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Unlike mice and humans, porcinegd T cells represent a prominent subset of T cells
in blood and secondary lymphatic organs. GATA-3, T-bet and &mesodermin (Eomes)
are transcription factors with crucial functions in T-celdevelopment and functional
differentiation, but their expression has not been invegiated in porcine gd T cells
so far. We analyzed the expression of these transcription €ors in gd thymocytes,
mature gd T cells from blood, spleen, lymph nodes, and lung tissue as wkas in vitro
stimulated gd T cells on the protein level by ow cytometry. GATA-3 was presnt in
more than 80% of allgd-thymocytes. Extra-thymic CD2 gdT cells expressed high levels
of GATA-3 in all investigated organs and had a CD8 MCD27Cperforin phenotype.
T-bet expression was mainly found in a subset of CD2 gd T cells with an opposing
CD8aMICD279M= perforin® phenotype. Eome< gd T cells were also found within
CD2€ gd T cells but were heterogeneous in regard to expression of C:§ CD27, and
perforin. Eome$® gd T cells frequently co-expressed T-bet and dominated in thegleen.
During aging, CD2 GATA-3° gd T cells strongly prevailed in young pigs up to an age
of about 2 years but declined in older animals where CO2T-bet® gd T cells became
more prominent. Despite high GATA-3 expression levels, I-production could not be
found ingd T cells by intracellular cytokine staining. Experiments thi sorted and ConA
C IL-2 C IL-12 C IL-18-stimulated CD2 gdT cells showed that proliferating cells start
expressing CD2 and T-bet, produce IFNg, but retain GATA-3 expression. In summary,
our data suggest a role for GATA-3 in the development ofdthymocytes and in the
function of peripheral CD2 CD8a ™MCD27Cperforin gd T cells. In contrast, T-bet
expression appears to be restricted to terminal differertion stages of CDZ gd T cells,
frequently coinciding with perforin expression. The funanal relevance of high GATA-3
expression levels in extra-thymic CD2 gd T cells awaits further clari cation. However,
their unique phenotype suggests that they represent a thymarderived separate lineage
of gdT cells in the pig for which currently no direct counterparnirodents or humans has
been described.
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INTRODUCTION abundance. Moreover, our data indicate that GATA-3 expressio
in porcinegdT cells is not related to IL-4 production but rather

gd T cells are an evolutionarily conserved subset of T cellseems to be a phenomenon of the CDgt T-cell subset. Overall,

which is present in all jawed vertebrates3.(In contrast to mice  thjs suggests that CD2gd T cells di er substantially from other

and humans,gd T cells in swine are a prominent subset of gdT-cell subsets, although their functional properties stilbitva
T cells in blood but also in other secondary lymphatic organshorough investigation.

(2-5). Despite this prominence and the long-standing research
activities on porcingdT cells ¢), knowledge on phenotypic and MATERIALS AND METHODS
functional traits of this T-cell subset is still limited.

Research in murine models has shown that varioufAnimals and Cell Isolation
transcription factors (TFs) are relevant for the developmenBiood and organs were collected from 7-month-old nishingpi
of distinct immune cell lineages and functional subsets bynd 4- to 5-year-old healthy sows from an abattoir. Animals
activating or repressing their target genes, frequentingdtde \ere anesthetized using a high voltage electric device and
the action of particular cytokines. The TF T-bet has origmal thereafter exsanguinated. This procedure is in accordance t
been described as the master regulator of the Th1 respafise ¢he Austrian Animal Welfare Slaughter Regulation. For aredys
but over the years it has become clear that T-bet is alsovedbl f peripheral blood mononuclear cells (PBMCs) in aging pigs,
in the type-1 related di erentiation, function, migration,nd  piglets were repeatedly sampled at 3 weeks, 25 weeks, and
B cells and innate lymphoid cell$)( The TF Eomesodermin  animals was approved by the institutional ethics committae, t
(Eomes) regulates the function and development of cytotoxidvisory Committee for Animal Experiments (§12 of Law for
CD8" T cells and cytotoxic CD4 Thi cells, by inducing the - animal Experiments, Tierversuchsgesetz—TVG) and the Feder
expression of IFNg, perforin, and granzyme BJ(10). Moreover,  wministry for Science and Research (reference number BMWF-
Eomes, together with T-bet, controls the di erentiation obD8“ 68.205/0021-11/3b/2011).
T cells into long-lived memory cells or short-lived e ectoelts. PBMCs were obtained by gradient centrifugation with
Whereas, Eomes fosters the development of memory €D8 lymphocyte separation medium (density 1.077 g/mL; PAN
cells, T-bet seems to play a pivotal role in the maintenance ®jotech, Aidenbach, Germany) as described previough). (
short-lived e ector CD& T cells (L1, 12). Studies in mouse and Lymphocytes from thymus, spleen, mediastinal lymph node and
human have shown the expression of Eomes mRNA and proteifing tissue were isolated as reported previously 29). Isolated
by gd T cells (3-19). Similarly, T-bet expression was found |ymphocytes were either processed for immediate analysis by
in murine (16) and humangd T cells (4). The TF GATA-3 oy cytometry (FCM), or cultivatedn vitro (see details below).
is well-known for its function as a master regulator of Th2Fgr some experiments, PBMCs were initially frozen 450 C
responsesl(7). However, this TF is also involved in T-cell lineagefo||owing a previously described proceduf);
commitment (L8), having a pivotal role already during the
transition of thymus-seeding progenitor cells into early idage  Fluorescence-Activated Cell Sorting
progenitors (9). Later during T-cell development in the thymus, (FACS)

GATA-3 is required for transition from the double negative gq, sorting of totalgd T cells and CD2 gd T cells, defrosted
T-cell stage 1 to double negative T-cell stages 23 Z1),  pgMCs were used. Up to 2 10° PBMCs were re-suspended
which also includegd T-F:ell development 19). In additipn, in 500 mL of sorting medium consisting of RPMI 1640
GATA-3 acts together with ThPOK as a TF for CD4-lineagespplemented with 5% (v/v) heat-inactivated fetal calf serum
commitment @2) and contributes to iINKT-cell development (£cs) (both from PAN Biotech) and 5% (v/v) heat-inactivated
in the thymus @3). Beyond thymic development, GATA-3 has porcine plasma (in house preparation) and 2 mM EDTA. PBMCs
also been reported to be of relevance for the maintenance anghe |abeled with primary monoclonal antibodies (mAbs) agai
survival of CD# and CD& T cells in the periphery34) as TCRgd (clone PGBL22A, mouse IgG1, VMRD, Pullman, WA,
well as Treg survival and functior29). In contrast, not much is USA) and CD2 (clone MSA4, mouse 1gG2a, in house). Cells
known about the relevance of GATA-3 in matugel T cells; an  \yere washed in sorting medium, re-suspended, and incubated
early study with murinegd T cells from the spleen could identify yith second-step reagents: rat anti-mouse IgG1-PerCP (BD
GATA-3 expression only aften vitro stimulation with IL-4 (L6). Biosciences, San Jose, CA, USA) and goat anti-mouse 1gG2a-
Despite these ndings, to our knowledge the expression Ojjex3488 (Thermo Fisher, Waltham, MA, USA). After two
GATA-3, T-bet and Eomes has not been investigated in porcing,ther washing steps, cells were sorted using a FACSAvria cell
gdT cells. Thus, we reasoned that analyzing these TdTrcells  sorter (BD Biosciences). The purity of sorted cell populations
isolated from di erent lymphatic and non-lymphatic organs, asvaried from 99.3 to 99.6 for totagld T cells (mean of 99.5%) and
well as from pigs of di erent age, would provide a more detailecfrom 99.7 to 99.9 for CD2 gd T cells (mean of 99.8%)).
insight into potential functional and developmental propestie
of respectivegd T-cell subsets. We could identify prominent In vitro Cultivation and FCM Analysis of
subpopulations ofd T cells expressing all three TFs. In particularSorted gd T Cells
GATA-3 and T-bet expressingd T cells had largely opposing For parallel analysis of proliferation and phenotype, sorted
phenotypes and showed age-related changes in their relativecells and sorted CD2 gd T cells as well as total PBMCs
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were labeled using the CellTrddk Violet Cell Proliferation secondary antibody. Between the intracellular incubatiwps,

Kit (Thermo Fisher) prior to cultivation as described elsamh cells were washed twice with BD Perm/Wash.

(27). Subsequently, 2 1 cells per well were cultivated for ~ For samples where TF expression was analyzed in
4 days at 37C in round-bottomed 96-well plates (Greiner Bio- combination with isotype-specic secondary antibodies for
One, Kremsmunster, Austria), under the following conditton cell surface labeling, whole mouse IgG moleculesnfl per

(i) unstimulated in cell culture medium (RPMI 1640 with stable sample; ChromPure; Jackson ImmunoResearch, West Grove,
glutamine supplemented with 10% (v/v) heat-inactivated FCSA, USA) were added after the second incubation step to block
100 IU/mL penicillin and 0.1 mg/mL streptomycin, all from potentially free binding sites of secondary antibodies.sThas
PAN Biotech), (ii) Concanavalin A (ConA) (®g/mL, Amersham done in a separate incubation step before subsequent inicubat
Biosciences, Uppsala, Sweden) combined with recombinamtith directly-conjugated mAbs. During this incubation WitgG
porcine (rp) IL-2 (20 ng/mL, R&D Systems, Minneapolis, MN, molecules, a staining with Live/De8d\ear-IR (Thermo Fisher)
USA) or (iii) ConA in combination with rpIL-2, rplL-12 was performed according to the manufacturer's instructions.
and rplL-18 (5mg/mL, 20ng/mL, 25ng/mL, and 25ng/mL, For samples used for IL-4 analysis, Fixable Viability Dye @Flu
respectively; R&D Systems, Minneapolis, MN, USA) in a nal780 (eBioscience) was used during incubation with secgndar
volume of 200mL. After 4 days of cultivation, cells were antibodies for cell surface markers. For the staining palistksd
harvested, re-stained for TC§dand CD2 expression using the in Table 1, isotype-matched control samples were prepared
same primary and secondary antibodies mentioned above anth check for unspecic binding. Samples stained with single
following xation and permeabilization, stained with mAberf  antibodies were prepared for calculation of compensation and,
T-bet, Eomes and GATA-3. Details on the staining procedurevhere appropriate, uorescence minus one (FMO) samples
are described in chapter 2.5 and antibodies used are listed imere prepared.

Table 1 In parallel to the harvest of the cells, supernatants of For a bulk staining of norgd T cells, PBMCs isolated from 7-
the microcultures were collected and stored &0 C for analysis months-old pigs were labeled with antibodies against CD4lo

of cytokines. b38c6¢7), CDB (clone PPT23), CD16 (clone G7), and CD172a
(clone 74-22-15). These mAbs have a mouse IgG1 isotype and
were produced in house, with the exception of G7, which was
urchased from Bio-Rad (Puchheim, Germany). Subsequently,
e mAbs were labeled with a goat anti-mouse IgG1-Alexa647

Intracellular Cytokine Staining for IL-4
Defrosted PBMCs were placed in cell culture medium overnigh

with 5 10P cells per well at 37C in round-bottomed 96-well secondary antibody Table 1, footnote “b’) and in a third

plates. On the following morning, cells were stimulated fdr 4 . . . I
with phorbol 12-myristate 13-acetate (PMA, 50 ng/mL, SigmalnCUbatlon step Fixable Viability Dye eFluor 780 and whole

. . . mouse IgG were added to the samples. Following xation and
Aldrich, Schnelldorf, Germany) and ionomycin (500 ng/mL, . . - .
Sigma-Aldrich) combined with Brefeldin A (ig/mL, BD permeabilization with the Foxp3/Transcription Factor Staipi

GolgiPlug™, BD Biosciences). Cells were harvested and stainegjua?tzsstgéigic?gggﬂ;\ﬂs;mg?uwgs dfsvrittkr]]epr\lfxbaeéig th?lemﬁbs
for CD3, CD4, TCRgd, and CD&, followed by intracellular g ’ Jug 79

cytokine staining (ICS) for IL-4. Details on the staining ]IcDako) a_nd GATA"? (cl_one TWA‘]’ PI_E-conjugated, Seble 1

. . . .~ for details). During primary incubation, some samples were
procedure are described in the following chapter and antibsdi o . . .
used are listed ifable 1 additionally stalngd with mAbg against TGRI (clone PPT16,

further labeled with goat anti-mouse IgG2b-BV421 (Jackson

ImmunoResearch, Ely, United Kingdom) and CD2 (clone MSA4,
FCM Staining further labeled with goat anti-mouse IgG2a-Alexa48able 1,
Table 1provides technical information on mAbs and secondaryfootnote “g”).
reagents. Incubation with mAbs speci c for extracellularigahs
was performed for 20min in the fridge in round-bottomed FCM Analysis
96-well plates. After incubation with primary and secondaryFCM samples were analyzed on a FACSCanto Il (BD Biosciences)
reagents, the cells were washed two times with @00PBS  ow cytometer with three lasers (405, 488, and 633 nm). For
C 10% (v/v) porcine plasma (in house preparation). For samples addressing TF expression in combination with other
vitro cultivated cells, PBS containing 3% (v/v) FCS was usedarkers, at least 1 10° lymphocytes per sample were recorded.
for washing. After labeling of antigens in the cell membraneFor samples analyzing IL-4 production, between 51¢° and
samples were xed and permeabilized with Foxp3/Transcriptio. ~ 10° lymphocytes per sample were recorded. In the case of
Factor Staining Bu er Set (eBioscience, San Diego, CA, USAjolet proliferation assays where TG CD2 and TF expression
following the manufacturers instructions. For samples veher were analyzed, around 1.21 cells per sample were recorded.
IL-4 was analyzed by ICS, xation and permeabilization wasCompensation was calculated by FACSDiva software version
performed with BD Cyto x/Cytoperm and BD Perm/Wash (both 6.1.3 (BD Biosciences) after analysis of single-stainexgbles.
BD Biosciences), respectively. For intracellular stainihgfs, Data were further analyzed by FlowJo software, version 10.4.2
single directly conjugated mAbs or mastermixes of directlyor all phenotypic analyses performed, cells were gated accprdin
conjugated antibodies were used and incubated for 30 min ito light scatter properties (FSC-A vs. SSC-A) and subjected to
the fridge. Intracellular IL-4 was labeled by a two-step pdire  doublet (FSC-H vs. FSC-W and SSC-H vs. SSC-W) and dead cell
with a porcine IL-4-specic primary antibody followed by a discrimination, as described elsewheg&)( Only in the case of
second incubation with a uorochrome-labeled isotype-speci proliferation assays doublet discrimination was not carioed.
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TABLE 1 | Antibody panels used for FCM.

Antigen Clone Isotype Fluorochrome Labeling strategy Sourc e of primary Ab
THYMOCYTES

TCR-gd PGBL22A 1gG1 Alexa647 Secondary antibodi’/ VMRD

CD2 MSA4 1gG2a Alexa488 Directly conjugated In house
CD8a 11/295/33 1gG2a BVv421 Two step biotin-streptavidirf In house
T-bet eBio4B10 1gG1 PE Directly conjugated eBioscience
Eomes WD1928 1gG1 PE Directly conjugated eBioscience
GATA-3 TWAJ 1gG2b PE Directly conjugated eBioscience
gd T CELLS FROM BLOOD, SPLEEN, mLN AND LUNG

TCR-gd PPT-16 1gG2b BVv421 Two step biotin—streptavidiﬁ In house
CD2 MSA4 1gG2a Alexa488 Directly conjugated In house
CD8a 11/295/33 1gG2a PE-Cy7 Secondary antibody In house
CD27 b30c7 IgG1 Alexa647 Secondary antibod9 In house
Perforin dG9 1gG2b PerCP-eFluor710 Directly conjugated eBioscience
T-bet eBio4B10 1gG1 PE Directly conjugated eBioscience
Eomes WD1928 1gG1 PE Directly conjugated eBioscience
GATA-3 TWAJ 1gG2b PE Directly conjugated eBioscience
CO-EXPRESSION OF T-BET AND EOMES ON T CELLS DERIVED FROM BLOO D, SPLEEN AND LUNG

TCR-gd PPT-16 19G2b PE-Cy7 Two step biotin—streptavidiﬁ In house
CD2 MSA4 lgG2a Alexa488 Secondary antibod¥ In house
CD27 b30c7 1gG1 BV421 Secondary antibody} In house
T-bet eBio4B10 1gG1 eFluor660 Directly conjugated eBiosciece
Eomes WD1928 1gG1 PE Directly conjugated eBioscience
ANALYSIS OF IL-4 PRODUCTION BY ICS

CD3 PPT3 IgG1 Alexa488 Secondary antibody In house
CD4 b38c6c7 1gG1 Alexa48& Secondary antibod? In house
TCR-gd PGBL22A 1gG1 Alexa488 Secondary antibon VMRD

CD8a 11/295/33 lgG2a PE Secondary antibodﬂl In house

IL-4 A155B16F2 1gG2b Alexa647 Secondary antibod'§/ Thermo Fisher
ANALYSIS OF FACS-SORTED gd T CELLS

TCR-gd PGBL22A 1gG1 PerCP Secondary antibody VMRD

CD2 MSA4 1gG2a Alexa488 Secondary antibody In house
T-bet eBio4B10 1gG1 eFluor660 Directly conjugated eBiosciece
Eomes WD1928 1gG1 PE Directly conjugated eBioscience
GATA-3 TWAJ 1gG2b PE Directly conjugated eBioscience

aUsed in parallel samples.

bGoat anti-Mouse IlgG1-Alexa647, Thermo Fisher.
¢Goat anti-Mouse IgG2a-biot., Southern Biotech; Streptavidin-BV421, Biolgend.
dGoat anti-Mouse IgG2b-biot., Southern Biotech; Streptavidin-BV421, BioLeged.
€Goat anti-Mouse IgG2a-PE-Cy7, Southern Biotech.
fGoat anti-Mouse IgG2b-biot., Southern Biotech; Streptavidin-PE-Cy7, eBscience.
9Goat anti-Mouse 1gG2a-Alexa488, Thermo Fisher.
"Rat anti-Mouse 1gG1-BV421, BioLegend.

iGoat anti-Mouse IgG1-Alexa488, Thermo Fisher.
iGoat anti-Mouse IgG2a-PE, Southern Biotech.
kGoat anti-Mouse IgG2b-Alexa647, Thermo Fisher.
'Rat anti-Mouse IgG1-PerCP, BD Biosciences.

Cytokine Quanti cation by Multiplex

Fluorescent Microsphere
Immunoassay (FMIA)

Supernatants of FACS-sorted and cultivagdi T cells, CD2

microsphere immunoassay (FMIA) as described elsewttie (
The following reagents from Thermo Fisher were used in this
assay: IL-4 capture and detection antibody pair, catalog rersb

CSC1283 part 55.128.09 and ASC0849, IL-4 standard CSC1283
part 5S.128.10; IFN- capture and detection antibody pair,

gdT cells, and PBMCs (see chapters 2.2 and 2.3) were analyzgflalog numbers MP700 and MP701B, Igtandard CSC4033
for the presence of IFNrand IL-4 by a multiplex uorescent part SD066.
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Statistical Analysis node and lung, respectively). We also assessed the phenotype of
For statistical analysis of data, IBMSPSS$ Statistics program T-bef® gd T cells in more detail. For this purpose, we analyzed
was used (SPSS Statistics Version 24.0, IBM Corp., Armontke expression of di erentiation-related molecules CD2, GD8
NY, USA). Data sets were veried for normal distribution CD27 and perforin. Representative data of T¢hegd T cells
by the Shapiro-Wilk's test and equality of variances for thdsolated from the dierent locations of one pig are displayed
groups was assessed by Levene's test. Where necessary, idathe zebra plots ofFigure 2B Following separation ofjd
sets were subjected to log-transformation to meet theger@i T cells into CD® and CD2 subsets, we analyzed the co-
Data sets ful lling both were analyzed by one-way variancexpression of perforin and T-bet. Perfofinand perforin T-
analysis for independent samples with Bonferroni correcfian  be® gd T cells were then further analyzed for expression of
paired samples. Otherwise, data sets were analyzed by the n@D27 and CD&. Across all organs, T-betgd T cells were
parametric Kruskal-Walli's test, with Bonferroni corramias mainly found within the CD# subset ofgd T cells. Only in
post-ho@nalysis. Three levels of signi cance were de ned:  spleen and lung, small populations 8%) of CD2 T-bet® gd T
0.05(),p 0.01( )andp 0.001( ). cells were found. Among C[%2gd T cells, up to 70% expressed
T-bet (spleen, lung) and considerable portions of these cells
co-expressed perforin, with highest frequencies presentng lu
RESULTS tissue. Of note, perforfn gd T cells in blood and lung tissue
Expression of T-Bet, Eomes, and GATA-3 in expresged slightly higher Ievgls of T-bet thgré perforicells.
gd Thymocytes Regarding CD&8/CD27 expression, CB%erforin® T-bef® gd T

. cells had—across all organs—mainly a @®8D27 phenotype
T-bet, Eomes and GATA-3 expressing thymocytes were analyz d o
in 7-month-old pigs. Initially, thymocytes bearing the TCR-‘E> 60%) followed by a CDECD27 phenotype. CD8

Ny
gd were gated and further analyzed for the expression of TF%henotypes were hardly present among @Ipérforln T-bet®

(Figure 1A, rst and second row). Moreover, singgd T cells in gd chells. CD perforin T-bet® gd T cells were mainly
. L ) o CD8a~CD27 (> 63%).
swine have been divided into three subsets on the basis of the - . . .
Eomes-expressingd T cells were also identied in all

ion i ; c
CD2/CD& expression, including CDX°D8& , CDZCDE&a", organs, with mean frequencies of 6.8, 36.4, 11.1, and 14.0%

and CD?CD&.‘ (31, 39, we also analyéz}[ed exprgssion of thes?rom cells of blood, spleen, mediastinal lymph node and

“’go molecules mtotagt!dthymocyte;s,T-b ,Eqme or GATA- lung tissue origin, respectivelyFigure 3A, scatter diagram).

8 gd thymocytes Kigure 1A, third row). Figure 1A shows — r o spleen was enriched fogd® Eome§ cells, although

g:ﬁg ?)ff o\r/1: r(iap;es_(l_a_rgt;nv:rlgn;zn; ?r!eagmggrfhlasgr?;ac:;se the frequency of positive cells varied considerably between
Ve pigs. gd thy y . individual animals. In regard to CD2/perforin/CE8CD27

scarce, with a mean frequency of 5.7 and 4.6%, respectively. pHenotypes Eomésgd T cells were mainly CO2 Only

contrast, the vast r_najority ogdthymocyte_s gxpressed GATA- in the spleén a minor population of CD2 Eome§. gd T

3 (gean of 88%)Rigure 18). The vast majority ( 96%) of T- cells was found (5%Figure 3B). In contrast to T-bet gd T

bef* gd thymacytes co-expressed CD2 and GD#igure 1A cells, Eomés gd T cells were mainly perforin, only in lung

Zib:gsgg CbD)é ggj?rlﬁhtngarlgoz:i];:rﬁ OSI?: :E%gg?gqu tissue this was di erent. In regard to CRACD27 expression,
b o pp y the majority of CDZ perforin Eome§ gd T cells had a

lacked CD@& expression Figure 1A, zebra plot “c”). Whereas, CD8aCCD27 phenotype ¢ 58%), followed by a C8 CD27

GATA-3 expression was found in all CD2/CB&le ned gd . C
C ~ phenotype. Among the few CHperforinCEome$§ gd T cells,
thymocyte subsets, only the frequency of CIZD8a® GATA also CD&CCD27 cells were present.

C .
3~ thymocytes was somewhat lower than in tagaithymocytes GATA-3 expression was also analyzed with the same

(Figure 1A, zebra plot “a’ vs. “d”). Similar to what we previously . ) . .
found for TCRab thymocytes £9), these data suggest that experimental set-up. Again, GATAS3gd T cells were detected

. . . ) in all investigated organsF{gure 4A, scatter diagram) and
GATA-3 is of relevance in the maturation process of porajyuke ean frequency values were higher (82,0% blood: 44,8% spleen

thymocytes. In cpntrast, T-bet and Eomes expression appear E@S.l% mediastinal lymph node; 50.2% lung) compared to both
be induced only in smaljdthymocyte subsets, probably during T-be€ gd T cells and Eomé&s gd T cells, albeit with a

late stages @dthymocyte development. considerable degree of variation between animals. Analyses on
CD2, CD&, CD27, and perforin expression showed that the
Analyses of T-Bet, Eomes and GATA-3 majority of GATA-F gd T cells were present in the CDZubset
Expression in Extra-Thymic gd T Cells (Figure 4B). Of note, the overall expression level of GATA-3
The expression of T-bet was analyzed witg T cells derived varied between individual organs, since within the ¢Dgd
from blood, spleen, mediastinal lymph nodes, and lung tissug cells some GATASS cells were also present. Nevertheless,
of 7-month-old pigs.gd® T-bef® cells were detected in all perforin® gd T cells present in PBL, spleen and lung tissue
organs Figure 2A, scatter diagram). Mean frequencies of T-bet-were clearly GATA-3. In regard to CD&/CD27 expression,
expressingdT cells within totalgdT cells varied between organs, the majority of CD2 GATA-3° gd T cells was CD8 CD27%
with spleen and lung tissue showing highest values, where&s65%), whereas the CBBATA-39™ gd T cells were mainly
lowest values were detected in lymph nodes (13.4, 38.4,/810, aCD8a°CD27. Since GATA-3 expression can be in uenced
33.8% for cells isolated from blood, spleen, mediastinaplym by TCR-stimulation 83), we aimed to exclude the possibility
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FIGURE 1 | Expression of T-bet, Eomes and GATA-3 igd thymocytes. (A) Following exclusion of dead cells (not shown), total TCI@dC thymocytes were gated (top
row) and analyzed for the expression of T-bet, Eomes and GATA (histograms, second row). Total TCR_‘:](P thymocytes and TF-expressing TCRgoC thymocytes
were further analyzed for expression of CD2 and CD#8(third row, zebra plots denoted “a,” “b,” “c,” “d"). Numbersindicate the percentage of transcription factor
expressinggd thymocytes (histograms) or percentage of CD2/CD&-de ned subsets (zebra plots, third row). Data from one repreentative animal out of ve are
shown. (B) The scatter diagram shows the frequency of T-bet, Eomes and &TA-3 expressinggd thymocytes. Each symbol represents data of one individualr@mal
(n D 5). Green bars indicate mean values.

that the labeling strategy by anti-TCid mAbs inuenced cells had rather opposing phenotypes for CD2, @>8D27, and
GATA-3 expression. Therefore, PBMCs were stained with mAbgerforin, whereas Eomesgd T cells displayed an intermediate
against CD4, CDI8, CD16, CD172a, and CD@%ll uorescently —phenotype in-between T-betand GATA-F gd T cells for these
labeled with Alexa647; with the aim of labeling all cells pres four molecules.

within PBMCs with the exception ofd T cells. In addition,

samples were stained with mAbs against GATA-3, conjugated . Lo

with PE. In comparison to FMO controls, a clear population of CO-€Xpression of T-Bet and Eomes Within

GATA-3¢ PBMCs with a bulk-stain negative phenotype couldgd T Cells

be identi ed (Supplementary Figure 1 left panel). In parallel Co-expression of the TFs T-bet and Eomes withga T
samples, which were stained for T@®&-and CD2 expression, cells isolated from the blood of humans as well as from the
the frequency of GATA-Sbulk-stain-negative PBMCs stayed spleen of mice has been reported previously, (15). High
approximately the sameS(pplementary Figure 1right panel); frequencies of T-b&t and EomeS gd T cells in the spleen,
hence, there was no indication that a co-labeling of T@R- together with some overlap in regard to CD2, G&nd CD27
and CD2 by mAbs inuenced GATA-3 expression levels inexpression Figures 2 3) suggested that within porcingd T
our experimental system. When GATA:Bulk-stain-negative cells T-bet/Eomes co-expressing cells may also exist. Hence, co
PBMCs were gated and analyzed for CD2 and TgRRxpression expression of both TFs withigd T cells isolated from blood,
the vast majority of cells were TCR¥ CD2 , con rming the  spleen and lung tissue was investigatEifygre 5). Across these
phenotypes described Figure 4B. In summary, the analyses of three organs, T-bet/Eomes co-expresgidd cells were present,
extra-thymicgd T cells indicated that T-b&tand GATA-¥ gdT  but highest proportions were found in the spleen (up to 55%,
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FIGURE 2 | Frequency and phenotype of T-bet gdT cells in different organs(A) Following exclusion of dead cells (not shown), TCI@(:Ic T cells were gated within
live lymphocytes (zebra plot) and further subgated to anatg the expression of T-bet. The scatter diagram shows the figuency of T-betC gdT cells isolated from
blood (peripheral blood lymphocytes, PBL), spleen (Spl), ediastinal lymph node (mLN), and lung tissue (Lg). Each syrobrepresents data from one individual animal
(n D 8). Green bars indicate mean values(B) gd T cells were gated for CD® and CD2 subsets and further analyzed for co-expression of perforiand T-bet.
Perforir® and perforin T-bet® gd T cells were then gated and investigated for expression of CE¥Y and CD8a. Exemplary data of the four investigated locations,
blood (peripheral blood lymphocytes, PBL), spleen (Spl), @diastinal lymph node (mLN) and lung tissue (Lg) from one amal are shown. Numbers located in gates
and quadrants indicate percentage of cells for one particar phenotype. For T-bet/perforin-de ned subpopulations bebw 10%, CD8a/CD27 expression is shown in
dot plots, for T-bet/perforin-de ned subpopulations below 2%, CD8a/CD27 expression is not shown.

Frontiers in Immunology | www.frontiersin.org 7 March 2019 | Volume 10 | Article 396


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Rodriguez-Gémez et al. Transcription Factors in Porcinegd T Cells

A 70 4
2 60 - X
L | [
] i o
4 = 50 4
] 21 2 (3
E 54 55 Z 40 4
o Q] 9 =
. °4 © £ 30
> 1 i 0 4 ; A
e o) 320 1 'i'
-y omes §10 i g fo)
Opightt  APig#3 XPig#s X Pigh7 == Mean e 0 . . . X
Opig#t2 OPig#a +Pige =s Pig#s PBL Spl mLN Lg
B  pBL
E 5]
[NEP ©
ai
oY 81
i . E|
Spl PerforinfEomes* Perforin‘Eomes*
4 4 {13 79.6|422.2 75.4
1 E >3 ] /‘ ) ER P
E E
£1 E| 482 | 5%04 [ 1870 | . 24
.g i AL a LI I | R Raly !
o - 04148 19.2
873 L K
3 E 3
i ‘ ol f DN ] |1
L i e L eman et Lo BLL B BALL )
FMO omes CcD27
mLN Perforin‘Eomes*
E E 407 96.1
k| 04| 4 ) ‘ 11 51 "
N ©
O L@ |
E
E 3 0.6 3 6.9 30 3.2
.g L. e AL WAL e s Wi B L Rl SR A |
G 1 4 cb27
$3
3 El
E 1 | os
gy
Eomes
Perforin'Eomes* Perforin*Eomes*
4 4 496 69.7{34.2 64
3 E 531 | 1. '
@ .
3 E 94 : E
£1 i 106 ';;%JJEO T
.g L A “'l""""l""""!""
o - CcD27
S1 3
19 Ji0 .,

m g Y
FMO Eomes

FIGURE 3 | Frequency and phenotype of Eome§ gdT cells in different organs(A) Following exclusion of dead cells (not shown), TC}@dC T cells were gated within
live lymphocytes (zebra plot) and further subgated to anate the expression of Eomes. The scatter diagram shows the frpiency of Eome<® gd T cells isolated from
blood (peripheral blood lymphocytes, PBL), spleen (Spl), @diastinal lymph node (mLN) and lung tissue (Lg). Each symbpresents data from one individual animal
(n D 8). Green bars indicate mean values(B) gd T cells were gated for CD& and CD2 subsets and further analyzed for co-expression of perforiand Eomes.
Perforir® and perforin Eomes® gdT cells were then gated and investigated for expression of CEI¥ and CD8a. Exemplary data of the four investigated locations,
blood (peripheral blood lymphocytes, PBL), spleen (Spl), ediastinal lymph node (mLN), and lung tissue (Lg) from one emal are shown. Numbers located in gates
and quadrants indicate percentage of cells for one partical phenotype. For Eomes/perforin-de ned subpopulations bedw 10%, CD8a/CD27 expression is shown in
dot plots, for Eomes/perforin-de ned subpopulations below 26, CD8a/CD27 expression is not shown.
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blood (peripheral blood lymphocytes, PBL), spleen (Spl), @diastinal lymph node (mLN) and lung tissue (Lg). Each symbepresents data from one individual animal
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Perforir® and perforin GATA- gdT cells were then gated and investigated for expression of CEZ¥ and CD8a. Exemplary data of the four investigated locations,
blood (peripheral blood lymphocytes, PBL), spleen (Spl), ediastinal lymph node (mLN) and lung tissue (Lg) from one amal are shown. Numbers located in gates
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FIGURE 5 | Co-expression of T-bet and Eomes withingd T cells from different organs(A) TCR-gcxC T cells from blood (PBL), spleen (Spl), and lung tissue (Lgeve
gated within live lymphocytes (not shown) and further anatgd for co-expression of the transcription factors T-bet ad Eomes. Data from one representative animah(
D 8) are shown. Numbers located in quadrants indicate percemige of cells for one particular phenotype(B) Stacked bars show frequencies of T-bet Eomes ,
T-bet® Eomes , T-betC Eomes® and T-bet EomesC gd T cells present in PBL, spleen and lung tissue of eight diffent pigs. (C) Median uorescence intensity (MFI) of
T-bet expression in T-bef Eomes® and T-bet® Eomes gd T-cell populations in PBL, spleen and lung tissue. Each syndl represents data from one individual animal

(n D 8). Green bars indicate mean values.
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but with a high animal-to-animal variatiorkigures 5A,B. Initial  gd T cells co-expressed perforin. Somewhat di erent from
analyses suggested that Eofiedefc gd T cells had lower T-betCperforin® gdT cells, a considerable part of these cells had
expression levels of T-bet than T-bet-single positiceT cells a CD&CCD27 phenotype ¥ 48%). The same CRS CD27
(Figure 4A, PBL and lung tissue). Indeed, on average this waghenotype dominated among Eonfgserforin  gdT cells across
the case fogd T cells in PBL and lung from all investigated all stages of life{55%).
animals, but not for splenigd T cells Figure 5C). Considering The frequency of GATA-S gd T cells was already high
the coincidence of a T-b&8" phenotype with perforin expression in 3-week-old piglets (mean 80.8%), increased slightly tdwar
(Figure 2B PBL and lung tissue), this may suggest that T25 weeks of age (mean 87.9%) and then started to decline
bef"9"Eomes perforin® gdT cells are in a more terminal stage of signi cantly (26 months: mean of 61.2%; 4 years: mean of
di erentiation, since they also mainly had a CD2phenotype.  29.8%;Figure 8A). Similar to the observations ifrigure 4B
nearly the entire CD2 gd T-cell population was GATAS

. .. (Figure 8B), although at 3 and 25 weeks of age DT cells
In uence of Aging on Transcription Factor also seemed to express low levels of GATA-3. The expression
Expressionin gdT Cells level of GATA-3 appeared to decrease with increasing age, this
The data described so far were obtained frgdiT cells isolated was especially noticeable at 4 years of age. Also in accordance
from di erent organs of 7-month-old pigs (an age when pigswith the phenotypes described iRigure 4B, GATA-3° gd T
have just reached sexual maturity, therefore correspondting cells were perforin and within the CD2 fraction these cells
early puberty in humans). Next, we aimed to address agewere mainly CD& CD27 (> 77%). However, at 4 years of
related changes in TF-expression in blood-derigeiT cells. age, GATA-§CD2 gd T cells had in their majority a CD&"
Accordingly, cryopreserved PBMCs from a group of ve pigsphenotype. CDZ gd T cells with a low expression of GATA-3,
isolated at 3 weeks, 25 weeks, and 26 months of age wgmesent between 3 weeks and 26 months of life, mainly had a
used and compared to PBMCs isolated from four animals o€D8aCCD27 phenotype ¢ 64%).
approximately 4 years of age (with 4 years of age being eqoivale In Figures 6-8, it also became obvious that within thgel T
to full adulthood in humans). By using the same labelingcells present in the blood of 4-year-old animals CDI T cells
and gating strategy as ifigures 24, gd T cells from these decreased at the cost of CB2d T cells and that CD2GATA-
animals were analyzed for the expression of T-Bgt@re 6), 3¢ gd T cells expressed CB8Hence, we analyzed these age-
Eomes Figure 7) and GATA-3 Figure 8) in combination with  related changes in CD2 and CB&xpression in more detail
CD2, CD&, CD27 and perforin. The frequencies of T-Bet (Figures 9 10). Zebra plots irFigure 9Ashow the co-expression
gd T cells were around 13% at 3 weeks of age, declined tf TCR-gdand CD2 in live lymphocytes at the di erent ages. In
4.4% at 25 weeks of age and increased afterwards to 15.@%cordance with Stepanova and Sinkosd)( CD2 gd T cells
at 26 months of age within this group of animals that wereexpressed slightly higher levels of T@&compared to CD$
continuously bled over this period of timeFigure 6A). In  gdT cells. As shown ifFigure 98 CDZ gd T cells constituted
contrast, T-bet gd T cells in 4-year-old animals reached ona minor subset of the whole TC population in blood at
average 46.7%, a frequency signi cantly di erent from values8 and 25 weeks of age (mean of 22.7 and 8.3%, respectively)
obtained in 25 week old pigs. The phenotype displayed by Tand there was even a decrease of this population from 3 to 25
bef gd T cells isolated from blood of these animaiigure 6B)  weeks of age. However, frequencies of E0RI T cells were
was similar to the one shown iRigure 2B At all investigated increased at 26 months (mean of 30%), and at 4 years of age mean
stages of life, T-b&t gd T cells were CD% and frequently frequencies of CD2 gd T cells against CD2gd T cells were 60
co-expressed perforin. Also, as presented alreadsignre 2B, vs. 40%, respectively. Of note, this increase in €Da T cells
CD2Cperforin® T-bet® gd T cells mainly had a CDE*CD27  coincided with an increase in T-deigdT cells Figure 6), which,
phenotype $80%), with the exception of cells isolated atin their vast majority, had a CO2 phenotype. Linked to this,
3 weeks of age, where the majority had a @®8D27  the corresponding loss of CD2gd T cells coincided with a loss
phenotype. At 3 and 25 weeks of age, €pérforin T-be® gd  of GATA-3° gd T cells Figure 8 which were in their majority
T cells were mainly CD&° CD27° (>48%) but at the two later CD2 . In addition, expression levels of the T@f@on CD2 gd
stages of life, the majority of these cells had a 898D27 T cells started to decline from 26 months onwardsgure 90
phenotype $ 75%). and nearly matched the TCRd expression level on C52cells

Data for age-related changes in Eomes expressiogdof  at 4 years of age.

cells are shown irFigure 7. Frequencies of Eomes-expressing Additionally, we analyzed the frequency of C&%8 cells
gd T cells were higher in the blood of 3-week-old piglets (meamwithin both CDX and CD2 gd T cells at the di erent ages
14.3%) than in the blood of 7-month-old pigBigure 3A mean (Figure 10. Zebra plots inFigure 10 show data derived from
frequency of 6.8%). As the animals got older, there was ayighbne representative animal. The frequency of @B&ells within
signi cant decrease from 3 to 25 weeks of age (mean 2.7%}D2° and CD2 gd T cells continuously increased with age.
thereafter, lower but signi cant increases were seen at@6ths  However, whereas the frequencies within Dgd T cells
and 4 years of age. The phenotype of ECmgd T cells showed increased from 72.7% at 3 weeks of age to 95.9% at 4 years of age
some age-related changdsgure 7B). As reported for blood- this gain was considerably higher for CD23d T cells, ranging
derivedgdT cells inFigure 3A, Eome§ gdT cells were CD2 at  from 3.7% at 3 weeks of age to 83.1% at 4 years ofageré 1Q
all stages of life, but from 25 weeks of age onwards some Eomescatter diagrams).
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FIGURE 6 | In uence of aging on the expression of T-bet in blood-derivedyd T cells. (A) Following exclusion of dead cells (not shown), TC!@dc T cells were gated
within live lymphocytes (zebra plot) and further subgatedtanalyze the expression of T-bet. The scatter diagram showthe frequency of T-bef gd T cells within live
peripheral blood lymphocytes (PBL) isolated from pigs at 3 eeks, 25 weeks, 26 months, and 4 years of age. Each symbol regsents data from one individual animal
(for 3 weeks, 25 weeks, and 26 months of age animalsn(D 5) were bled repeatedly; for 4 years of age, blood was obtairefrom different animals ¢ D 4); change in
animals is indicated by a dashed line). Green bars indicate @an values. Data were subjected to Kruskal-Wallis test witBonferroni correction aspost-hoc test for
pairwise comparison.(B) gd T cells were gated for CD¥ and CD2 subsets and further analyzed for co-expression of perforiand T-bet. Perforirf® and perforin
T-bet® gdT cells were then gated and investigated for expression of CZ¥ and CD8a. Representative data for the four investigated stages ofiéi are shown. Numbers
located in gates and quadrants indicate percentage of cell§or one particular phenotype. For T-bet/perforin-de ned sulpopulations below 10%, CD&/CD27
expression is shown in dot-plots, for T-bet/perforin-de nedsubpopulations below 2%, CD&/CD27 expression is not shown.

Frontiers in Immunology | www.frontiersin.org 12 March 2019 | Volume 10 | Article 396



Rodriguez-Goémez et al. Transcription Factors in Porcinegd T Cells

FIGURE 7 | In uence of aging on the expression of Eomes in blood-derivedyd T cells. (A) Following exclusion of dead cells (not shown), TC@QC T cells were gated
within live lymphocytes (zebra plot) and further subgatedtanalyze the expression of Eomes. The scatter diagram showthe frequency of Eome$ gdT cells within
live peripheral blood lymphocytes (PBL) isolated from pigat 3 weeks, 25 weeks, 26 months, and 4 years of age. Each symbalepresents data from one individual
animal (for 3 weeks, 25 weeks, and 26 months of age animal1(D 5) were bled repeatedly; for 4 years of age, blood was obtairgefrom different animals i D 4);
change in animals is indicated by a dashed line). Green bamdicate mean values. Data were subjected to one-way ANOVA atysis with Bonferroni correction as
post-hoc test for pairwise comparison after positive testing for nanal distribution (Shapiro-Wilk test)(B) gd T cells were gated for CD¥ and CD2 subsets and
further analyzed for co-expression of perforin and Eomes. &forin® and perforin T-bet® gdT cells were then gated and investigated for expression of CEZ¥Y and
CD8a. Representative data for the four investigated stages offéi are shown. Numbers located in gates and quadrants indic& percentage of cells for one particular
phenotype. For Eomes/perforin-de ned subpopulations below10%, CD8a/CD27 expression is shown in dot-plots, for Eomes/perforin-é ned subpopulations below
2%, CD8a/CD27 expression is not shown.
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FIGURE 8 | In uence of aging on the expression of GATA-3 in blood-derivedd T cells. (A) Following exclusion of dead cells (not shown), TCI@dC T cells were gated
within live lymphocytes (zebra plot) and further subgatedtanalyze the expression of GATA-3. The scatter diagram shasthe frequency of GATA-§ gd T cells within
live peripheral blood lymphocytes (PBL) isolated from pigat 3 weeks, 25 weeks, 26 months, and 4 years of age. Each symbalepresents data from one individual
animal (for 3 weeks, 25 weeks, and 26 months of age animal1(D 5) were bled repeatedly; for 4 years of age, blood was obtairgtfrom different animals i D 4);
change in animals is indicated by a dashed line). Green barsdicate mean values. Data were subjected to one-way ANOVA atysis with Bonferroni correction as
post-hoc test for pairwise comparison after positive testing for nanal distribution (Shapiro-Wilk test)(B) gd T cells were gated for CD& and CD2 subsets and
further analyzed for co-expression of perforin and GATA-Perforirf® and perforin GATA-F° gdT cells were then gated and investigated for expression of CZ¥ and
CD8a. Representative data for the four investigated stages offdéi are shown. Numbers located in gates and quadrants indic& percentage of cells for one particular
phenotype. For GATA-3/perforin-de ned subpopulations belev 10%, CD8a/CD27 expression is shown in dot-plots, for GATA-3/perforinde ned subpopulations
below 2%, CD8a/CD27 expression is not shown.
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FIGURE 9 | In uence of aging on the frequency of CD2 and cbX gdT cells in blood.(A) Live lymphocytes isolated from pigs at 3 weeks, 25 weeks, 26 mnths,
and 4 years of age were analyzed for the expression of TCBelvs. CD2 (zebra plots). Representative data from one animakp time point are shown. Totalgd T cells
were gated and further subgated into CD2 and cbX gdT cells (not shown)(B) Stacked bar graphs indicate the frequency of CD2 cells (dark gray bar) and cDg
cells (light gray bar) within totagyd T cells. Data of the same ve pigs are shown from 3 weeks to 26 moths of age (these animals were bled repeatedly), whereas fdr
years of age, data from four different animals are presentedC) Median uorescence intensity (MFI) of TCRyd expression in CD2 and cbX gdT cells at different
stages of life. Each symbol represents data from one indivichl animal (for 3 weeks, 25 weeks, and 26 months of age animal@ D 5) were bled repeatedly; for 4 years
of age, blood was obtained from different animalsn(D 4); change in animals is indicated by a dashed line). Green baindicate mean values.

Analysis of IL-4 Productionin  gd T Cells by CD2 gdT Cells Express T-Bet After in vitro

Intracellular Cytokine Staining Stimulation With I1L-12 and IL-18

GATA-3 is considered to be a master regulator of Th2in a previous study, we could show that CD2d T cells can

di erentiation, of which IL-4 production is a hallmark 1(7).  convert into CDZ gd T cells followingin vitro stimulation with
Having observed high GATA-3 expression in the majoritya combination of ConA, IL-2, IL-12, and IL-184). We now

of CD2 gd T cells, we aimed to investigate whether thesaimed to investigate whether this switch in the CD2 phenotype
high expression levels coincided with the capacity for IL-4s also accompanied by a change in TF expression from GATA-3
production. PBMCs from 7-month-old pigs were stimulated with to T-bet and potentially Eomes, since this was the dominant TF
PMA/ionomycin and analyzed for IL-4 production by ICS. Low phenotype in CDE gd T cells (see above). Therefore, PBMCs,
frequencies of CD3 as well as CD% IL-4 producing T cells FACS-sortedyd T cells and FACS-sorted CD2gd T cells from
could be identi ed with this experimental set-ugrigure 1), 7-month-old pigs were stained with violet proliferation dye
however IL-4 producingyd T cells were extremely rare. Hence,and cultivated for 4 days with ConA and the aforementioned
our results do not indicate that high expression of GATA-3 iscytokines. Additionally, supernatants of such microculaweere
correlated with IL-4 production in porcingd T cells. collected and tested for IFNg-and IL-4 production after 4
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FIGURE 10 | In uence of aging on CD8& expression within CD2 and cp gdT cells. TCRgdC cells were gated (not shown) within live lymphocytes isoletl from
pigs at 3 weeks, 25 weeks, 26 months, and 4 years of age and futter analyzed for the expression of CD2 vs. CD8(zebra plots, left column). Green boxes indicate
gates used to identify cp¥ gdT cells, black boxes indicate gates used to identify CD2 gd T cells. Numbers in the corner of each zebra plot show the peentage of
cells being positive or negative for CD8 expression within CD2 or cD2¢ gdT cells. Representative data from one animal per time pointra shown. Scatter
diagrams show the percentage of CD&C cells within either CDE or CD2 gdT cells. Each symbol represents data from one individual amil (for 3 weeks, 25
weeks, and 26 months of age animalsif D 5) were bled repeatedly; for 4 years of age, blood was obtaireefrom different animals if D 4); change in animals is

indicated by a dashed line). Green bars indicate mean values

FIGURE 11 | IL-4 expression in T-cell subsets after PMA/ionomycin stimation. PBMCs isolated from the blood of 7-month-old pigs wee stimulated for 4 h with
PMA/ionomycin and analyzed for the expression of IL-4 in totdl-cells (CD§) as well as in CD# and TCRguC T cells. Zebra plots show live peripheral blood

lymphocytes (PBL) and their expression of IL-4 vs. CD3, CD4,rd CR-gd. CD3CIL-4C cells, CDACIL-4C cells and TCRgdCIL-4C cells were gated as indicated by the
squares within the respective zebra plots, numbers in gateshow the percentage of cells with the respective phenotype whin live lymphocytes. The scatter diagram
shows the percentage of CDZ IL-4€ cells, CD4CIL-4C cells and TCRgd®IL-4 cells within live PBL. Data of ve individual animals (each peesented by a different

symbol) are shown. Green bars indicate mean values.
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days of stimulation. Following sorting, but prior to cultitran,
the expression of TFs was analyzed on sorted CR2 T
cells Figure 12A). In accordance with previous phenotyping
experiments of totagd T cells, these sorted CD2gd T cells
expressed GATA-3 (98% cells in representative experiment]
shown), but neither T-bet nor Eomes. After 4 days of culiiwat
proliferation as well as CD2 and TF expression was assessed
by FCM (Figure 12B. Sorted and violet-stained CD2gd T
cells cultivated in medium neither proliferated nor changed
expressionKigure 12B rst column). In the presence of ConA
and IL-2, proliferation was induced, however, no changesin T
expression were detectdeigure 12B second column). Addition
of IL-12 and IL-18 to ConA and IL-2, both polarizing cytokines
of the Th1 response36-37), induced the proliferation of cells,
de novoCD2 expression in proliferatingd T cells (increase in
CD2 MFI from 169 in non-poliferatinggd T cells to 1308 in third
generation of proliferatinggd T cells) as well as up-regulation
of T-bet (increase in T-bet MFI from 259 in non-poliferatirggl

T cells to 2,849 in third generation of proliferatirgd T cells
Figure 128 third column). In contrast, Eomes expression levels
showed only minor increases (increase MFI from 122 in nont
poliferatinggd T cells to 351 in third generation of proliferating
gd T cells) and stimulation of cells through Thl-polarizing
cytokines did notinduce a downregulation of GATA-3 expressi
(MFI varied between 695 and 986). Similar results were obthin
for total sortedgd T cells and PBMCs in parallel cultivation
experiments, although in cultures consisting of PBMCs aslig
upregulation of T-bet ongd T cells was seen already in the
presence of ConA and IL-2 onlyS(upplementary Figure 2,
which may be a result of other cells producing type-1
polarizing cytokines in such bulk cultures following ConA and
IL-2 stimulation.

With regard to IFN-g production, combined stimulation with
ConA and the cytokine cocktail led to production of IFlin
the cell culture supernatants of PBMCs, total sortggtT cells
and sorted CD2 gd T cells above the detection level of the
FMIA assay, albeit some degree of variation between subsets
and pigs was detectedspplementary Figure 3. In contrast,
IL-4 production in microcultures with sortedyd T cells was
always below the detection limit, with the exception of one
pig, where very low levels (10 pg/mL) of IL-4 were detected in
the supernatant of ConAC IL-2 C IL-12 C IL-18 stimulated
CD2 gdT cells (data not shown). This seems to indicate that
the observed upregulation of T-bet and CD2 in sorted CD2
gd T cells was accompanied by a gain of function for IFN-
g production.

DISCUSSION FIGURE 12 | In uence of ConA and cytokine stimulation on proliferation ad
TF expression in CD2 gdT cells. (A) PBMCs isolated from blood of
In humans and mice, GATA-3 has been shown to be essential-month-old pigs were stained for TCRgdand CD2 expression and CD2 gd
for T-cell development and also for the functional polaripati | T cells were sorted by FACS (illustrated in zebra plots). Falving sorting,
of T cells, whereas T-bet and Eomes seem to be involved only [irfP? ng cells "":re ;‘”a'yze" for p‘({:‘ty (”gt(ShSW”)la”‘; EXPLESSi"”g'bEt

. in combination with either Eomes or GATA-3 (zebra plots). Nobers in the
the latter 68_40) Recentl_y’ our _group decscrlbed the role of T- corners show percentage of cells with the respective phengfpe. (B) In
bet, Eomes and GATA-3in porcine TCab Iymphocytes 28) parallel, FACS-sorted CD2 gd T cells were stained with CellTracEM Violet
However, data on the expression of these three TFs in pogiine (Continued)

T cells are still missing and hence, we analyzed their expressi
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FIGURE 12 | and cultivated in medium ( rst column) or stimulated with CoA
C IL-2 (second column) or ConAC IL-2 C IL-12 C IL-18 (third column). After 4
days of cultivation, these cells were re-stained for TCRgdand CD2
expression, gated (zebra plots, top panel), and proliferan in combination
with CD2 and the transcriptions factors T-bet, Eomes and GAA-3 was
analyzed (histograms and subsequent zebra plots). Additially, expression of
T-bet vs. GATA-3 is shown for each stimulation condition (& row). Numbers
in the histograms give the percentage of cells in each genetian, as
determined by dilution of the violet proliferation dye. Nubrers in zebra plots
give the median uorescence intensity for CD2, T-bet, Eomesand GATA-3
(third to fourth row of zebra plots, respectively) of cellsieach generation.
Numbers in the corners of zebra plots at the bottom show percatage of cells
with the respective phenotype. The data shown are represeative of three
experiments with PBMCs from three different pigs.

among them GATA-3 expression. It was shown that these cells
can dedierentiate intoab T cells £1). However, the vast
majority of extrathymic porcinegd T cells is CD4 (52). In
addition, CD2 gd thymocytes appear to develop separately
from CD2°CD4C gdthymocytes, and the latter seem not to get
exported to the periphery3(l). Therefore, our data corroborate
the notion that CD2 gd T cells are a developmentally
distinct gd T-cell subpopulation which is already established in
the thymus and which retains a high GATA-3 expression in
the periphery.

T-bet® cells were scarce withigd T cells isolated from
mediastinal lymph nodes but more frequent within TG
T cells from blood, spleen and lung tissue. Most of these cells
displayed the phenotype CBperforin®CD8a°CD27 , which,

in gdT cells isolated from the thymus, blood, spleen, mediastinabgether with organ localization, seems to indicate an eoecrr
lymph node, and lung tissue of healthy pigs by ow cytometry. terminally di erentiated phenotype in combination with a type-
In various mouse models, it could be shown that GATA-1 polarization. Similarly, in muringgd T cells with an e ector

3 is essential for thymocyte developmenit3(41), including
gd thymocytes {9. We found that 90% of porcinegd®

phenotype (CD4%9" T-bet mRNA and protein were found
(16). Within blood-derived humangd T cells, a substantial T-

thymocytes express GATA-3 which seems to conrm thebef subpopulation ( 60%) has been described4, but no

relevance of this TF for the development gfd T cells

in swine.

More surprising was the nding that a substantial proportion

information on the di erentiation-related phenotype of these
cells was provided.
The frequency of Eomes-expressimgl T cells in the

of gd T cells expressed high levels of GATA-3 in all investigategeriphery varied from moderate to high, especially in the
secondary lymphoid organs as well as in lung tissue and thespleen where up to 62% afd T cells expressed Eomes.
levels were even higher than found for CB4T cells in a This is in accordance with a recent study in micé5
previous study from our group 28). This is in contrast to which found the highest frequency of Eorfregd T cells also
studies in mice, where neither GATA-3 mRNA nor protein in the spleen. In our study, the predominant phenotype of

was detected in naive (CD24CD62LM9") gd T cells (L6).

Eome$§ gd T cells was CD2CD8a®CD27 perforin , which

Also for activated (CD4%9") gd T cells, in that study, GATA- may indicate that these cells are less di erentiated than the T
3 could not be found on the protein level, although a weakbet® CD2°CD8aCCD27 perforin® gd T cells we identi ed. For
expression was identi ed at mRNA level. Our data also revealeghice, one study reported the expression of Eomes alreaggTh
a positive correlation of GATA-3 expression with a distinctcells with a naive phenotype (CD24CD62LM9": 13). However,
phenotype: CD2perforin CD89M= CD27 . In the pig, naive the more recent study by Lino et all%) indicated that murine

CD4C T cells have a CD8 CD27 phenotype {2, 43 and

Eome$ gd T cells are strongly enriched in CD%#y6CC gd T

similarly, naive porcine CO8 T cells are considered to be cells and have a higher capacity for Ig\sroduction compared

CD27 perforin

(5). This may suggest that the identied to their Eomes counterparts, which the authors interpreted as

GATA-3°CD8a%m= CcD27% perforin gd T cells are naive. The an activated phenotype. In accordance with our ndings, these
relevance of CD2 expression for the di erentiation of porcineauthors also reported that the vast majority of murine Eofnes
gd T cells is less clear. Early studies indicated an enrichmengd T cells were CDZ7 (15).

of CDZX gd T cells in lymphoid organs compared to the blood

We also found a co-expression of T-bet and Eomegdh

(44). More recent studies from Stepanova and Sinkogd) ( T cells from blood, spleen and lung tissue. Similar ndings
suggested that CD2and CDZ gd T cells are two separate cell have been reported fogd T cells in mice and humans1@-
lineages that become already established in the thymugekhd 15). However, for mice a mainly linear co-expression has been
CD2 gdT cells seem to be a peculiarity of pigs, sheép,( described {5, and in humans, Eomé&sgd T cells showed a T-
cattle ¢6), and chicken 47), all of which are considered as bef9" phenotype {4), whereas we found that porcine Eorfies
“gd-high” species 48). It is worth noting that also in human gd T cells have somewhat lower or equal T-bet expression

PBL CD2 T cells are present in very low frequencies0O(1

levels than T-bétEomes gdT cells Figure 5C). The functional

% within total CD¥ T cells) of which approximately 50% relevance of these dierent co-expression patterns between
have a TCRyd (49 and express GATA-350). These cells species remains an open question.

have mainly a CD% phenotype and a high capacity for CD3-

Overall, the relatively high abundance of T-

mediated proliferation, which led to the assumption that thes be© CD2C perforin®CD8a®CD27 gdT cells in lung tissue may

cells may exhibit extrathymic maturation and contributettee

indicate that these cells represent late e ector memory cétls w

maintenance of the peripheral naive T-cell podB) Related cytolytic capacity in this non-lymphatic organ. In contrashet

to this, more recently a scarce population of Cb4iC gd

high frequency of Eom&é<D2 perforin CD8“CD27 gd T

T cells in human blood has been investigated in more detaikells in the spleen coincided frequently with T-bet co-expi@s

revealing that these cells display features of T-cell pragesi

(Figures 5A,B and these cells may represent more long-lived,
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less terminally di erentiatedyd T cells which preferably home cellsin pigs rely on TCR-independent mechanisms for activati

to this organ. However, this is highly speculative, and ndeds This speculation is also supported by the exclusive expression of

be corroborated by further functional studies. Also, it glb  swine workshop cluster 5in CD2gd T cells @3, 4), which most

be noted that although the lack of CD27 expression for €D4 probably is a member of the scavenger receptor cysteine-rich

and CD§ T cells also in the pig seems to identify late e ectorsuperfamily, for which a function as pattern recognition nete

or e ector memory T cells §, 27), to our knowledge this has has been described in bovirgd T cells 65 56). Therefore,

not been demonstrated for porcirgd T cells so far. GATA-S  one hypothesis emerging from these observations might be tha

gd T cells were prominent in all investigated organs, howeveGATA-3°CD2 gd T cells constitute indeed a separad T

their CD2 phenotype suggests that they have no immediateell lineage that persists in the periphery after release frioen t

connection with T-bet or Eome§ gd T cells and may indeed thymus up to a high age of individual animals, and recognize

represent a functionally di erent subset of porcigdT cells (see antigen in a TCR-independent manner. However, the functlona

also below). capacities of these cells are not known yet and it should bechot
In mice, it was shown that both Eomes and T-bet are involvedhat there seems to be no corresponding populationgdfT

in IFN-g production by gd T cells (3. Moreover, it has cells in rodents or humans, at least not in such high numbers

been shown that murine splenigd T cells have an intrinsic (see above).

type-1 polarization, even in the presence of IL-4 and absence In summary, our studies on the expression of T-bet, Eomes

of IL-12, due to T-bet expression following TCR-stimulation,and GATA-3 in porcinegd T cells reveal the assignment of these

and that GATA-3 failed to counterbalance IF)Nproduction transcription factors to distinct subsets and phenotypegdt-

(16, 53. We sorted porcine GATASCD2 gd T cells from cells. This paves the way for new hypotheses on the functions of

blood and stimulated them in the presence of Ca@IA-2CIL-  these di erent subsets that should help to clarify the geneyid

12CIL-18. While non-proliferating cells stayed negative forof gdT cells in swine, which are a prominent but still enigmatic

CD2 and T-bet, four days post stimulation all proliferating T-cell population in this species.

cells expressed T-bet and CD2, the latter in accordance with

previous data from our group4j. Also, IFNg was found AUTHOR CONTRIBUTIONS

in the supernatant of these cells but no major changes in

Eomes expression were detected, suggesting that mainly T-bR-G, TK, AS, and WG were responsible for the design of the

is involved in IFNg production in porcinegd T cells under study and conceived experiments. IR-G performed experiments

these conditions. This outcome is in agreement with publisheand analyzed data. ST, MS, SH, JM, and KM carried out

data from Barros-Martins et al.5¢), who showed that Eomes laboratory work and experiments. LR and AL performed

is fully dispensable for IFN production in murine CD2¥  multiplex uorescent microsphere immunoassays. IR-G and

gd T cells. Of note, in ourin vitro experiments with GATA- WG wrote the manuscript. All authors read and approved the

3°CD2 gd T cells, stimulation with Con&IL-2CIL-12CIL- nal manuscript.

18 did not negatively a ect GATA-3 expression, which might

be explained by a constant stimulation of the TCR-signalindcUNDING

pathway via the combined action of ConA, IL-12 and IL-18,

since TCR-stimulation has been shown to upregulate GATA-3R-G was nancially supported by the Council of Economy,

expression%?3). Science, Innovation and Employment of the Andalusian
Our studies on age-related changes in phenotype and T&overnment, Spain (Project CEI10/00039). ST was nancially

expression in porcinegd T cells revealed an increase of T-supported by the Graduate School for Pig and Poultry Medicine

beffCDZX cells in older animals at the expense of GATA-(PaP) of the University of Veterinary Medicine Vienna. The

3¢CD2 gdT cells. Moreover, for both CD2and CDZ gdT  project was supported by a sponsorship of the Association

cells, a gradual increase in the frequency of @®&ells with  of Friends and Supporters of Swine Medicine in Austria. JM

increasing age was observed. The functional relevanceestth and KM were nancially supported by the Christian Doppler

phenotypic changes is currently not clear. A constant inazeasResearch Association, Vienna, Austria, within the Christian

in CD8a expressing cells with age is also well described fdpoppler Laboratory for Optimized Prediction of Vaccination

porcine CD& T cells 8 52 and it was suggested that this Success in Pigs.

denotes a constant rise in antigen-experienced €4cells.

Whether the same applies for porcimgl T cells needs to be ACKNOWLEDGMENTS

elucidated by further investigations. The change in théoraf

T-bef®CD2 to GATA-3°CD2 gd T cells again may indicate We acknowledge the donation of anti-TFs antibodies foriaiit
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swine. However, a further interpretation of this current ot
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