described previously (33). CECs were propagated in 
minimun essential medium (MEM) (Pan-Biotech, Aidenbach, Germany) supplemented 
with 1%–10% fetal calf serum (FCS) and 1% penicillin/streptomycin at 37°C under a 5% 
CO2 atmosphere. The very virulent RB1B WT strain was propagated on CECs, stocks were 
frozen in liquid nitrogen and titrated prior to their use (34).

Animal experiments

Animal experiment 1

To investigate the role of γδ T cells in MDV-induced pathogenesis, 1-day-old chicks were 
genotyped. Wild type (WT; n = 24) and γδ T cell knockout (TCR Cγ−/−; n = 20) animals 
from the same parents were injected subcutaneously with 2,000 PFU of the very virulent 
RB-1B strain. To assess the natural transmission of the virus, 1-day-old VALO SPF (VALO 
BioMedia) chickens (n = 11 per group) were housed with the infected chickens. The two 
groups were housed separately and supplied with food and water ad libitum.

To assess virus replication in the infected animals, peripheral blood was collected 
at 4, 7, 10, 14, 21, and 28 dpi. To quantify the virus genome copies in the skin 
of the infected animals, feather samples were collected at 4, 7, 10, 14, 21, 28, 
and 35 dpi. To quantify the shedding of MDV into the environment, dust was 
collected in the rooms at 10, 14, 21, 28, 35, and 42 dpi. To assess the infection 
of the contact animals, peripheral blood was collected at 21, 28, and 35 dpi. 
Chickens were monitored daily throughout the experiment for the development 
of MDV-specific  symptoms, including ataxia, paralysis of the legs, wings, or neck, 
torticollis,  and somnolence. Once chickens exhibited severe symptoms or at the end 
of the experiment (91 days),  they were humanely euthanized and examined for gross 
tumors, and the spleens were collected to assess the virus load.

Animal experiment 2

To determine if the absence of γδ T cells affects virus replication in the lymphoid organs, 
1-day-old chicks were genotyped, divided into two groups, WT (n = 9) and TCR Cγ−/− (n 
= 8), and infected as described above. In parallel, uninfected control chickens (WT; n = 9, 
TCR Cγ−/−; n = 6) were raised in a separate room.

TABLE 1 PCR and qPCR primers and probes used in this study

Construct region Direction Primer or probea sequence (5′→3′)b

TCR Cγ−/− (PCR) For GCCATTCCTATTCCCATCCTAAGT
Rev GGTTCGAAATGACCGACCAAGC

WT (PCR) For CAGCTCCACGCCATGAAACCATAG
Rev GTTGICACTGTCACTGGCTG

ICP4 (qPCR) For CGTGTTTTCCGGCATGTG
Rev TCCCATACCAATCCTCATCCA
Probe FAM-CCCCCACCAGGTGCAGGCA-TAM

INOS (qPCR) For GAGTGGTTTAAGGAGTTGGATCTGA
Rev TTCCAGACCTCCCACCTCAA
Probe FAM-CTCTGCCTGCTGTTGCCAACATGC-TAM

aFor, forward primer; Rev, reverse primer.
bFAM, 6-carboxyfluorescein; TAM, TAMRA.
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Blood samples were collected from infected and control animals at 7, 10, and 14 dpi. 
To assess the delivery to and replication in the lymphoid organs, MDV genome copies 
were quantified in the spleen, thymus, and bursa at these time points.

DNA extraction and genomic quantification of the virus

Whole-blood DNA was extracted using the NucleoSpin 96 Blood Core Kit (Macherey-
Nagel, Düren, Germany) according to the manufacturer’s protocol. DNA was also 
extracted from feathers and dust using a proteinase K lysis protocol described previously 
(20). DNA from organs was extracted using the innuPREP DNA mini kit (Analytik-Jena, 
Berlin, Germany) following the manufacturer’s instructions. To quantify the virus load by 
qPCR, specific primers and probes (Table 1) for MDV ICP4 were used. The virus genome 
copies were normalized against the chicken-induced nitric oxide synthase (iNOS) gene 
(10, 35, 36).

Flow cytometry

To assess the effects of infection and γδ T cell knockout on other immune cell popu
lations (incl. thrombocytes, monocyte, T and B cells), absolute counts of these cells 
in the blood were determined by flow cytometry as described previously (22). Briefly, 
the peripheral blood was collected in precoated anticoagulant tubes and stabilized 
with the TransFix reagent (Cytomark, Buckingham, UK) according to the manufacturer’s 
instructions. Whole blood was diluted with flow buffer, incubated with an antibody 
mix of anti-TCRαβ/Vβ1-FITC (clone TCR2), anti-TCRαβ/Vβ2-FITC (clone TCR3), anti-TCRγδ-
PE (clone TCR1), anti-Bu1-Pacific Blue (clone AV20), all Southern Biotech, Birmingham, 
USA, anti-CD8-PerCP-Cy5.5 (clone CT8, Southern Biotech, LYNX Rapid PerCP Antibody 
Conjugation Kit, Bio-rad, Feldkirchen, Germany), anti-CD45-APC (clone UM16-6, LYNX 
Rapid APC Antibody Conjugation Kit, both Bio-rad) and thrombocyte marker K1-PE 
(LYNX Rapid RPE Antibody Conjugation Kit, Bio-rad) (37). Flow cytometric measurements 
were performed with a FACSCanto II (Becton Dickinson, Heidelberg, Germany) and data 
were analyzed using the FACSDiva (Becton Dickinson, Heidelberg, Germany) and FlowJo 
(FlowJo LLC, Oregon, USA) software (A1).

Statistical analysis

Statistical analyses were performed using Graph-Pad Prism v9 (San Diego, CA, USA). The 
MD incidence graph was analyzed using the log-rank test (Mantel-Cox) test. Fisher’s exact 
test was used to assess the MD incidence at the final necropsy (91 dpi). The tumor 
incidence and the average number of tumors per animal were analyzed using Fisher’s 
exact test. MDV genome copies in the feather or dust were analyzed using the Mann–
Whitney U test. MDV genome copies in the blood of experimentally infected and contact 
animals were analyzed using the Mann–Whitney U test and paired t-test, respectively. 
The immune cell counts were analyzed using the two-way ANOVA (Tukey’s multiple 
comparisons tests). MDV genome copies in the bursa, spleen, and thymus were analyzed 
using the Wilcoxon–Mann–Whitney test.

ACKNOWLEDGMENTS

We are grateful to Ann Reum for her technical assistance. Thanks to Lisa Kossak for her 
help in an animal experiment. Thanks to Dr. Roswitha Merle in the Institute of Veterinary 
Epidemiology and Biostatistics, Freie Universität Berlin, for the statistical assistant.

This project was funded by the Deutsche Forschungsgemeinschaft in the framework 
of the Research Unit ImmunoChick (FOR5130) through the projects BE 3221/2-1, GO 
489/7-1, SCHU 2446/6-1, and KA 3492/9-1 awarded to S.H., T.W.G., B.S., and B.B.K.

AUTHOR AFFILIATIONS

1Institut für Virologie, Freie Universität Berlin, Berlin, Germany

Research Article mBio

August 2024  Volume 15  Issue 8 10.1128/mbio.00315-24 9

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/m

bi
o 

on
 0

9 
O

ct
ob

er
 2

02
4 

by
 1

30
.1

33
.1

74
.2

42
.

https://doi.org/10.1128/mbio.00315-24


2Department of Poultry Diseases, Faculty of Veterinary Medicine, Sohag University, 
Sohag, Egypt
3Department of Veterinary Sciences, Ludwig-Maximilians-Universität München, 
München, Germany
4Reproductive Biotechnology, TUM School of Life Sciences, Technische Universität 
München, München, Germany
5Center for Infection Prevention (ZIP), Technische Universität München, München, 
Germany
6Veterinary Centre for Resistance Research (TZR), Freie Universität Berlin, Berlin, Germany

AUTHOR ORCIDs

Mohammad A. Sabsabi  http://orcid.org/0009-0001-2266-0128
Ahmed Kheimar  http://orcid.org/0000-0001-8121-8981
Benjamin Schusser  http://orcid.org/0000-0002-9990-1890
Benedikt B. Kaufer  http://orcid.org/0000-0003-1328-2695

FUNDING

Funder Grant(s) Author(s)

Deutsche Forschungsgemeinschaft (DFG) HA 8037/2-1 Sonja Härtle

Deutsche Forschungsgemeinschaft (DFG) GO 489/7-1 Thomas W. Göbel

Deutsche Forschungsgemeinschaft (DFG) SCHU 2446/6-1 Benjamin Schusser

Deutsche Forschungsgemeinschaft (DFG) KA 3492/9-1 Benedikt B. Kaufer

AUTHOR CONTRIBUTIONS

Mohammad A. Sabsabi, Conceptualization, Data curation, Formal analysis, Investigation, 
Methodology, Writing – original draft, Writing – review and editing | Ahmed Khei
mar, Investigation, Methodology, Writing – review and editing | Yu You, Investigation, 
Methodology, Writing – review and editing | Dominik von La Roche, Investigation, 
Methodology, Writing – review and editing | Sonja Härtle, Conceptualization, Funding 
acquisition, Resources, Writing – original draft | Thomas W. Göbel, Conceptualization, 
Funding acquisition, Writing – review and editing | Theresa von Heyl, Resources, Writing 
– review and editing | Benjamin Schusser, Funding acquisition, Resources, Writing – 
review and editing | Benedikt B. Kaufer, Conceptualization, Funding acquisition, Project 
administration, Supervision, Writing – original draft, Writing – review and editing

ETHICS APPROVAL

All animal experiments were conducted according to the relevant international and 
national guidelines for the humane use of animals. The permission to conduct these 
experiments was granted by the Landesamt für Gesundheit und Soziales (LAGeSo) in 
Berlin, Germany (approval numbers G0294-17 and T0245/14).

ADDITIONAL FILES

The following material is available online.

Supplemental Material

Fig. S1 (mBio00315-24-s0001.pdf). Flow cytometry gating.

REFERENCES

1. Davison F, Nair V. 2004. Marek's disease: an evolving problem. Elsevier. 2. Bertzbach LD, Conradie AM, You Y, Kaufer BB. 2020. Latest insights into 
Marek's disease virus pathogenesis and tumorigenesis. Cancers (Basel) 
12:647. https://doi.org/10.3390/cancers12030647

Research Article mBio

August 2024  Volume 15  Issue 8 10.1128/mbio.00315-2410

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/m

bi
o 

on
 0

9 
O

ct
ob

er
 2

02
4 

by
 1

30
.1

33
.1

74
.2

42
.

https://doi.org/10.1128/mbio.00315-24
https://doi.org/10.3390/cancers12030647
https://doi.org/10.1128/mbio.00315-24


3. Boodhoo N, Gurung A, Sharif S, Behboudi S. 2016. Marek's disease in 
chickens: a review with focus on immunology. Vet Res 47:119. https://
doi.org/10.1186/s13567-016-0404-3

4. Calnek BW. 2001. Pathogenesis of Marek's disease virus infection. Curr 
Top Microbiol Immunol 255:25–55. https://doi.org/10.1007/978-3-642-
56863-3_2

5. Yang Y, Dong ML, Hao XL, Qin AJ, Shang SB. 2020. Revisiting cellular 
immune response to oncogenic Marek's disease virus: the rising of avian 
T-cell immunity. Cell Mol Life Sci 77:3103–3116. https://doi.org/10.1007/
s00018-020-03477-z

6. Bertzbach LD, Laparidou M, Härtle S, Etches RJ, Kaspers B, Schusser B, 
Kaufer BB. 2018. Unraveling the role of B cells in the pathogenesis of an 
oncogenic avian herpesvirus. Proc Natl Acad Sci U S A 115:11603–11607. 
https://doi.org/10.1073/pnas.1813964115

7. Osterrieder N, Kamil JP, Schumacher D, Tischer BK, Trapp S. 2006. 
Marek's disease virus: from miasma to model. Nat Rev Microbiol 4:283–
294. https://doi.org/10.1038/nrmicro1382

8. Burgess SC, Davison TF. 2002. Identification of the neoplastically 
transformed cells in Marek's disease herpesvirus-induced lymphomas: 
recognition by the monoclonal antibody AV37. J Virol 76:7276–7292. 
https://doi.org/10.1128/jvi.76.14.7276-7292.2002

9. Liu X, Lee LF, Sharma JM, Nazerian K. 1983. Establishment of lympho
blastoid cell lines from Marek’s disease primary tumors. Poult Sci 
62:1902–1905. https://doi.org/10.3382/ps.0621902

10. Couteaudier M, Denesvre C. 2014. Marek’s disease virus and skin 
interactions. Vet Res 45:36. https://doi.org/10.1186/1297-9716-45-36

11. Schermuly J, Greco A, Härtle S, Osterrieder N, Kaufer BB, Kaspers B. 2015. 
In vitro model for lytic replication, latency, and transformation of an 
oncogenic alphaherpesvirus. Proc Natl Acad Sci U S A 112:7279–7284. 
https://doi.org/10.1073/pnas.1424420112

12. Bertzbach LD, van Haarlem DA, Härtle S, Kaufer BB, Jansen CA. 2019. 
Marek's disease virus infection of natural killer cells. Microorganisms 
7:588. https://doi.org/10.3390/microorganisms7120588

13. Wang D, Sun SH, Heidari M. 2018. Marek's disease vaccine activates 
chicken macrophages. J Vet Sci 19:375–383. https://doi.org/10.4142/jvs.
2018.19.3.375

14. Shah K, Al-Haidari A, Sun JM, Kazi JU. 2021. T cell receptor (TCR) 
signaling in health and disease. Signal Transduct Target Ther 6:412. 
https://doi.org/10.1038/s41392-021-00823-w

15. Fenzl L, Göbel TW, Neulen M-L. 2017. γδ T cells represent a major 
spontaneously cytotoxic cell population in the chicken. Dev Comp 
Immunol 73:175–183. https://doi.org/10.1016/j.dci.2017.03.028

16. Laursen AMS, Kulkarni RR, Taha-Abdelaziz K, Plattner BL, Read LR, Sharif 
S. 2018. Characterizaton of gamma delta T cells in Marek’s disease virus 
(Gallid herpesvirus 2) infection of chickens. Virology 522:56–64. https://
doi.org/10.1016/j.virol.2018.06.014

17. Matsuyama-Kato A, Shojadoost B, Boodhoo N, Raj S, Alizadeh M, Fazel F, 
Fletcher C, Zheng JY, Gupta B, Abdul-Careem MF, Plattner BL, Behboudi 
S, Sharif S. 2023. Activated chicken gamma delta T cells are involved in 
protective immunity against Marek's disease. Viruses 15:285. https://doi.
org/10.3390/v15020285

18. von Heyl T, Klinger R, Aumann D, Zenner C, Alhussien M, Schlickenrieder 
A, Lengyel K, Vikkula H-K, Mittermair T, Sid H, Schusser B. 2023. Loss of 
αβ but not γδ T cells in chickens causes a severe phenotype. Eur J 
Immunol 53:e2350503. https://doi.org/10.1002/eji.202350503

19. Hu W, Shang R, Yang J, Chen C, Liu Z, Liang G, He W, Luo G. 2022. Skin γδ 
T cells and their function in wound healing. Front Immunol 13:875076. 
https://doi.org/10.3389/fimmu.2022.875076

20. Bello N, Francino O, Sánchez A. 2001. Isolation of genomic DNA from 
feathers. J Vet Diagn Invest 13:162–164. https://doi.org/10.1177/
104063870101300212

21. Berthault C, Larcher T, Härtle S, Vautherot J-F, Trapp-Fragnet L, Denesvre 
C. 2018. Atrophy of primary lymphoid organs induced by Marek’s 

disease virus during early infection is associated with increased 
apoptosis, inhibition of cell proliferation and a severe B-lymphopenia. 
Vet Res 49:31. https://doi.org/10.1186/s13567-018-0526-x

22. Seliger C, Schaerer B, Kohn M, Pendl H, Weigend S, Kaspers B, Härtle S. 
2012. A rapid high-precision flow cytometry based technique for total 
white blood cell counting in chickens. Vet Immunol Immunopathol 
145:86–99. https://doi.org/10.1016/j.vetimm.2011.10.010

23. Li Y, Li G, Zhang J, Wu X, Chen X. 2020. The dual roles of human γδ T 
cells: anti-tumor or tumor-promoting. Front Immunol 11:619954. https://
doi.org/10.3389/fimmu.2020.619954

24. Ribot JC, Lopes N, Silva-Santos B. 2021. γδ T cells in tissue physiology 
and surveillance. Nat Rev Immunol 21:221–232. https://doi.org/10.1038/
s41577-020-00452-4

25. Saura-Esteller J, de Jong M, King LA, Ensing E, Winograd B, de Gruijl TD, 
Parren P, van der Vliet HJ. 2022. Gamma delta T-cell based cancer 
immunotherapy: past-present-future. Front Immunol 13:915837. https://
doi.org/10.3389/fimmu.2022.915837

26. Yazdanifar M, Barbarito G, Bertaina A, Airoldi I. 2020. γδ T cells: the ideal 
tool for cancer immunotherapy. Cells 9:1305. https://doi.org/10.3390/
cells9051305

27. Sowder JT, Chen CLH, Ager LL, Chan MM, Cooper MD. 1988. A large 
subpopulation of avian T cells express a homologue of the mammalian T 
gamma/delta receptor. J Exp Med 167:315–322. https://doi.org/10.1084/
jem.167.2.315

28. He W, Hao J, Dong S, Gao Y, Tao J, Chi H, Flavell R, O’Brien RL, Born WK, 
Craft J, Han J, Wang P, Zhao L, Wu J, Yin Z. 2010. Naturally activated Vγ4 
γδ T cells play a protective role in tumor immunity through expression 
of eomesodermin. J Immunol 185:126–133. https://doi.org/10.4049/
jimmunol.0903767

29. Liu ZY, Eltoum IEA, Guo B, Beck BH, Cloud GA, Lopez RD. 2008. Protective 
immunosurveillance and therapeutic antitumor activity of γδ T cells 
demonstrated in a mouse model of prostate cancer. J Immunol 
180:6044–6053. https://doi.org/10.4049/jimmunol.180.9.6044

30. Street SEA, Hayakawa Y, Zhan YF, Lew AM, MacGregor D, Jamieson AM, 
Diefenbach A, Yagita H, Godfrey DI, Smyth MJ. 2004. Innate immune 
surveillance of spontaneous B cell lymphomas by natural killer cells and 
γδ T cells. J Exp Med 199:879–884. https://doi.org/10.1084/jem.
20031981

31. Heidari M, Wang D, Delekta P, Sun SH. 2016. Marek's disease virus 
immunosuppression alters host cellular responses and immune gene 
expression in the skin of infected chickens. Vet Immunol Immunopathol 
180:21–28. https://doi.org/10.1016/j.vetimm.2016.08.013

32. Gurung A, Kamble N, Kaufer BB, Pathan A, Behboudi S. 2017. Association 
of Marek's disease induced immunosuppression with activation of a 
novel regulatory T cells in chickens. PLoS Pathog 13:e1006745. https://
doi.org/10.1371/journal.ppat.1006745

33. Hernandez R, Brown DT. 2010. Growth and maintenance of chick 
embryo fibroblasts (CEF). Curr Protoc Microbiol Appendix 4:4I. https://
doi.org/10.1002/9780471729259.mca04is17

34. Schat KA, Calnek BW, Fabricant J. 1982. Characterisation of two highly 
oncogenic strains of Marek’s disease virus. Avian Pathol 11:593–605. 
https://doi.org/10.1080/03079458208436134

35. Read AF, Baigent SJ, Powers C, Kgosana LB, Blackwell L, Smith LP, 
Kennedy DA, Walkden-Brown SW, Nair VK. 2015. Imperfect vaccination 
can enhance the transmission of highly virulent pathogens. PLoS Biol 
13:e1002198. https://doi.org/10.1371/journal.pbio.1002198

36. Dunn JR, Silva RF, Lee LF, Witter RL. 2012. Competition between two 
virulent Marek's disease virus strains in vivo. Avian Pathol 41:267–275. 
https://doi.org/10.1080/03079457.2012.677804

37. Kaspers B, Lillehoj HS, Lillehoj EP. 1993. Chicken macrophages and 
thrombocytes share a common cell surface antigen defined by a 
monoclonal antibody. Vet Immunol Immunopathol 36:333–346. https://
doi.org/10.1016/0165-2427(93)90029-4

Research Article mBio

August 2024  Volume 15  Issue 8 10.1128/mbio.00315-2411

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/m

bi
o 

on
 0

9 
O

ct
ob

er
 2

02
4 

by
 1

30
.1

33
.1

74
.2

42
.

https://doi.org/10.1186/s13567-016-0404-3
https://doi.org/10.1007/978-3-642-56863-3_2
https://doi.org/10.1007/s00018-020-03477-z
https://doi.org/10.1073/pnas.1813964115
https://doi.org/10.1038/nrmicro1382
https://doi.org/10.1128/jvi.76.14.7276-7292.2002
https://doi.org/10.3382/ps.0621902
https://doi.org/10.1186/1297-9716-45-36
https://doi.org/10.1073/pnas.1424420112
https://doi.org/10.3390/microorganisms7120588
https://doi.org/10.4142/jvs.2018.19.3.375
https://doi.org/10.1038/s41392-021-00823-w
https://doi.org/10.1016/j.dci.2017.03.028
https://doi.org/10.1016/j.virol.2018.06.014
https://doi.org/10.3390/v15020285
https://doi.org/10.1002/eji.202350503
https://doi.org/10.3389/fimmu.2022.875076
https://doi.org/10.1177/104063870101300212
https://doi.org/10.1186/s13567-018-0526-x
https://doi.org/10.1016/j.vetimm.2011.10.010
https://doi.org/10.3389/fimmu.2020.619954
https://doi.org/10.1038/s41577-020-00452-4
https://doi.org/10.3389/fimmu.2022.915837
https://doi.org/10.3390/cells9051305
https://doi.org/10.1084/jem.167.2.315
https://doi.org/10.4049/jimmunol.0903767
https://doi.org/10.4049/jimmunol.180.9.6044
https://doi.org/10.1084/jem.20031981
https://doi.org/10.1016/j.vetimm.2016.08.013
https://doi.org/10.1371/journal.ppat.1006745
https://doi.org/10.1002/9780471729259.mca04is17
https://doi.org/10.1080/03079458208436134
https://doi.org/10.1371/journal.pbio.1002198
https://doi.org/10.1080/03079457.2012.677804
https://doi.org/10.1016/0165-2427(93)90029-4
https://doi.org/10.1128/mbio.00315-24

	Unraveling the role of γδ T cells in the pathogenesis of an oncogenic avian herpesvirus
	RESULTS
	Absence of γδ T cells increases disease and tumor incidence
	γδ T cells are dispensable for MDV shedding and transmission to naïve birds
	Impact of the absence of γδ T cells on MDV replication and immune cell populations in the blood
	Absence of γδ T cells increases MDV replication in specific lymph organs

	DISCUSSION
	MATERIALS AND METHODS
	Animals and genotyping
	Cells and viruses
	Animal experiments
	DNA extraction and genomic quantification of the virus
	Flow cytometry
	Statistical analysis



