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Chicken 0 T cells proliferate
upon IL-2 and IL-12 treatment
and show a restricted receptor
repertoire in cell culture

Antonia E. Linti*, Thomas W. Gobel™ and Simon P. Friih*?

‘Department of Veterinary Immunology, Ludwig-Maximilians-Universitat Minchen, Munich, Germany,
2Department of Veterinary Medicine, Institute of Virology, Freie Universitat Berlin, Berlin, Germany

In chickens, yd T cells represent a large fraction of peripheral T cells; however,
their function remains largely unknown. Here, we describe the selective in vitro
expansion of ¥d T cells from total splenocytes by stimulation with the cytokines
IL-2 and IL-12. Under these conditions, yd T cells proliferated preferentially and
reached frequencies of >95% within three weeks. Although IL-2 alone also
triggered proliferation, an increased proliferation rate was observed in
combination with IL-12. Most of the expanded cells were yd TCR and CD8
double-positive. Splenocytes sorted into TCR1*CD8*, TCR1M9"CD8™, and
TCR1'°™“CD8™ subsets proliferated well upon dual stimulation with 1L-2/IL-12,
indicating that none of the three yd T cell subsets require bystander activation for
proliferation. TCR1*CD8* cells maintained CD8 surface expression during
stimulation, whereas CD8 subpopulations showed varied levels of CD8
upregulation, with the highest upregulation observed in the TCR1MI" subset.
Changes in the yd T-cell receptor repertoire during cell culture from day O to day
21 were analyzed by next-generation sequencing of the ¥ variable regions.
Overall, long-term culture led to a restricted y and & chain repertoire,
characterized by a reduced number of unique variable region clonotypes, and
specific V genes were enriched at day 21. On day 0, the & chain repertoire was
highly diverse, and the predominant clonotypes differed between animals, while
the most frequent y-chain clonotypes were shared between animals. However,
on day 21, the most frequent clonotypes in both the y and & chain repertoires
were different between animals, indicating that selective expansion of dominant
clonotypes during stimulation seems to be an individual outcome. In conclusion,
IL-2 and IL-12 were sufficient to stimulate the in vitro outgrowth of yd T cells.
Analyses of the TCR repertoire indicate that the culture leads to an expansion of
individual T cell clones, which may reflect previous in vivo activation. This system
will be instrumental in studying yd T cell function.
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1 Introduction

In birds and mammals, T lymphocytes play a pivotal role in the
adaptive immune system. The two distinct groups, o3 and v T
cells, express different T cell receptors (TCRs) on their surfaces,
which are heterodimers composed of either an alpha and a beta
chain, or a gamma and a delta chain, respectively (1-3). Each chain
consists of a constant region and a variable region, which are
uniquely created during thymic maturation of T cells by somatic
DNA recombination of germline V(D)] genes.

In chickens, the genes for TCRy can be found on chromosome
2, for TCRB on chromosome 1, and for TCRo. and TCRS on
chromosome 27 (4-9), where the & genes are nested between the
TCRo. genes (10). In chickens and mammals, some variable (V) o
gene segments can be joined with diversity (D) and joining (J) genes
of the § locus, which further increases the combinatorial diversity
(4, 10-12). Additionally, a second TCR® locus on chromosome 10
with a single set of V, D, ], and constant (C) genes has been
described in chickens (13).

Chicken T cells can be identified at the protein level by
monoclonal antibody clones TCR1, TCR2, and TCR3, which bind
vo, VB1 off, and VP2 o T cells, respectively (14-16).

The functions and effector mechanisms of o3 T cells have been
well-characterized in many species. Most o8 T cells recognize
peptides presented by MHCI or MHCII molecules on the surface
of antigen-presenting cells. There are two main subsets: CD4" T
helper o8 T cells that recognize peptides presented by MHCII and
CD8" cytotoxic oy T cells that recognize peptides presented by
MHCI (17, 18). On the other hand, 3 T cells are not restricted to
peptides presented by MHCI or MHCII molecules; instead, they can
also directly recognize soluble or unprocessed antigens and
nonpeptide antigens, such as glycoproteins. Human Vyova2* T
cells are activated by phosphoantigens (19-21). In addition, Y5 T
cells recognize stress-induced ligands that are upregulated in cells in
response to infection and stress, leading to different effector
functions such as the orchestration of pathogen clearance (17,
22). In vitro studies have further shown that some yd T cells have
cytotoxic effector functions (23) and that they can also present
antigens to B cells (24).

YO T cells with innate cell-like features frequently participate in
innate immune responses (25-28) and play an important role in
tumor surveillance, tissue healing, and protection against intra- and
extracellular pathogens (17). Human, mouse, and rat are the so-
called 0 low species that are characterized by a yd T cell frequency
of 1%-10% of all T lymphocytes in peripheral blood (29-31). Pigs
(32), cattle, sheep (33, 34), goats (35), and chickens, on the other
hand, are considered 3 high species. Up to 50% of all circulating T
lymphocytes in chicken blood are Y3 T cells (16), and a large Y0 T
cell population is found in different tissues, including the intestine
and spleen, particularly in the red pulp (36, 37). ¥8 T cells are the
first T cells generated in the chicken thymus during embryonic
development (16).

In chickens, 3 T cell frequencies are influenced by the sex and
age of the animals. Male chickens, for example, show androgen-
induced expansion of yd T cells in the peripheral blood and spleen
between 4 months and 6 months of age (38). Despite the overall
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high frequency of ¥d T cells in chickens, little is known about their
functions. Previous studies have shown that yd T cells can produce a
range of cytokines and interferons, such as IL-10 and IFN-y (39),
and exert cytotoxic effector functions (40). ¥d T cells of MDV-
vaccinated chickens exhibit high cytotoxic activities ex vivo (41),
and chicks infected with Salmonella typhimurium, for example,
show an expansion of CD80a positive Y0 T cell subsets in the blood
and different organs (42, 43).

A high percentage of chicken ¥8 T cells express CD8 on their
surfaces in the spleen but only a small percentage in the blood (14, 37).
In addition to functioning as a coreceptor for TCR antigen recognition
(44), CD8 supports T cell activation through interaction with an
intracellular tyrosine protein kinase (45, 46). Previous studies have
shown that splenic chicken yd T cells can be stimulated by either IL-2
and Concanavalin A (47) or by a combination of receptor ligation and
cytokine-containing tissue culture supernatants when cultured together
with o8 T cells (37). The responding yd T cells express CD8 on their
surface. IL-2 mainly promotes the proliferation of CD8" cells (48). In
mice, CD8 expression in YO T cells seems to occur due to activation
with IL-2 and Concanavalin A only in the presence of a3 T cells (49).

Investigating the repertoire of gamma and delta TCRs in
chickens and their behavior in cell culture will contribute to a
better understanding of this important cell type. In-depth
characterization of (clonal) y§ T cell populations requires TCR
repertoire analyses for both yand & chains, which has previously not
been possible due to an incomplete annotation of the J locus in the
chicken genome.

Previous repertoire analyses of y chains in chickens revealed
that the TCRy repertoire is largely composed of highly public CDR3
sequences formed by a wide range of V segments, with a higher
proportion of private sequences in tissues, such as the spleen and
thymus (8, 50). On the other hand, Y8 T cells often exhibit tissue
specificity in their expression of invariant TCRs, for example,
Vy5V31 TCR in the skin of mice (17).

In this paper, we describe long-term IL-2 and IL-12 driven
culture of chicken splenic Y3 T cells, characterization of cultured
cells, and TCR repertoire analyses at different time points during
cell culture.

2 Materials and methods
2.1 Ethics statement

All animal research projects were sanctioned by the Government
of Upper Bavaria (identification code: 55.2-1-54-2532.0-60-2015;
June 2019). All animal procedures were performed in accordance
with the regulations and guidelines established by the Committee and
the International Standards for Animal Welfare.

2.2 Animals

Fertilized eggs from the chicken line M11 (B*/B?) were obtained
either from S. Weigend (Federal Research Institute for Animal
Health, Mariensee, Germany) or from our own breeding. They were
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hatched and maintained under conventional conditions at the
Institute for Animal Physiology, LMU Munich (Germany).
Animals received food and water ad libitum. Experiments were
performed at the age of 6 weeks-41 weeks in both female and
male animals.

2.3 Cytokines

Chicken recombinant IL-2 cytokine was produced as previously
described (40). Recombinant chicken IL-12 was produced in a stable
IL-12 producing HEK293 cell line. Chicken IL-12p35 and IL-12p40
sequences fused by a glycine-serine linker (40, 51), were cloned into a
PpcDNA3.1 vector together with an HA-signal peptide and an N-
terminal FLAG epitope, and the plasmid was used for the stable
transfection of HEK 293 cells using Metafectene® (Biontex).
Transfected cells were incubated at 37°C and 5% CO2 for 24 h and
selected as stable transfectants with G418 at a concentration of 800 pg/
ml. The supernatant of stable transfectants was tested using sandwich
ELISA for the presence of FLAG-tagged recombinant chicken IL-12.
Finally, IL-12 producing cells were cultured in a bioreactor (Wheaton®
Celline™" Bioreactors: Celline 1000 Adherent). The biological activity
and optimal dilution for both cytokines were evaluated using
bromodesoxyuridin (BrdU) proliferation assay (Cell Proliferation
ELISA, BrdU (chemiluminescence); Roche) with chicken splenocytes
(freshly isolated and cryopreserved).

2.4 Cell preparation and cell culture

Splenocytes were obtained by passing the chicken spleen
through a stainless-steel mesh, followed by density gradient
centrifugation of the single-cell suspension using Ficoll
Histopaque®—1077 (Sigma-Aldrich GmbH). Freshly isolated cells
were either used directly for RNA isolation and flow cytometry
staining or cultivated at a density of 1 x 10° cells per well in flat-
bottomed 96 well plates with RPMI cell culture medium containing
8% Fetal Bovine Serum (FBS), 2% chicken serum (ChS), and 1%
penicillin/streptomycin (P/S), stimulated with recombinant IL-2
and IL-12, at 40°C and 5% CO2. Cells were treated by demi-
depletion every two to three days with fresh cell culture medium
and fresh cytokines.

2.5 Antibodies for flow cytometry and
fluorescence activated cell sorting

Chicken splenocytes were stained with the Fixable Viability Dye
eFluor 780 (eBioscience' " Fixable Viability Dye e Fluor'™ 780;
Invitrogen) to distinguish between live and dead cells. For staining
of CD8 positive and y8 TCR positive cells, anti CD8-PE (clone CT-
8, Phycoerythrin conjugate, mouse IgG1k) and anti TCR1-FITC
(clone TCR-1, fluorescein isothiocyanate conjugate, mouse IgG1k)
(16) antibodies were obtained from Southern Biotechnology
Associates (SBA). The cells were analyzed using a FACS Canto II
instrument, 10.000 Events (single cells) were collected in every
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experiment. The gating strategy is shown in the Supplementary
Material (Supplementary Figure 1). Fluorescence-activated cell
sorting was performed with a FACSAria III instrument (BD)
using an 80 pm nozzle. The measurements were analyzed using
Flow]oTM v10.8.1 Software (BD Life Sciences) (52). Sort-purified
cells were counted using a hemocytometer and cultured at 6 x 10°
cells per well with IL-2 and IL-12, and their proliferation was
measured using a BrdU proliferation assay.

2.6 BrdU proliferation assay

BrdU proliferation assay is a non-radioactive DNA assay for the
quantification of cell proliferation. Splenocytes, either freshly
isolated, cryopreserved, or sort-purified Y3 T cells, were cultivated
in black 96-well plates with a clear bottom (ViewPlateTM—% FTC,
PerkinElmer) for 72 h with or without IL-2 and IL-12. Next, the
cells were labeled with BrdU labeling reagent for another 16 h at
40°C and 5% CO2, during which BrdU was incorporated into the
cellular DNA during DNA synthesis in replicating cells. The plates
were then dried at 60°C, followed by denaturation and fixation,
incubation with anti-BrdU-POD working solution for 90 min, and
labeling of the cells with a fluorescent dye. The 96-well plates were
measured using a luminometer (Glomax, Promega), and raw
measurements in rlu/s (relative light units/s) were analyzed using
Excel. The proliferation index (PI) was calculated by dividing the
measured fluorescence of stimulated cells by the fluorescence of the
unstimulated control cells. Standard deviations were calculated
using the Excel software.

2.7 RNA isolation, cDNA synthesis, and
semi-nested PCRs

To investigate the repertoire of ¥ T cells, a next-generation
sequencing method for the whole y§ V region was devised (53, 54)
(Schematic explanation of the NGS approach is shown in
Supplementary Figure 2). RNA was extracted from 1 x 107 cells
per condition on day 0 and on day 21 (RNeasy® Mini Kit and
RNase-Free DNase Set; Qiagen). The quality and quantity of the
isolated RNA were measured using a Bioanalyzer 2100 Expert
(Agilent) and a NanoDrop ND-1000 (PeqLab). Only RNA
samples with RIN values above 9 and 260/280 and 260/230 ratios
greater than 1.8 were used for further processing. Reverse
transcription and TCR amplicon generation were performed
following chicken-specific adaptation of the approach described
by Mamedov et al. (53). In brief, between 350 ng and 400 ng of RNA
were reverse transcribed to cDNA by 5RACE with a SMART Scribe
Reverse Transcriptase (Takara) using reverse primers specific to the
constant C-region of the gamma and the delta chain in one reaction
and a Template Switch Oligonucleotide containing a Unique
Molecular Identifier (UMI) (Supplementary Table 1). All primers
used are listed in the Supplemental Materials (Supplementary
Figure 2, Supplementary Table 2). The barcoding of cDNA
allowed us to filter out PCR duplicates in silico, leading to more
precise quantitative analysis.
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1 ul of ¥ cDNA was amplified in two semi-nested PCRs using
an Advantage2 Polymerase (Takara) and gene-specific reverse
primers (Primers in Supplementary Table 2, PCR conditions in
Supplementary Table 3). Amplification of gamma and delta chains
was conducted in one PCR reaction and the PCR products were
purified with magnetic beads (Beckman Coulter ™ Agencourt
AMPure XP Beads) using a ratio of 1:0.65 (DNA: beads) and
eluted in 25 pl nuclease-free water. The second PCR was
performed in separate reactions for y and 8. 1ul of purified
product from the first PCR was used as a template for the second
PCR and the amplicons were separated by electrophoresis on an
agarose gel (1% agarose low EEO (Agarose Standard) [Applichem
Pancreac] in 1 x TBE buffer) and gel-purified using the Wizard® SV
Gel and PCR Clean-Up System (Promega).The purified samples
with attached Universal Adapters were sent to Eurofins for paired-
end Illumina sequencing with a read length of 2 x 300 bp and a
guaranteed output of 60,000 paired-end reads per sample. Data
were delivered as fastq-files.

2.8 Bioinformatic analysis

The fastq-files were further analyzed with a bioinformatic
pipeline using FastQC 0.12.0 (55) for quality control, MiXCR
v4.3.2 (56, 57), for the alignment and Immunarch 1.0.0 (58) in R
v4.2.2 (59) for the graphical representation. The bioinformatic
pipeline and annotation of the Huxu chicken genome (60) for the
alpha, beta, gamma, and delta V gene segments were established by
S. Frith (manuscript in preparation). The raw data (fastq-files) were
uploaded to the SRA database and are accessible via the following
accession number: PRINA1054968.

2.9 Statistics

Statistical analyses were performed using R v4.2.2. To compare
the differences between the two dependent conditions, paired
Student’s t-test was performed (used in Supplementary Figure 9).
Unpaired Student’s t-test was performed to compare the differences
between two independent conditions (used in Supplementary
Figure 10). To compare differences between more than two
dependent conditions, one-way repeated measures ANOVA with
Tukey’s HSD test as a post-hoc test was performed (used in
Supplementary Figures 3, 4). Statistical significance was set at
P <0.05.

3 Results

3.1y T cells proliferate in vitro after IL-2/
IL-12 stimulation of splenocytes

Initially, we tested the cytokines IL-2 and IL-12 for their
potential to induce the proliferation of freshly isolated
splenocytes. Different seeding densities in a flat-bottomed 96-well
plate, cell culture media, and concentrations of IL-2 and IL-12 were
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tested. IL-2 alone induced strong splenocyte proliferation, as
measured in a BrdU assay, with the highest proliferation (PI: 2)
observed at a dilution of 1:800 (Supplementary Figure 3A). In
contrast, the proliferation of splenocytes induced by IL-12 alone
was lower (PI between 1 and 0.9 at dilutions of 1:10 to 1:160), with
the highest proliferation observed at a 1:80 dilution (Supplementary
Figure 3B). Next, we tested whether a combination of these
cytokines could further increase proliferation. IL-2 was used at an
optimal dilution of 1:800, and IL-12 was added at various dilutions
to determine whether proliferation could be further enhanced
(Supplementary Figure 3C). In this assay, the proliferation of
splenocytes was more than twice as high as that of IL-2 or IL-12
alone, reaching PI values of almost 5, when IL-2 at 1:800 was
combined with IL-12 at 1:80 (Figure 1). These cytokine
concentrations were used throughout the study, employing the
same batch of cytokine preparations.

We also compared different cell densities ranging from 2.5 x 10°
cells per well and 5 x 10° cells per well to 1 x 10° cells per well, with
the best results obtained at 1 x 10° cells per well (Supplementary
Figure 4A). In addition, three cell culture media (IMDM + 8%FBS +
2%ChS + 1%P/S, RPMI + 8%FBS + 2%ChS + 1%P/S, and RPMI +
10%FBS + 1%P/S) were tested using a BrdU proliferation assay, and
the highest proliferation indices were observed in RPMI + 8%FBS +
2%ChS + 1%P/S (Supplementary Figure 4B).

In the next set of experiments, we attempted to extend the
culture time of proliferating cells by propagating the cells at an
optimal cell density and feeding with fresh medium containing new
cytokines every two to three days. These cultures were maintained
for up to 3 weeks, with cell viability slightly decreasing towards day
21 (Supplementary Figure 5). Notably, after 21 days of culture, most
cells were 0 T cells, reaching frequencies up to 90%. Double
staining of cells cultured for different time periods using the
TCR1 mAb in combination with anti-CD8 demonstrated that the
frequency of double-positive cells significantly increased in all
tested animals of different sexes and reached values of up to 86%
(Figures 2A, B).

These data suggest that the combination of IL-2 and IL-12 in
splenocyte cultures favors the selective outgrowth of ¥8 T cells that
predominantly express CD8.

3.2 Different yd T cell populations respond
to cytokine stimulation

In previous experiments, splenocytes were used for in vitro
culture. Thus, it cannot be excluded that the cytokines, rather than
directly affecting y0 T cells, had an indirect effect on bystander cells.
Therefore, the splenocytes of the three male animals were sorted
according to their TCR1/CD8 profiles into three distinct subsets.
CD8 Y3 T cells can be further divided into TCR1'*" and TCR1"¢"
subsets. In addition, the TCR1"CD8" subset was sorted, and these
three populations, together with unsorted cells, were subsequently
cultivated with IL-2 and IL-12 (Figure 3A). The purity of the sort-
purified cells was higher than 95% for all populations (Figure 3A).

A BrdU proliferation assay was performed on different sort-
purified populations and unsorted cells as a control (Figure 3B).
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FIGURE 1

Proliferation of splenocytes upon cytokine stimulation. BrdU assay
of splenocytes stimulated with IL-2 alone (1:800), IL-12 alone (1:80)
and of a combination of both (IL-2 1:800 and IL-12 1:80); animals =
3. Mean + SD. p-values as indicated, *p <0.05, **p <0.01.

Cells from each population were divided into two groups: one group
was stimulated with IL-2 and IL-12 and the other was left
unstimulated as a negative control. The negative controls
proliferated less effectively than the stimulated cells and exhibited
low rlu/s. For the three sort-purified populations and unsorted
control cells, the assay showed equally high proliferation indices in
the animals tested (Figure 3B). Stimulated cells proliferated better
than unstimulated controls, while the proliferation capacities of
sorted and unsorted stimulated cells were not significantly different.

The cells were reanalyzed by staining and flow cytometry using
TCRI1 and CT8 mAbs after one week of stimulation with IL-2 and
IL-12. Unsorted cells were predominantly TCR1/CD8 double-
positive and sorted TCR1"CDS8" cells retained their double-
positive phenotype (Figure 3C). Interestingly, on average, about
one-third of the TCR1™8"CD8" cells started to express the CD8
antigen, whereas only a small fraction of the TCR1*CD8" cells
expressed CD8 after stimulation (Figures 3C, D).

In conclusion, IL-2 and IL-12 appear to have a direct effect on
v0 T cell proliferation. Different yd T cell subsets based on TCR Y3
and CD8 expression equally react to stimulation with cell
proliferation without bystander activation. CD8 subsets start to
express CD8 upon cytokine stimulation to varying degrees in the
three animals.

3.3 Cytokine stimulation of y0 T cells leads
to a restricted TCR repertoire

As a next step, we wanted to characterize the Y8 TCR repertoire
of IL-2/IL-12 stimulated total splenocytes to determine whether
specific subsets were preferentially responding. Thus, we analyzed
the TCR repertoire before stimulation and after three weeks of cell
culture. We used 5RACE and PCRs to selectively amplify the
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expressed TCRYS repertoire of three animals of different sexes at
days 0 and 21 of cell culture. Amplicons were sequenced on the
Mumina platform and the sequences obtained were annotated by
alignment to the chicken germline V(D)J genes using MiXCR
v4.3.2. Using this approach, more than 90% of the gamma chain
sequences and 80% of the delta chain sequences aligned successfully
to the reference (Supplementary Figure 6).

Gamma and delta chain repertoires changed drastically during
stimulation over the course of 21 days. Overall, long-term culture
led to fewer expressed V-regions (Figure 4). Approximately 11,000
unique y-chain clonotypes were expressed on day 0, which reduced
to 1,200 on day 21. Of the approximately 10,000 unique & chain
clonotypes on day 0, only 1,300 remained on day 21. The numbers
of gamma and delta chain clonotypes were correlated, as the
animals with a more restricted gamma repertoire also had a more
restricted delta repertoire and vice versa (Supplementary Figure 7).

Most of the V regions expressed on day 21 appeared at a higher
frequency than those on day 0 (Figure 5A). This was clearly
recognizable in animals 1 and 2, where more than 75% of the v
repertoire was occupied by clonotypes with more than 100 counts
(Figure 5A). The same trend, albeit less pronounced, was also
observed in the third animal and delta-chain clonotypes (Figure 5A).

The CDR3 clonotype distribution plotted by CDR3 length
(spectratype) was approximately normally distributed at day 0 but
strongly skewed on day 21 for both yand & chains (Figure 5B). The
most prevalent CDR3 length on day 0 was 15 amino acids (aa) for y
chains and 16 aa for d chains in all animals. After stimulation, the
most common Y chain CDR3 length was 17 aa in two animals and
11 aa in the third, whereas for delta, the CDR3 length either did not
change (two animals) or shifted to 15 aa in the third animal
(Figure 5B). Importantly, the highly skewed spectratype towards a
particular CDR3 amino acid length was caused by a single Vy gene
in all animals and, to a lesser degree, in & chains. The dominant Vy
clonotypes were found in all three animals on day 0, but this overlap
diminished by day 21 (Supplementary Figure 8).

Next, we analyzed the gene usage of the Vy and V3 segments
(Figure 6). On day 0, the dominant V7 sequences were TRGV2-26,
TRGV3-5, and TRGV3-6. However, by day 21, TRGV3-5 usage was
predominant (Figure 6A). The gene usage pattern in the & chains
was different. TRDV1-2 was the predominant V gene by day 0, but
not on day 21, where a different V& was overrepresented in every
animal (TRDV1-17, TRDV1-9, and TRDV1-37) (Figure 6B).

On days 0 and 21, the most prevalent Jy gene was TRGJ3,
followed by TRGJ2 and TRGJ1. TRD]J1 was preferentially used in &
chains at both time points (Supplementary Figure 9).

Collectively, these data indicate that the ¥3 T cell repertoire is
narrowed during culture with IL-2 and IL-12 because of the
preferential expansion of T cells originating from the specific Vyy
and V3 genes. Notably, the predominant V genes and clonotypes on
day 21 varied among the different animals.

4 Discussion

Chickens belong to yd high T cell species; hence, a decent
fraction of peripheral T cells in various organs bear the Y0 TCR;
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day0

FIGURE 2

day7 day14 day21

Phenotype of IL-2/IL-12 stimulated splenocytes. Splenocytes were stained with TCR1 and CT8 mAbs before culture and on days 7, 14, and 21 (dO,
d7, d14, and d21) following repetitive cytokine stimulation. (A) Frequency of cell populations as a percentage of live single cells is indicated. Data
from one female chicken representative of three experiments are shown. (B) Frequency of TCR1*CD8" cells over time in cultured splenocytes from

three different animals. Mean + SD; p-values as indicated, *p <0.05.

however, the function of these cells is largely unknown. One reason
for this lack of knowledge is the inability to culture these cells ex
vivo under defined conditions. In this paper, we describe a system
that can overcome this problem.

To establish selective outgrowth of chicken Y8 T cells derived
from total splenocyte preparations in cell culture, we used the
cytokines IL-2 and IL-12. Our decision for the indicated dilutions
was made following the titration of IL-2 and IL-12 alone or in
combination. The highest proliferation indices were observed with a

Frontiers in Immunology

1:800 dilution of IL-2 combined with a 1:80 dilution of IL-12.
Consequently, this combination was used for cytokine stimulation
of cells in all experiments. Freshly isolated and cryopreserved cells
were used to determine the optimal culture conditions. The fact that
both cell conditions yielded the same results confirmed the
robustness of the system.

We have indicated cytokine dilutions in this manuscript
because there are no adequate systems for quantifying chicken IL-
2 and IL-12.
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To repeat the stimulation protocol, other laboratories must
establish proliferation systems to identify optimal cytokine
concentrations. Commercially available chicken IL-2 and IL-12p40
exist, but we were not convinced of their effects in the different assays
tested. The combination of IL-2 and IL-12 has already been
successfully used in our laboratory to stimulate chicken ¥3 T cells
in different experiments (40, 61, 62). Selective outgrowth of Y3 T cells
has also been demonstrated by different stimulation protocols in
humans and chickens (37, 63, 64), and Ueta et al. demonstrated that
IL-12 has a stimulating effect on yd T cells but not on off T cells in
humans (65). Moreover, Yang et al. observed that IL-12 leads to the
expansion of a specific Y0 T-cell subset (66). The combination of these
two cytokines stimulates NK cells in humans and mice (67-70). IL-2
and IL-12 enhance the cytolytic effects of activated T cells in
mammals (71), and it has been shown that a combination of IL-2
and IL-12 has a synergistic effect on chicken yd T cells compared to
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IL-2 or IL-12 alone. IL-12 alone was not able to induce the cytolytic
ability of Y8 T cells, but the combination of IL-2 and IL-12 strongly
induced cytotoxic effector functions (40). The results of BrdU
proliferation assays (Figure 1) demonstrated that IL-12 alone barely
promoted proliferation, whereas IL-2 boosted proliferation capacity.
In previous experiments, we showed that IL-2 preferentially
stimulated CD8" cells in a 6-day culture system, whereas IL-18
induced outgrowth of CD4" cells (48). However, the TCR
phenotype of the cells was not analyzed further. The first attempts
to cultivate Y3 T cells were performed by Kasahara et al. (37), who
demonstrated that proliferation was induced only by receptor ligation
and cytokine-containing tissue culture supernatant. Moreover,
stimulation was only observed in large CD8" v3 T cells, as opposed
to smaller CD8 Y3 T cells, as measured by forward scatter. Choi et al.
(47) described a culture system for Y0 T cells using IL-2 in
combination with Concanavalin A (ConA) stimulation. Together,
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these studies argue in favor of a dual stimulation requirement, either
by TCR crosslinking in combination with cytokine or dual cytokine
stimulation, as demonstrated here. Lectin stimulation in splenocyte
cultures most likely induces bystander cells to secrete IL-12. We
propose that IL-2 or TCR crosslinking is important for upregulating
the IL-12 receptor on Y0 T cells; however, owing to the lack of
reagents to detect the chicken IL-12 receptor, this could not be tested.
Berndt et al. (72) introduced a PBL culture system using IL-2 in
combination with PMA, which induced the proliferation of Y T cells.
We were not able to induce proliferation of blood Y5 T cells or IEL by
co-stimulation with IL-2 and IL-12. These differences may be
explained by either the use of different chicken lines or PMA
versus IL-12 stimulation used in these studies. As part of future
studies, it would be interesting to investigate whether chicken yd T
cells in IL-2 and IL-12 culture systems produce cytokines, such as
IFN-v. This effector function has been described in other species,
including pigs (73) and bovines (74), where ¥8 T cells stimulated with
IL-2 and IL-12 (among other factors) produce IFN-y. Different
studies have also shown that chicken yd T cells produce IFN-y after
infection with MDV (39, 75). It is particularly important to determine
whether cytokine production and CD8 expression in chickens
are related.

During the establishment of the in vitro culture system, we
encountered several variables that influenced the outcome of the
cultures. Splenocyte preparation on day 0 showed a range of 15%-
60% TCRI1" cells. This is partially consistent with earlier studies,
where a range of 20%-30% was observed (16, 37). The percentage of
TCR1" cells differed between female and male animals with 15% to
25% in females and 30 to 60% TCR1" cells in males, respectively
(Supplementary Figure 10A). An androgen-induced expansion of
YO T cells in the blood and spleen of male chickens of 4 months-6
months has been reported previously (38). The proliferation
capacities of the male- and female-derived splenocytes were
identical. The age of the donor chickens had an effect on culture
outcomes. Splenocytes of animals older than 4 months started to
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proliferate 2 days—4 days earlier and more reliably than those of
animals younger than 4 months (Supplementary Figure 10B).

In the flow cytometry measurements of splenocytes, we
observed a distinct behavior of the different subpopulations over
time: the double negative cells (TCR1"CD8") were diminished, the
TCR1-CDS8" cells decreased, and the TCR17CD8™ cells remained in
the same range, whereas the number of double-positive cells
(TCR1"CDS8") increased (Figure 2A).

To further characterize the IL-2/IL-12 responsive cells
(TCR1I'CD8" and TCR1"CD8") in the splenocyte preparation, we
performed sorting experiments of three populations based on Yy TCR
and CD8 expression. With these experiments, we intended to address
the following questions. First, is the proliferation dependent on
bystander cells? Second, does only one of the phenotypes determine
proliferation capacity? Third, do the different phenotypes remain stable
in cell culture? We hypothesized that only CD8" cells would proliferate.
However, our experiments revealed that all of these populations
showed vigorous proliferation with no difference between CD8 and
CD8" cells in all animals tested, indicating that there is no need for
other cells in culture that either secrete cytokines or are stimulated by
cell-cell contact. In addition, the different TCR subsets proliferated,
thus excluding the possibility of a subset that is solely reactive to
cytokines. The phenotype, as judged by CD8 expression, was unstable
during proliferation. On average, about one-third of TCR1™8"CD8"
cells upregulated CD8 after 7 days, and a fraction of the TCR1'™ CD8"
cells expressed CD8 following stimulation, whereas the phenotype of
TCR1'CD8" cells remained stable. Thus, we conclude that stimulation
leads to the expression of CD8 and that TCR density may be indicative
of a previous activation. Interestingly, in experiments performed by
Kasahara et al. (37) using negative-sort purified cells, TCR1*CD8" cells
responded well in the presence of ConA or anti-CD3 in combination
with exogenous growth factors, whereas CD8 cells did not. The
differences in CD8™ cell proliferation observed in our study may be
the result of different stimulation protocols. Studies on Salmonella
typhimurium by Berndt et al. (42, 43), for example, showed an increase
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in CD8"TCRI1" cells after infection. These findings are consistent with
our results, but we cannot conclude that there was a change in the CD8
phenotype of the expanding cells, as we lacked information regarding
their initial CD8 status.

In the next step of our analyses, we took advantage of a recently
developed protocol for TCR profiling in our laboratory (Friih et al. in
preparation). This is based on 5 RACE with a primer specific to the
constant C region and a template switch oligo, including a unique
molecular identifier at the 5" end. TCR variable region amplicons were
then generated by two successive rounds of semi-nested PCRs
performed on the cDNA, followed by Illumina sequencing. These
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experiments on mRNA derived from days 0 to 21 of culture were
performed to analyze whether only specific clonotypes for gamma and
delta were preferentially stimulated by IL-2 and IL-12 among the
examined animals and would therefore be responsible for the long-
living cells in the culture, or alternatively, whether dominant clonotypes
were an individual outcome after stimulation. For example, in humans,
IL-12 causes expansion and differentiation of a specific Y0 T cell
subpopulation, namely Vy2V82 T cells (66).

Changes in the y and 3 repertoires were recognized in different
aspects. Long-term culture led to a smaller number of expressed V
regions for gamma and delta chains; the expressed V regions
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appeared at a higher frequency on day 21, and the dominant
clonotypes differed between days 0 and 21. Cell proliferation
appears to be independent of the frequency of clonotypes present
on day 0, as the most prevalent clonotypes on day 21 do not align
with those observed as the most prevalent on day 0 and vary between
animals. Thus, the individual outcomes of different cultures may be
the result of previous in vivo activation and in vitro expansion of cells.
This was less pronounced in animal 3, in which the repertoire after
stimulation was less restricted. Interestingly, this animal showed the
highest proliferation capacity after three weeks of culture. Notably,
three weeks after stimulation, the most frequently used Vy gene
family was identical in all animals.

So far, only a few analyses of the TCR repertoire have been
conducted in chickens. In a study by Dixon et al., a single
TRGV gene, TRGV3.3, was dominant in all tissues analyzed.
This gene comprises 30%-40% of the entire TCR gamma
repertoire (8). In contrast, we were unable to identify a single
dominant TRGV gene on day 0. This difference may be due to
the different chicken genome sequences and lines used for
the analyses.

In conclusion, our data demonstrated that chicken Y3 T cells
can be stimulated for extended periods with IL-2 and IL-12 in cell
culture. In this culture, there is a shift to a more restricted
repertoire. This culture system will be very useful for
characterizing ¥& T cell function in future experiments and for
obtaining more information regarding Y5 TCR ligands.

Data availability statement

The data presented in the study are deposited in the SRA
database, accession number PRJNA1054968.

Ethics statement

The animal study was approved by Government of Upper
Bavaria, identification code: 55.2-1-54-2532.0-60-2015; June,
2019. The study was conducted in accordance with the local
legislation and institutional requirements.

References

1. Davis MM, Bjorkman PJ. T-cell antigen receptor genes and T-cell recognition.
Nature (1988) 334(6181):395-402. doi: 10.1038/334395a0

2. Cooper MD, Chen CL, Bucy RP, Thompson CB. Avian T cell ontogeny. Adv
Immunol (1991) 50:87-117. doi: 10.1016/s0065-2776(08)60823-8

3. Chen CH, Six A, Kubota T, Tsuji S, Kong FK, Gébel TW, et al. T cell receptors and
T cell development. Curr Top Microbiol Immunol (1996) 212:37-53. doi: 10.1007/978-
3-642-80057-3_5

4. LiuF, LiJ, Lin IYC, Yang X, Ma ], Chen Y, et al. The genome resequencing of TCR
loci in gallus gallus revealed their distinct evolutionary features in avians.
Immunohorizons (2020) 4(1):33-46. doi: 10.4049/immunohorizons.1900095

5. Zhang T, Liu G, Wei Z, Wang Y, Kang L, Jiang Y, et al. Genomic organization of
the chicken TCRp locus originated by duplication of a V3 segment combined with a
trypsinogen gene. Vet Immunol Immunopathol (2020) 219:109974. doi: 10.1016/
jvetimm.2019.109974

Frontiers in Immunology

11

10.3389/fimmu.2024.1325024

Author contributions

AL: Investigation, Writing - original draft,
Conceptualization, Formal analysis. SF: Writing - review &
editing, Conceptualization, Formal analysis. TG: Writing - review
& editing, Conceptualization, Formal analysis, Funding acquisition.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This project
was funded by the Deutsche Forschungsgemeinschaft (DFG,
German Research Foundation) in the framework of the Research
Unit ImmunoChick (FOR5130) project SCHU 2446/4-1.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2024.
1325024/full#supplementary-material

6. Six A, Rast JP, McCormack WT, Dunon D, Courtois D, Li Y, et al.
Characterization of avian T-cell receptor gamma genes. Proc Natl Acad Sci USA
(1996) 93(26):15329-34. doi: 10.1073/pnas.93.26.15329

7. Parra ZE, Miller RD. Comparative analysis of the chicken TCRalpha/delta locus.
Immunogenetics (2012) 64(8):641-5. doi: 10.1007/s00251-012-0621-5

8. Dixon R, Preston SG, Dascalu S, Flammer PG, Fiddaman SR, McLoughlin K, et al.
Repertoire analysis of gammadelta T cells in the chicken enables functional annotation
of the genomic region revealing highly variable pan-tissue TCR gamma V gene usage as
well as identifying public and private repertoires. BMC Genomics (2021) 22(1):719.
doi: 10.1186/s12864-021-08036-9

9. International Chicken Genome Sequencing C. Sequence and comparative analysis
of the chicken genome provide unique perspectives on vertebrate evolution. Nature
(2004) 432(7018):695-716. doi: 10.1038/nature03154

10. Kubota T. Characterization of an Avian (Gallus gallus domesticus) TCRad Gene
Locus. J Immunol (1999) 163:3858-66. doi: 10.4049/jimmunol.163.7.3858

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2024.1325024/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1325024/full#supplementary-material
https://doi.org/10.1038/334395a0
https://doi.org/10.1016/s0065-2776(08)60823-8
https://doi.org/10.1007/978-3-642-80057-3_5
https://doi.org/10.1007/978-3-642-80057-3_5
https://doi.org/10.4049/immunohorizons.1900095
https://doi.org/10.1016/j.vetimm.2019.109974
https://doi.org/10.1016/j.vetimm.2019.109974
https://doi.org/10.1073/pnas.93.26.15329
https://doi.org/10.1007/s00251-012-0621-5
https://doi.org/10.1186/s12864-021-08036-9
https://doi.org/10.1038/nature03154
https://doi.org/10.4049/jimmunol.163.7.3858
https://doi.org/10.3389/fimmu.2024.1325024
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Linti et al.

11. Clark SP, Arden B, Kabelitz D, Mak TW. Comparison of human and mouse T-
cell receptor variable gene segment subfamilies. Immunogenetics (1995) 42(6):531-40.
doi: 10.1007/bf00172178

12. Genevée C, Chung V, Diu A, Hercend T, Triebel F. TCR gene segments from at
least one third of Va subfamilies rearrange at the & locus. Mol Immunol (1994) 31
(2):109-15. doi: 10.1016/0161-5890(94)90083-3

13. Parra ZE, Mitchell K, Dalloul RA, Miller RD. A second TCRdelta locus in
Galliformes uses antibody-like V domains: insight into the evolution of TCRdelta and
TCRmu genes in tetrapods. J Immunol (2012) 188(8):3912-9. doi: 10.4049/
jimmunol.1103521

14. Chen CL, Cihak J, Losch U, Cooper MD. Differential expression of two T cell
receptors, TcR1 and TcR2, on chicken lymphocytes. Eur J Immunol (1988) 18(4):539-
43. doi: 10.1002/€ji.1830180408

15. Chen CH, Sowder JT, Lahti JM, Cihak J, Losch U, Cooper MD. TCR3: a third T-
cell receptor in the chicken. Proc Natl Acad Sci USA (1989) 86(7):2351-5. doi: 10.1073/
pnas.86.7.2351

16. Sowder JT, Chen CL, Ager LL, Chan MM, Cooper MD. A large subpopulation of
avian T cells express a homologue of the mammalian T gamma/delta receptor. J Exp
Med (1988) 167(2):315-22. doi: 10.1084/jem.167.2.315

17. Bonneville M, O'Brien RL, Born WK. Gammadelta T cell effector functions: a
blend of innate programming and acquired plasticity. Nat Rev Immunol (2010) 10
(7):467-78. doi: 10.1038/nri2781

18. Herrmann T, Karunakaran MM, Fichtner AS. A glance over the fence: Using
phylogeny and species comparison for a better understanding of antigen recognition by
human gammadelta T-cells. Immunol Rev (2020) 298(1):218-36. doi: 10.1111/
imr.12919

19. Constant P, Davodeau F, Peyrat M-A, Poquet Y, Puzo G, Bonneville M, et al.
Stimulation of human 3 T cells by nonpeptidic mycobacterial ligands. Science (1994)
264(5156):267-70. doi: 10.1126/science.8146660

20. Tanaka Y, Morita CT, Tanaka Y, Nieves E, Brenner MB, Bloom BR. Natural and
synthetic non-peptide antigens recognized by human 3 T cells. Nature (1995) 375
(6527):155-8. doi: 10.1038/375155a0

21. Hintz M, Reichenberg A, Altincicek B, Bahr U, Gschwind RM, Kollas AK, et al.
Identification of (E)-4-hydroxy-3-methyl-but-2-enyl pyrophosphate as a major
activator for human gammadelta T cells in Escherichia coli. FEBS Lett (2001) 509
(2):317-22. doi: 10.1016/s0014-5793(01)03191-x

22. Born WK, Yin Z, Hahn YS, Sun D, O'Brien RL. Analysis of gamma delta T cell
functions in the mouse. ] Immunol (2010) 184(8):4055-61. doi: 10.4049/
jimmunol.0903679

23. Phillips JH, Weiss A, Gemlo BT, Rayner AA, Lanier LL. Evidence that the T cell
antigen receptor may not be involved in cytotoxicity mediated by gamma/delta and alpha/
beta thymic cell lines. J Exp Med (1987) 166(5):1579-84. doi: 10.1084/jem.166.5.1579

24. Brandes M, Willimann K, Moser B. Professional antigen-presentation function
by human gammadelta T Cells. Science (2005) 309(5732):264-8. doi: 10.1126/
science.1110267

25. Morita CT, Jin C, Sarikonda G, Wang H. Nonpeptide antigens, presentation
mechanisms, and immunological memory of human Vgamma2Vdelta2 T cells:
discriminating friend from foe through the recognition of prenyl pyrophosphate
antigens. Immunol Rev (2007) 215:59-76. doi: 10.1111/j.1600-065X.2006.00479.x

26. Bedoui S, Gebhardt T, Gasteiger G, Kastenmuller W. Parallels and differences
between innate and adaptive lymphocytes. Nat Immunol (2016) 17(5):490-4.
doi: 10.1038/ni.3432

27. Born WK, Jin N, Aydintug MK, Wands JM, French JD, Roark CL, et al.
gammadelta T lymphocytes-selectable cells within the innate system? J Clin Immunol
(2007) 27(2):133-44. doi: 10.1007/s10875-007-9077-z

28. Vantourout P, Hayday A. Six-of-the-best: unique contributions of gammadelta T
cells to immunology. Nat Rev Immunol (2013) 13(2):88-100. doi: 10.1038/nri3384

29. Hayday AC. 1® Cells: A right time and a right place for a conserved third way of
protection. Annu Rev Immunol (2000) 18(1):975-1026. doi: 10.1146/annurev.immunol.18.1.975

30. Shekhar S, Milling S, Yang X. Migration of Y0 T cells in steady-state conditions.
Veterinary Immunol Immunopathology. (2012) 147(1):1-5. doi: 10.1016/j.vetimm.2012.03.016

31. Haas W, Pereira P, Tonegawa S. Gamma/delta cells. Annu Rev Immunol (1993)
11:637-85. doi: 10.1146/annurev.iy.11.040193.003225

32. Piriou-Guzylack L, Salmon H. Membrane markers of the immune cells in swine:
an update. Vet Res (2008) 39(6):54. doi: 10.1051/vetres:2008030

33. Mackay CR, Hein WR. A large proportion of bovine T cells express the gamma
delta T cell receptor and show a distinct tissue distribution and surface phenotype. Int
Immunol (1989) 1(5):540-5. doi: 10.1093/intimm/1.5.540

34. McClure SJ, Hein WR, Yamaguchi K, Dudler L, Beya MF, Miyasaka M. Ontogeny,
morphology and tissue distribution of a unique subset of CD4-CD8- sheep T
lymphocytes. Immunol Cell Biol (1989) 67(Pt4):215-21. doi: 10.1038/icb.1989.33

35. Caro MR, Gallego MC, Buendia AJ, Navarro E, Navarro JA. Postnatal evolution
of lymphocyte subpopulations in peripheral blood and lymphoid organs in the goat. Res
Veterinary Science. (1998) 65(2):145-8. doi: 10.1016/50034-5288(98)90166-7

36. Bucy RP, Chen CL, Cihak J, Losch U, Cooper MD. Avian T cells expressing
gamma delta receptors localize in the splenic sinusoids and the intestinal epithelium.
J Immunol (1988) 141(7):2200-5. doi: 10.4049/jimmunol.141.7.2200

Frontiers in Immunology

12

10.3389/fimmu.2024.1325024

37. Kasahara Y, Chen CH, Cooper MD. Growth requirements for avian gamma
delta T cells include exogenous cytokines, receptor ligation and in vivo priming. Eur |
Immunol (1993) 23(9):2230-6. doi: 10.1002/ji.1830230927

38. Arstila TP, Lassila O. Androgen-induced expression of the peripheral blood
gamma delta T cell population in the chicken. ] Immunol (1993) 151(12):6627-33. doi:
10.4049/jimmunol.151.12.6627

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

40. Fenzl L, Gobel TW, Neulen ML. Y3 T cells represent a major spontaneously
cytotoxic cell population in the chicken. Dev Comp Immunol (2017) 73:175-83.
doi: 10.1016/j.dci.2017.03.028

41. Matsuyama-Kato A, Iseki H, Boodhoo N, Bavananthasivam J, Algazlan N,
Abdul-Careem MF, et al. Phenotypic characterization of gamma delta (gammadelta)
T cells in chickens infected with or vaccinated against Marek's disease virus. Virology
(2022) 568:115-25. doi: 10.1016/j.virol.2022.01.012

42. Berndt A, Methner U. Gamma/delta T cell response of chickens after oral
administration of attenuated and non-attenuated Salmonella typhimurium strains.
Veterinary Immunol Immunopathology (2001) 78(2):143-61. doi: 10.1016/S0165-2427
(00)00264-6

43. Berndt A, Pieper J, Methner U. Circulating gamma delta T cells in response to
Salmonella enterica serovar enteritidis exposure in chickens. Infect Immun (2006) 74
(7):3967-78. doi: 10.1128/iai.01128-05

44. Littman DR. The structure of the CD4 and CD8 genes. Annu Rev Immunol
(1987) 5:561-84. doi: 10.1146/annurev.iy.05.040187.003021

45. Veillette A, Ratcliffe MJ. Avian CD4 and CD8 interact with a cellular tyrosine
protein kinase homologous to mammalian p56lck. Eur J Immunol (1991) 21(2):397-
401. doi: 10.1002/eji.1830210222

46. Veillette A, Bookman MA, Horak EM, Bolen JB. The CD4 and CD8 T cell
surface antigens are associated with the internal membrane tyrosine-protein kinase
p56lck. Cell (1988) 55(2):301-8. doi: 10.1016/0092-8674(88)90053-0

47. Choi KD, Lillehoj HS. Role of chicken IL-2 on 8 T-cells and Eimeria acervulina-
induced changes in intestinal IL-2 mRNA expression and ¥0 T-cells. Veterinary Immunol
Immunopathology (2000) 73(3):309-21. doi: 10.1016/S0165-2427(00)00148-3

48. Gotibel TW, Schneider K, Schaerer B, Mejri I, Puehler F, Weigend S, et al. IL-18
stimulates the proliferation and IFN-y Release of CD4+ T cells in the chicken:
conservation of a thl-like system in a nonmammalian speciesl. J Immunol (2003)
171(4):1809-15. doi: 10.4049/jimmunol.171.4.1809

49. Spetz AL, Kourilsky P, Larsson-Sciard EL. Induction of CD8 molecules on
thymic gamma/delta T cells in vitro is dependent upon alpha/beta T cells. Eur J
Immunol (1991) 21(11):2755-9. doi: 10.1002/eji.1830211116

50. Zhang T, Li Q, Li X, Kang L, Jiang Y, Sun Y. Characterization of the chicken T
cell receptor gamma repertoire by high-throughput sequencing. BMC Genomics (2021)
22(1):683. doi: 10.1186/s12864-021-07975-7

51. Degen WG, van Daal N, van Zuilekom HI, Burnside J, Schijns VE. Identification
and molecular cloning of functional chicken IL-12. J Immunol (2004) 172(7):4371-80.
doi: 10.4049/jimmunol.172.7.4371

52. Becton, Dickinson and Company. FlowJo(TM) Software (for Windows) Version
10.8.1.2023.

53. Mamedov IZ, Britanova OV, Zvyagin IV, Turchaninova MA, Bolotin DA,
Putintseva EV, et al. Preparing unbiased T-cell receptor and antibody ¢cDNA
libraries for the deep next generation sequencing profiling. Front Immunol (2013)
4:456. doi: 10.3389/fimmu.2013.00456

54. Migalska M, Sebastian A, Radwan J. Profiling of the TCRbeta repertoire in non-
model species using high-throughput sequencing. Sci Rep (2018) 8(1):11613.
doi: 10.1038/s41598-018-30037-0

55. Andrews S. FastQC: A quality control tool for high throughput sequence data.
(2010). Available at: http://www.bioinformatics.babraham.ac.uk/projects/fastqc.

56. Bolotin DA, Poslavsky S, Mitrophanov I, Shugay M, Mamedov IZ, Putintseva
EV, et al. MiXCR: software for comprehensive adaptive immunity profiling. Nat
Methods (2015) 12(5):380-1. doi: 10.1038/nmeth.3364

57. Bolotin DA, Poslavsky S, Davydov AN, Frenkel FE, Fanchi L, Zolotareva OI,

et al. Antigen receptor repertoire profiling from RNA-seq data. Nat Biotechnol (2017)
35(10):908-11. doi: 10.1038/nbt.3979

58. Nazarov V, Tsvetkov V, Fiadziushchanka S, Rumynskiy E, Popov A, Balashov I,
et al. immunarch: bioinformatics analysis of T-cell and B-cell immune repertoires.
(2023). doi: 10.5281/zenodo.3367200

59. R Core Team. R: A language and environment for statistical computing. Vienna,
Austria: R Foundation for Statistical Computing (2022).

60. Huang Z, Xu Z, Bai H, Huang Y, Kang N, Ding X, et al. Evolutionary analysis of a
complete chicken genome. Proc Natl Acad Sci U S A. (2023) 120(8):e2216641120.
doi: 10.1073/pnas.2216641120

61. Huhle D, Hirmer S, Gobel TW. Splenic gammadelta T cell subsets can be
separated by a novel mab specific for two CD45 isoforms. Dev Comp Immunol (2017)
77:229-40. doi: 10.1016/j.d¢i.2017.08.013

62. Scherer S, Gobel TW. Characterisation of chicken OX40 and OX40L. Dev Comp
Immunol (2018) 82:128-38. doi: 10.1016/j.dci.2018.01.014

frontiersin.org


https://doi.org/10.1007/bf00172178
https://doi.org/10.1016/0161-5890(94)90083-3
https://doi.org/10.4049/jimmunol.1103521
https://doi.org/10.4049/jimmunol.1103521
https://doi.org/10.1002/eji.1830180408
https://doi.org/10.1073/pnas.86.7.2351
https://doi.org/10.1073/pnas.86.7.2351
https://doi.org/10.1084/jem.167.2.315
https://doi.org/10.1038/nri2781
https://doi.org/10.1111/imr.12919
https://doi.org/10.1111/imr.12919
https://doi.org/10.1126/science.8146660
https://doi.org/10.1038/375155a0
https://doi.org/10.1016/s0014-5793(01)03191-x
https://doi.org/10.4049/jimmunol.0903679
https://doi.org/10.4049/jimmunol.0903679
https://doi.org/10.1084/jem.166.5.1579
https://doi.org/10.1126/science.1110267
https://doi.org/10.1126/science.1110267
https://doi.org/10.1111/j.1600-065X.2006.00479.x
https://doi.org/10.1038/ni.3432
https://doi.org/10.1007/s10875-007-9077-z
https://doi.org/10.1038/nri3384
https://doi.org/10.1146/annurev.immunol.18.1.975
https://doi.org/10.1016/j.vetimm.2012.03.016
https://doi.org/10.1146/annurev.iy.11.040193.003225
https://doi.org/10.1051/vetres:2008030
https://doi.org/10.1093/intimm/1.5.540
https://doi.org/10.1038/icb.1989.33
https://doi.org/10.1016/S0034-5288(98)90166-7
https://doi.org/10.4049/jimmunol.141.7.2200
https://doi.org/10.1002/eji.1830230927
https://doi.org/10.4049/jimmunol.151.12.6627
https://doi.org/10.1016/j.virol.2018.06.014
https://doi.org/10.1016/j.dci.2017.03.028
https://doi.org/10.1016/j.virol.2022.01.012
https://doi.org/10.1016/S0165-2427(00)00264-6
https://doi.org/10.1016/S0165-2427(00)00264-6
https://doi.org/10.1128/iai.01128-05
https://doi.org/10.1146/annurev.iy.05.040187.003021
https://doi.org/10.1002/eji.1830210222
https://doi.org/10.1016/0092-8674(88)90053-0
https://doi.org/10.1016/S0165-2427(00)00148-3
https://doi.org/10.4049/jimmunol.171.4.1809
https://doi.org/10.1002/eji.1830211116
https://doi.org/10.1186/s12864-021-07975-7
https://doi.org/10.4049/jimmunol.172.7.4371
https://doi.org/10.3389/fimmu.2013.00456
https://doi.org/10.1038/s41598-018-30037-0
http://www.bioinformatics.babraham.ac.uk/projects/fastqc
https://doi.org/10.1038/nmeth.3364
https://doi.org/10.1038/nbt.3979
https://doi.org/10.5281/zenodo.3367200
https://doi.org/10.1073/pnas.2216641120
https://doi.org/10.1016/j.dci.2017.08.013
https://doi.org/10.1016/j.dci.2018.01.014
https://doi.org/10.3389/fimmu.2024.1325024
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Linti et al.

63. Rajasekar R, Augustin A. Selective proliferation of gamma delta T lymphocytes
exposed to high doses of ionomycin. J Immunol (1992) 149(3):818-24. doi: 10.4049/
jimmunol.149.3.818

64. Behr C, Dubois P. Preferential expansion of Vy9 V32 T cells following
stimulation of peripheral blood lymphocytes with extracts of Plasmodium
falciparum. Int Immunol (1992) 4(3):361-6. doi: 10.1093/intimm/4.3.361

65. Ueta C, Kawasumi H, Fujiwara H, Miyagawa T, Kida H, Ohmoto Y, et al.
Interleukin-12 activates human gamma delta T cells: synergistic effect of tumor necrosis
factor-alpha. Eur J Immunol (1996) 26(12):3066-73. doi: 10.1002/eji.1830261237

66. Yang R, Yao L, Shen L, Sha W, Modlin RL, Shen H, et al. IL-12 expands and
differentiates human vgamma2Vdelta2 T effector cells producing antimicrobial
cytokines and inhibiting intracellular mycobacterial growth. Front Immunol (2019)
10:913. doi: 10.3389/fimmu.2019.00913

67. Hodge DL, Schill WB, Wang JM, Blanca I, Reynolds DA, Ortaldo JR, et al. IL-2 and
IL-12 alter NK cell responsiveness to IFN-y-inducible protein 10 by down-regulating CXCR3
expressionl. J Immunol (2002) 168(12):6090-8. doi: 10.4049/jimmunol.168.12.6090

68. Hou R, Goloubeva O, Neuberg DS, Strominger JL, Wilson SB. Interleukin-12
and interleukin-2-induced invariant natural killer T-cell cytokine secretion and
perforin expression independent of T-cell receptor activation. Immunology (2003)
110(1):30-7. doi: 10.1046/j.1365-2567.2003.01701.x

69. Gollob JA, Schnipper CP, Murphy EA, Ritz J, Frank DA. The functional synergy
between IL-12 and IL-2 involves p38 mitogen-activated protein kinase and is associated

Frontiers in Immunology

13

10.3389/fimmu.2024.1325024

with the augmentation of STAT serine phosphorylation. J Immunol (1999) 162
(8):4472-81. doi: 10.4049/jimmunol.162.8.4472

70. Kobayashi M, Fitz L, Ryan M, Hewick RM, Clark SC, Chan S, et al. Identification
and purification of natural killer cell stimulatory factor (NKSF), a cytokine with
multiple biologic effects on human lymphocytes. J Exp Med (1989) 170(3):827-45.
doi: 10.1084/jem.170.3.827

71. Mehrotra PT, Wu D, Crim JA, Mostowski HS, Siegel JP. Effects of IL-12 on the
generation of cytotoxic activity in human CD8+ T lymphocytes. ] Immunol (1993) 151
(5):2444-52. doi: 10.4049/jimmunol.151.5.2444

72. Polasky C, Weigend S, Schrader L, Berndt A. Non-specific activation of CD8a:-
characterised Y3 T cells in PBL cultures of different chicken lines. Veterinary Immunol
Immunopathology. (2016) 179:1-7. doi: 10.1016/j.vetimm.2016.07.008

73. Sedlak C, Patzl M, Saalmuller A, Gerner W. IL-12 and IL-18 induce interferon-
gamma production and de novo CD2 expression in porcine gammadelta T cells. Dev
Comp Immunol (2014) 47(1):115-22. doi: 10.1016/j.dci.2014.07.007

74. Price SJ, Sopp P, Howard CJ, Hope JC. Workshop cluster 1+ gammadelta T-cell
receptor T cells from calves express high levels of interferon-gamma in response to
stimulation with interleukin-12 and -18. Immunology. (2007) 120(1):57-65.
doi: 10.1111/§.1365-2567.2006.02477.x

75. Matsuyama-Kato A, Shojadoost B, Boodhoo N, Raj S, Alizadeh M, Fazel F, et al.
Activated chicken gamma delta T cells are involved in protective immunity against
marek's disease. Viruses (2023) 15(2):285-308. doi: 10.3390/v15020285

frontiersin.org


https://doi.org/10.4049/jimmunol.149.3.818
https://doi.org/10.4049/jimmunol.149.3.818
https://doi.org/10.1093/intimm/4.3.361
https://doi.org/10.1002/eji.1830261237
https://doi.org/10.3389/fimmu.2019.00913
https://doi.org/10.4049/jimmunol.168.12.6090
https://doi.org/10.1046/j.1365-2567.2003.01701.x
https://doi.org/10.4049/jimmunol.162.8.4472
https://doi.org/10.1084/jem.170.3.827
https://doi.org/10.4049/jimmunol.151.5.2444
https://doi.org/10.1016/j.vetimm.2016.07.008
https://doi.org/10.1016/j.dci.2014.07.007
https://doi.org/10.1111/j.1365-2567.2006.02477.x
https://doi.org/10.3390/v15020285
https://doi.org/10.3389/fimmu.2024.1325024
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Chicken &gamma;&delta; T cells proliferate upon IL-2 and IL-12 treatment and show a restricted receptor repertoire in cell culture
	1 Introduction
	2 Materials and methods
	2.1 Ethics statement
	2.2 Animals
	2.3 Cytokines
	2.4 Cell preparation and cell culture
	2.5 Antibodies for flow cytometry and fluorescence activated cell sorting
	2.6 BrdU proliferation assay
	2.7 RNA isolation, cDNA synthesis, and semi-nested PCRs
	2.8 Bioinformatic analysis
	2.9 Statistics

	3 Results
	3.1 &gamma;&delta; T cells proliferate in vitro after IL-2/IL-12 stimulation of splenocytes
	3.2 Different &gamma;&delta; T cell populations respond to cytokine stimulation
	3.3 Cytokine stimulation of &gamma;&delta; T cells leads to a restricted TCR repertoire

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


