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Effector yo T Cell Differentiation Relies on Master but Not
Auxiliary Th Cell Transcription Factors

Joana Barros-Martins,*' Nina Schmolka,* Diana Fontinha,* Marta Pires de Miranda,*
J. Pedro Simas,* Ingrid Brok,”"2 Cristina Ferreira,* Marc Veldhoen,* Bruno Silva-Santos,*’*"”
and Karine Serre*”

v8 T lymphocytes are programmed into distinct IFN-y—producing CD27* (y527*) and IL-17-producing CD27~ (y527") subsets
that play key roles in protective or pathogenic immune responses. Although the signature cytokines are shared with their o Thl
(for ¥527*) and Th17 (for y5277) cell counterparts, we dissect in this study similarities and differences in the transcriptional
requirements of murine effector y527*, y827  CCR6 ™, and y827  CCR6" v T cell subsets and o8 T cells. We found they share
dependence on the master transcription factors T-bet and ROR+yt for IFN-y and IL-17 production, respectively. However, Eomes
is fully dispensable for IFN-y production by ¥8 T cells. Furthermore, the Th17 cell auxiliary transcription factors ROR«
and BATF are not required for IL-17 production by 827~ cell subsets. We also show that y327~ (but not y827") cells be-
come polyfunctional upon IL-1f3 plus IL-23 stimulation, cosecreting IL-17A, IL-17F, IL-22, GM-CSF, and IFN-vy. Collectively,
our in vitro and in vivo data firmly establish the molecular segregation between 527" and 5827~ T cell subsets and provide
novel insight on the nonoverlapping transcriptional networks that control the differentiation of effector yd versus afg T cell

subsets. The Journal of Immunology, 2015, 196: 000-000.

involved in protection against infections, but when deregu-

lated can become highly pathogenic in several chronic in-
flammatory and autoimmune diseases (1-4). Although these
cytokines can be produced by various leukocyte subsets, yd and
af T cells have been shown to be major providers at early and late
stages of immune responses, respectively (5, 6). The earlier con-
tributions of yd T cells, which impact on experimental models of
arthritis, colitis, psoriasis, and multiple sclerosis (3, 4, 7, 8), are
likely to stem from their developmental programming in the
thymus and innate-like responsiveness at peripheral sites (3, 5,
9-11). This contrasts with the dynamics of peripheral o3 CD4

I nterferon-y and IL-17 are potent proinflammatory cytokines
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T cells, which undergo a prolonged differentiation program as-
sociated with intense proliferation upon Ag recognition in the
presence of instructive cytokines (6).

Our understanding of the molecular events that govern the se-
cretion of IFN-y and IL-17 has largely emerged from studies on
CD4 T cells. Naive CD4 T cell activation in the presence of IL-12
leads to the expression of the master transcription factor T-bet that
induces IFN-y production and thus polarization toward the Thl
cell fate (6). CD8 T cells use a different T-box family member,
Eomes, to regulate IFN-y production (12). In contrast, Th17 cell
differentiation relies on IL-6, in cooperation with TGF-$3 and IL-
1B, to trigger the expression of the master transcription factor
ROR~t (encoded by Rorc) that governs IL-17-expression, whereas
maintenance is controlled by IL-23 (13). Furthermore, Th17 cells
are endowed with functional plasticity, as IL-12 or IL-23 induces
IFN-y production (14—18). Strikingly, these IFN-y* (Th1-like)
Th17 cells are associated with pathogenicity in various autoim-
mune models (14, 16, 19). The pathogenic signatures of IFN-y*
Th17 cells are under extensive scrutiny, and although the in-
flammatory cytokines IL-17F, IL-22, TNF-a;, and GM-CSF seem
consistent (20), the role of T-bet remains controversial (14, 15, 17,
18, 20-22).

The master transcription factors T-bet and ROR~yt are strictly
necessary and sufficient for Th1 versus Th17 cell differentiation,
as they act as lineage-specifying factors that bind to multiple
target loci, including those of the signature cytokines (23). In
addition, various other auxiliary factors act downstream of the
signaling pathways initiating Th lineage development. In Thl
cells, STAT4 and STAT1 induce T-bet, which then works in
conjunction with Eomes, HIx, and Runx3. In Th17 cells, STAT3,
BATF, IFN regulatory factor (IRF)4, and RORa are known to play
critical roles (24). The specific role(s) of these auxiliary factors is
still being uncovered, but they have been shown to cooperate with
master regulators to initiate and propagate the chromatin modifi-
cations, to allow preservation of the distinctive transcriptional
profiles and maintenance of selective effector functionality. For
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example, BATF and IRF4 open the chromatin at Th17 cell-
specifying loci to allow access to RORvyt, and by doing so are
termed pioneering factors (24). Importantly, both IRF4 and BATF-
deficient mice have impaired Th17 cell differentiation and are
resistant to EAE (25-27). The role of ROR« is more subtle, and
Rora deficiency alone had little effect on Th17 cells or EAE de-
velopment, whereas the combined deletion of Rorc and Rora
completely abolished Th17 differentiation (28).

Critically, whereas these concepts have been established for CD4 Th
cells, they remain unexplored in y8 T cells. In fact, given their rather
distinct differentiation dynamics, it is questionable whether the same
principles apply to both T cell lineages. Consistent with this, IRF4
has been recently shown to be dispensable for the differentiation of
IL-17-producing v8 T cells (29, 30). Although IRF4 and BATF
cooperate in conventional CD4 T cells, it has been shown that BATF
has a direct impact on IL-17 expression by innate-like iNKT cells
(31), whereas IRF4 was not required (29). Therefore, building on
these foundations, and on our previous identification of effector yd
T cell subsets segregated on the basis of CD27 expression (10, 32—
34), we have in this work assessed the specific roles of the tran-
scription factors T-bet, Eomes, RORyt, BATF, and RORa in the
production of IFN-y and IL-17 by y3 T cells in vitro and in vivo.

Materials and Methods
Mice

All mice used were adults 6-18 wk of age. C57BL/6, Rorcyf“™™°F (hereafter
referred as Rorc™’ "), Batf” / —, and Thx21 '~ mice were from The Jackson
Laboratory (Bar Harbor, ME). Rora’*¥*€ were provided by A. McKenzie (MRC
Laboratory of Molecular Biology, Cambridge, U.K.). Rorc™'~ and Rora*¥™®
were maintained by crossing heterozygous mice, and wild-type (WT) litter-

mates were always used as controls for all type of experiments. Eomes floxed
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mice (provided by S. Reiner, Columbia University, New York, NY) were
crossed with Ragl-cre on the C57BL/6 background to generate Ragl-cre-
Eomes fl/+. These mice were intercrossed to generate Ragl-cre-Eomes fl/fl
mice (hereafter referred to as Eomes™ 7). For Ragl-cre-Eomes fl/fl, Batf™ / o,
and Thx21~'"~ mice, purchased age- and gender-matched C57BL/6 mice (The
Jackson Laboratory) were used as WT controls. Mice were bred and main-
tained in the specific pathogen-free animal facilities of Instituto de Medicina
Molecular (Lisbon, Portugal) or the Babraham Institute (Cambridge, U.K.). All
experiments involving animals were done in compliance with the relevant laws
and institutional guidelines and were approved by local and European ethic
committees.

Cell preparation, flow cytometry, cell sorting, and analysis

Cell suspensions were obtained from spleens, lymph nodes, or spinal cord.
Erythrocytes were osmotically lysed in RBC lysis buffer (BioLegend). Cells
were filtered through 70-pm cell strainers (BD Biosciences). For cell surface
staining, single-cell suspensions were incubated, in presence of 2.4G2 (anti-
FcyR; BD Biosciences) and 2% normal mouse serum, for 30 min with
saturating concentrations of combination of the following mAbs that were
purchased from BD Biosciences, eBiosciences, or BioLegend: eFluor450
anti-CD4 (RM4-5), brilliant violet 510 anti-CD8 (53-6.7), brilliant violet 421
anti-TCR-yd (GL3), PE-Cy7 anti-CD27 (LG.7F9), Alexa-Fluor 647 anti-
CCR6 (29-2L.17), and allophycocyanin-Cy7 anti-CD3e (17A2).

For the preparation of spinal cord mononuclear cells, mice were perfused
through the left cardiac ventricle with cold PBS. The spinal cord was
dissected and tissue was cut into pieces, dilacerated between two opaque
slides, and digested with collagenase type IV (0.2 mg/ml; Lorne Labora-
tories) and DNase I (0.15 mg/ml) (Sigma-Aldrich) in RPMI 1640 at 37°C
for 30 min, followed by 5-min treatment with 10 mM EDTA (Sigma-
Aldrich). Mononuclear cells were isolated by passing the tissue through
a 70-pm cell strainer, followed by a 33% Percoll (Sigma-Aldrich) gradient
and 30-min centrifugation at 2000 rpm. Mononuclear cells were recovered
from the pellet, resuspended, and used for further analysis.

For intracellular cytokine staining, cells were stimulated with PMA (50
ng/ml) and ionomycin (1 pg/ml) (Sigma-Aldrich) for 4 h at 37°C; 10 pg/ml
brefeldin A (Sigma-Aldrich) was added during the last 2 h. Cells were
fixed and permeabilized according to the manufacturer’s instructions with
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the Cytofix/Cytoperm kit from BD Biosciences. The following mAbs
purchased from BD Pharmingen, eBiosciences, or BioLegend were used to
stain cytokines: FITC anti-IL-17A (TC11-18H10), PE anti-IL-22
(1H8PWSR), PE anti-GM-CSF (MP1-22E9), PerCP-eFluor710 anti-IL-
17F (18F10), and allophycocyanin anti—-IFN-y (XMG1.2).

For intracellular transcription factor staining, cells were fixed and per-
meabilized according to the manufacturer’s instructions with the tran-
scription factor fixation/permeabilization kit from eBiosciences. The
following mAbs purchased from eBiosciences were used: PE anti-T-bet
(4B10) and PE anti-ROR+yt (AFKJS-9).

Cells were sorted on FACSAria I (BD Biosciences) or analyzed on
FACSFortessa or FACSCalibur (BD Biosciences). All graphical output was
performed using FlowJo (Tree Star, Costa Mesa, CA).

In vitro y6 T cell stimulation and CD4 Th cell polarization

CD27* and CD27~ 3 T cells were FACS sorted and subjected to various
stimulation conditions overnight or for 36 h. Cells were incubated on plate-bound
anti-CD3e (145.2C11) plus anti-CD28 mAb (37.51) (both at 2 pg/ml) or, al-
ternatively, in the presence of murine IL-13 (50 ng/ml), IL-2 (10 ng/ml), or IL-12
(5 ng/ml), or the cross-reactive human IL-15 (20 ng/ml) or IL-23 (50 ng/ml).

For Thl cell culture conditions, cells were incubated with plate-bound
anti-CD3e (145.2C11) and soluble anti-CD28 mAb (37.51) (both at 2
g/ml) in the presence of IL-12 (5 ng/ml) and neutralizing anti—IL-4 mAb
(11B11) (5 pg/ml). For Th17 cell culture conditions, cells were incubated
with plate-bound anti-CD3e and soluble anti-CD28 (both at 2 pg/ml), and
TGF-B (2 ng/ml), IL-1B (50 ng/ml), IL-6 (20 ng/ml), IL-21 (100 ng/ml),
IL-23 (50 ng/ml), and neutralizing anti—-IFN-y (10 pg/ml) were added to
the medium. CD4 T cell polarization cultures were kept for 5 d.

All cytokines were from PeproTech, except TGF-f and IL-23, which
were from R&D Systems. The Abs were from eBiosciences or BD
Biosciences.

Real-time PCR

mRNA was prepared from FACS-sorted cell populations using High Pure
RNA Isolation kit (Roche). Reverse transcription was performed with
random oligonucleotides (Invitrogen) using Moloney murine leukemia
virus reverse transcriptase (Promega) for 1 h at 42°C. Relative quantification
of specific cDNA species to endogenous references 8-2 microglobulin or
Actinb was carried out using SYBR or TagMan probe chemistry on ABI
ViiA7 cycler (Applied Biosystems). The Cr for the target gene was sub-

tracted from the Cr for endogenous references, and the relative amount
was calculated as 22T, Primers were designed using Primer Express
software (Applied Biosystems), and their sequences are listed in

Supplemental Table 1.
EAE induction

For active EAE, C57BL/6 mice were immunized s.c. in both flanks with 100
wg myelin oligodendrocyte glycoprotein (MOG) 35-55 peptide (MEVG-
WYRSPFSRVVHLYRNGK) (Biopolymers Laboratory, Harvard Medical
School) emulsified in CFA solution (4 mg/ml mycobacteria in IFA) (Difco
Laboratories). On the day of immunization and 2 d after, mice received
200 ng pertussis toxin (List Biological Laboratories) in 100 pl PBS i.v.

Listeria monocytogenes infection

We used the L. monocytogenes strain EGDe, carrying a recombinant InlA
with a mutation in SI92N and Y369S, as previously described (35).
Briefly, all mice were deprived of food and water overnight prior to in-
fection, housed individually with minimal bedding, and given a ~0.5-cm’
piece of mashed food inoculated with 2 X 10° CFUs L. monocytogenes in
PBS. Naive mice were sham infected with mashed food inoculated with
PBS.

Murid herpesvirus-4 infection

Mice were infected i.p. with 10° PFU murid herpesvirus-4, and cells from
the spleen were collected after 5 or 8 d.

Statistical analysis

Statistical analysis was performed using a two-tailed nonparametric Mann—
Whitney U test. The p values <0.05 were considered significant and are
indicated on the figures.

Results
Segregation of proinflammatory cytokine production within yd
T cell subsets

This study initiated with an assessment of the diversity of proin-
flammatory cytokines produced by distinct lymphoid yd T cell
subsets. We have previously demonstrated that IFN-y—producing
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v8 T cells express the costimulatory receptor CD27 (hereafter
v827" cells), whereas IL-17-producing yd T cells lack CD27 (in
this work noted as yd27 cells) (10, 34). We also used the che-
mokine receptor CCR6 that is an additional marker that delineates
further the IL-17—producing v827  cells (32, 33). An improved
understanding of ¥8 T cell differentiation requires the elucidation
of the upstream regulators of cytokine production, and emerging
evidence supports that y827" cells preferentially respond to TCR
signaling, whereas y327 CCR6~ and 327~ CCR6" cells mostly
respond to cytokine-derived stimuli (11, 32-34, 36-38). In this
study, we aimed at a more detailed dissection of the extracellular
stimuli that trigger cytokine production by each yd T cell subset
(FACS sorted from spleen and lymph nodes on the basis of CD27
and when indicated CCR6 expression levels).

When stimulated with PMA plus ionomycin for 4 h, ~20% of
vd27" cells expressed IFN-vy intracellularly (Fig. 1A). This
proportion increased upon addition of anti-CD3/28 mAb and/or
several cytokines overnight (Fig. 1A, Supplemental Fig. 1A).
The most dramatic response was observed to IL-12, which per se
induced ~50% of y827* cells to produce IFN-y. Moreover, IL-12
synergized with CD3/CD28 signaling to induce IFN-y produc-
tion by 70% of y827* cells (Supplemental Fig. 1A). Albeit to a
lesser extent, IL-2 and IL-15 also synergized with CD3/CD28
signals, and induced a 2-fold increase in the frequency of IFN-y—
secreting y827" T cells (Supplemental Fig. 1A). These data show
that the cytokines IL-2, IL-12, and IL-15 are important cofactors
in TCR-mediated stimulation of y827" cells. In stark contrast,
v827 T cells did not respond with increased IL-17 production
upon stimulation with CD3/CD28 or IL-15, whereas IL-2 and
IL-12 induced a small proportion of IFN-y single producers
(Supplemental Fig. 1B). Noteworthily, only a minute proportion

TRANSCRIPTIONAL CONTROL OF EFFECTOR 3 T CELLS

(<5%) within the y827 CCR6  subset, but essentially none of
the y327 CCR6" cells, produced IFN-vy in response to TCR
engagement (Fig. 1B). Importantly, neither 827 CCR6™ nor
vd27~ CCR6™ cells increased IL-17 production upon CD3/CD28
stimulation overnight, even in the presence of IL-7, which has
been reported to promote specific survival of the IL-17-biased
3 subsets (37, 39).

We (34, 36) and others (3) previously showed that y827 cells
respond to the combination of IL-13 and IL-23. Besides their
impact on the proportion of IL-17A producers and on the ex-
pression levels of IL-17A per ¥827  cell (Fig. 1C, Supplemental
Fig. 1B), IL-1B plus IL-23 strikingly induced the simultaneous
coproduction of IL-17F, IL-22, IFN-y, and GM-CSF (Fig. 1C,
1D). Importantly, IL-1B and IL-23 showed strong synergistic ef-
fects in the induction of these inflammatory cytokines (Fig. 1C),
consistent with results obtained upon intranasal administration
in vivo (40). These data demonstrate that y827 (but not y327%)
cells are endowed with striking polyfunctionality that is induced
by IL-1( and IL-23.

Then, we performed gene expression analysis to gain further
insights into the potential functional and transcriptional partition
between v827%, v827 CCR6 , and y327 CCR6™ cell subsets.
Consistent with our previous report (34), v827* cells expressed
high levels of Ifng but negligible amounts of 1l//7a, 1l17f, 1I122,
and Csf2 (encoding GM-SCF) transcripts (Fig. 2A). Conversely,
v827 CCR6 ™ cells expressed high levels of 1l17a, 1l17f, 1122,
and Csf2 mRNA. Importantly, these differences were further
amplified in y327 CCR6" cells, suggesting a more terminal
differentiation stage. Of note, the most extreme profile of cyto-
kine gene transcription as seen between 827" and 827 CCR6*
cells mirrored that of in vitro differentiated CD4 Th1 and Th17
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cells, respectively (Fig. 2A). Importantly, these data suggest that
CCR6%y327 cells (but not yd27* cells) are programmed to
produce all five proinflammatory cytokines. However, surpris-
ingly, despite the presence of transcripts for these cytokines in
v827 cells ex vivo (Fig. 2A), the corresponding proteins were
not expressed upon mere PMA plus iono stimulation but required
additional (14 h) activation with IL-1@8 and IL-23 (Fig. 1C, 1D).
The responsiveness of y827 CCR6~ and yd27 CCR6" cell
subsets to IL-1 and IL-23 is consistent with their high (100-
fold) expression of Il1rl and I123r (Fig. 2B). The 1112rbl chain
shared between the receptor for IL-12 and IL-23 is expressed at
constant levels between the three subsets. The specific response
of yd27* cells to IL-12 is most likely attributable to their higher
expression of the I/12rb2 chain, which is required for the rec-
ognition of IL-12.

Altogether, these data establish the distinct TCR and cytokine
responsiveness of lymphoid yd T cell subsets and their markedly
different patterns of effector cytokine (gene and protein) expression.

Differential expression of candidate transcription factors in yd
T cell subsets

To gain additional insight into the differentiation programs that
regulate the production of selective cytokines by yd27" versus
v327 CCR6 ™ and y327 CCR6" cells, we assessed the expression
of transcription factors known to control IFN-y or IL-17 expres-
sion in their a3 counterparts (23). The type 1 cell transcription
factors, Tbx21 and Eomes, were expressed at similar levels be-
tween y327" and 827 CCR6 ™ cells, but were clearly downreg-
ulated in the 827 CCR6" subpopulation (Fig. 2C). Namely,
Thx21 transcripts were 100-fold less abundant in y327 CCR6*
cells than in y827 CCR6™ or v527* cells. Even more strikingly,
Eomes mRNA was absent in y527 CCR6" cells, whereas it was
highly expressed in y827 CCR6™ or yd27" cells. These data
show that y627 CCR6  cells contain the type 1 transcriptional
machinery that supports their polyfunctionality.

Conversely, the type 17 cell transcription factors, Rorc and Rora,
were strongly enriched in y827 CCR6 ~ cells, and once again the
more extreme phenotype was observed in the y827 CCR6" cell
subset (Fig. 2C). By contrast, Batf and Irf4 were expressed at
similar levels across all yd T cell subpopulations (with small
difference between Thl and Th17 cells).

In addition, we confirmed that at the protein level T-bet was
expressed in y327* cells, whereas RORyt was present in a small
proportion of y827 CCR6 ™, but in most y827 CCR6" cells
(Fig. 2D). Thus, this interesting profile of transcription factor
expression provided the grounds to assess their specific roles in the
effector functions of yd27~ and y827" T cell subsets.

In vitro production of IFN-y by yd T cell subsets depends on
T-bet but not Eomes

We employed murine models for single gene deficiency for Thx21,
Eomes, Rorc, Rora, and Batf to characterize cytokine production
by v8 T cell subsets. We assessed whether the mouse strains
display normal y827%, vy327 CCR6*, and 827 CCR6™ cell
subsets (Supplemental Fig. 2). Only mice that are deficient in Rorc
specifically lack the y827 CCR6" cell subset, as previously ob-
served (34), whereas the Thx21'~, Rora®¥*%, and Batf '~ mice
have normal frequency of all y3 T cell subsets. For y827" cells,
given their restricted functional potential, we focused on IFN-vy
production induced by stimulation with anti-CD3/CD28 mAb
overnight (~14 h) or for 36 h. We chose anti-CD3/CD28 mAb
treatment over all other conditions assessed (Fig. 1, Supplemental
Fig. 1B) because it induced ~40% of y327* cells to produce IFN-y,
over a short-term in vitro activation, and T-bet expression is
known to be increased by TCR signaling in yd T cells (41). In
line with some published data on total yd T cells (41, 42), we
found that T-bet (7hx21) deficiency significantly reduced IFN-vy
production by y327* cells after 14 and 36 h of TCR stimulation
(Fig. 3). This dependence on T-bet was readily observed in the
absence of any exogenous stimulation (Fig. 3A, see no treatment

60| % IFN-y+IL17+ / IL17+ v327- cells
A 027~ cells IL-1B + IL-23 (36h)
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IFN-y and IL-17 of the total IL-17*y827 1527-CCR6- cells ¥827-CCR6+ cells 601 ¢,
T cells. (B and C) vy827 CCR6 and 327 Thx21+* Tox21-  Thx21*  Tbx21+ 2
CCR6* cells were FACS sorted from Thx21 ™'~ = v % 5 40 ’: l§27'CCR6+
mice, restimulated 36 h with IL-18 plus IL-23, = 3‘-’ ° « Littermate
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and (C) IL-22 and IL-17 production. The graphs 87 74195 4 31 49| {38 53
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overnight), suggesting a major role for T-bet in the develop-
mental programming of IFN-y—producing y327* cells. By con-
trast, Eomes is fully dispensable for IFN-y expression in y327*
T cells (Fig. 3).

For y827 cells, we sought to dissect the role of T-bet and
Eomes in the production of IFN-vy that is induced by IL-13 plus
IL-23 signaling (Fig. 1B). We found that Eomes was completely
dispensable (Fig. 4A), whereas T-bet was required in both y327
CCR6™ and 327 CCR6" subtypes to produce IFN-vy in re-
sponse to proinflammatory cytokine stimulation (Fig. 4B). Fi-
nally, T-bet has been proposed to control IL-22 production in
ILC22 (43, 44) and Th22 (45) cells. This contrasts with the
ability of IL-1B/IL-23-stimulated y827 CCR6 and v827
CCR6" subsets to produce IL-22 in the absence of T-bet (Fig. 4C).
Based on these in vitro observations, we next questioned the role
of T-bet during physiological responses to infectious microor-
ganisms in vivo.

T-bet is indispensable for IFN-vy production by both y827" and
v627" cells in vivo

Given that during infection with murine herpesviruses yd T cells
play important protective roles (46), with y827" cells providing
IFN-y (36), we infected Thx2/ "~ mice with murid herpes virus-
4. Splenocytes were harvested 5 and 8 d postinfection and
restimulated with PMA/ionomycin for 4 h. This showed that, in
the absence of Thx21, IFN-y production by y827* cells was sig-
nificantly reduced both in frequencies and absolute numbers
(Fig. 5A). Of note, IFN-y production also depended on 7hx21 in
CD4 Thl cells, but not in CD8 T cells (Supplemental Fig. 3).

Spleen

TRANSCRIPTIONAL CONTROL OF EFFECTOR 3 T CELLS

Next, to assess the in vivo IFN-vy response of vy827  cells, we
infected mice orally with L. monocytogenes that has been shown
to induce the generation of polyfunctional y327 " cells capable of
coproducing IFN-y and IL-17 (35). Splenocytes were harvested
8 d postinfection and restimulated for 4 h either with PMA/
ionomycin or in the presence of IL-13/IL-23. Both stimulations
allowed detection of similar proportion of IL-17" v327 cells, but,
in our hands, the latter conditions revealed higher amounts of
L. monocytogenes-induced IL-17* IFN-y* y327~ cells (Fig. 5B).
This short ex vivo restimulation also induced single-producer
IFN-y* v3827 cells. This was observed by Sheridan et al. (35),
although they used restimulation of splenocytes with aCD3" and
aCD28 mAb-coated beads for 5 h. Importantly, lack of T-bet
impaired both IL-17" IFN-y* v327 cells and IFN-y* 827~
cells (Fig. 5B). These data revealed, to our knowledge, for the first
time, a strict dependence on T-bet for IFN-y production by yd
T cell subsets in vivo.

T-bet suppresses IL-17 expression by y027 " cells in vivo

Given that an additional role ascribed to T-bet, in conventional
T cells, is to inhibit IL-17 production (47, 48), we next questioned
whether it operated similarly in yd T cells. We observed a 3-fold
increase in the frequency of IL-17-producing y8 T cells upon
L. monocytogenes infection in the absence of T-bet (Figs. 5B, 6A).
In addition, we used EAE, the most commonly used animal model
of multiple sclerosis, which is accompanied by an accumulation
of IL-17* vd T cells in the CNS (3, 4). We immunized WT or
knockout mice with MOG peptide emulsified in CFA and treated
them with pertussis toxin to induce disease. In this response, we

i.p. infection with 108 MuHV-4- infected:

A non-infected PFU MuHV-4 € Non infected S s $ s
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FIGURE 5. T-bet is required for in vivo © % §
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cytes were harvested 1 wk later. Total
splenocytes were restimulated with PMA/ B
ionomycin or IL-1B/IL-23 for 4 h and
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FIGURE 6. T-bet represses IL-17 production by yd T cells and CD4
T cells in vivo. (A) WT and Thx21 ™'~ mice were infected orally with
L. monocytogenes, and splenocytes were harvested 1 wk later. Total
splenocytes were restimulated with IL-1B/IL-23 for 4 h and assessed for
production of IFN-y and IL-17 by intracellular cytokine staining gated on
vd T cells, as in Fig. 4B. The graphs show percentages and numbers of
IL-17-producing cells from total yd T cells after L. monocytogenes infection,
from two independent experiments, with each dot representing value for one
individual mouse. (B and €) WT and 7bx21 '~ mice were induced to develop
EAE with MOG injection, and cells were harvested from the spinal cord 2 wk
later. Total cells from spinal cords were restimulated with PMA/ionomycin for
4 h and assessed for production of IFN-y and IL-17 by intracellular cytokine
staining gated on yd T cells (B) and CD4 T cells (C). The graphs on the right
show percentages of (B) IL-17" cells of total v T cells and (C) IL-17" CD4
T cells of total CD4 T cells during EAE, from two independent experiments.
*p < 0.05, **p < 0.01 (Mann—Whitney two-tailed test).

also observed higher proportions of IL-17 producers among both
v827 cells (Fig. 6B) and CD4 T cells (Fig. 6C) accumulating
within the spinal cord of mice lacking T-bet.

Collectively, these results show that the T-bet—dependent
mechanisms that induce IFN-vy and repress IL-17 in CD4 T cells
are shared by yd T cells in vivo.

1L-17 production by 827 cells does not depend on auxiliary
Thl7 transcription factors

A similar approach was used to determine whether y327  cells
share the main transcriptional regulators of IL-17 production with
conventional CD4 Th17 cells.

The production of IL-17 by 827 cells was absolutely de-
pendent on ROR~yt (Fig. 7). Conversely, and unexpectedly, we
found that RORa and BATF were not required for production
of IL-17, nor IL-17F or IL-22, by 827 cells (Fig. 7). In fact,
contrary to our expectation, the absence of RORa in y827  cells
led almost to a 2-fold increase in IL-17-producing y327 cells.
Although viable, the Rora mutant mice are very small and die at
~3-4 wk of age, which prevented us from assessing the role of
RORa in infections or autoimmune responses in vivo. Ongoing
work aims at establishing a mouse model that allows conditional
deletion of RORa in T cells to decipher its role in the regulation of
IL-17 in & T cells.

The independence on BATF was validated in vivo in two re-
sponses that, as shown above, induced strong IL-17 production by
v8 T cells—L. monocytogenes infection and EAE. Thus, IL-17*
v827 cells were induced to similar frequencies and numbers in
Batf~’~ mice infected orally with L. monocytogenes as compared
with WT controls (Fig. 8A). Batf’~ mice are resistant to EAE
induction most likely because lymphocytes do not infiltrate the
spinal cord or brain (27). Consequently, we assessed IL-17*
v827 " cells in the inguinal lymph nodes that drain the site of
MOG/CFA injection, as this induced a marked increase in IL-17*
v827~ cells. Once again, no difference was observed for fre-
quencies and numbers of IL-17" 827 cells in WT and Barf "~
mice (Fig. 8B). Together with published findings on IRF4, also
dispensable for IL-17 expression in y827 ~ cells (29, 30), our data
demonstrate that IL-17 production by vy827 cells, although de-
pendent on the master transcription factor ROR+yt, does not rely on
auxiliary transcriptional partners (BATF, RORa, IRF4) that pro-
mote CD4 Th17 cell differentiation.

Discussion

We have previously shown that 327" cells are epigenetically
committed to express IFN-vy but not IL-17, whereas y327 CCR6"
cells make IL-17, but can be induced to produce IFN-y under
inflammatory conditions (34). In this study, by revealing clearly
distinct transcriptional requirements for their functional differen-
tiation, our data strengthen the divergence between y827%, 827~
CCR6 ™, and y327 CCR6* T cell subsets.

Our results show that T-bet is critical for IFN-y production by
v327* cells responding to TCR engagement in vitro or to Herpes
virus infection in vivo. Additionally, T-bet also operates in y827
cells, particularly during L. monocytogenes in vivo. In contrast,
although v327* T cells express high levels of Eomes mRNA
(compared with y327" CCR6" T cells and Th1 cells), this tran-
scription factor is not required for their production of IFN-y. Of
note, Eomes has been reported to play a critical role in the dif-
ferentiation of tumoricidal Vy4 y3d T cells by controlling perforin
expression and cytolytic activity (49). The role of these tran-
scriptional regulators, their functional partition and cooperation in
controlling cytotoxic or IFN-vy effector functions, as well as po-
tential memory formation, remains to be fully elucidated in yd
T cells. In any case, our data set firmly establishes that T-bet is the
main regulator of IFN-y production by vy8 T cells. Moreover, in
the absence of T-bet, we also found higher proportions of IL-17*
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vd T cells and Th17 cells during L. monocytogenes infection and
in response to EAE. Therefore, induction of IFN-y and inhibition
of IL-17 are T-bet—dependent functions conserved between yd and
CD4 T cells.

Conversely, RORvyt deficiency completely abolished the pro-
duction of IL-17 by 827 cells. This is consistent with previous
studies (50-52), and our own data supporting a key role for RORyt
in the development of the y827 CCR6" cell subset (34). This fits
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well with the established role of ROR+yt in the emergence of innate
cell types, including ILC3 and LTi [reviewed in (53)]. In contrast,
it is interesting to note that several other transcription factors have
been specifically implicated in the intrathymic development of IL-
17-producing vy T cells. These include Hes-1, a component of the
Notch-signaling pathway (50); RelB, a member the NF-«B family
(30); and Sox13, Sox4, and the Ets family member ETVS5, which
have been described as key regulators of the development of the
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ol 4 EAE (bottom). Each dot represents value for
% 20 one individual mouse.
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IL-17-producing y327 CCR6" cell subset (54-56). However, it
remains to be established whether (and how) these factors form a
cooperative network with ROR+yt, and whether they operate in the
periphery to control IL-17 responses by y327  cells.

Although RelB promotes the differentiation of thymic precursors
into IL-17* y8 T cells possibly by controlling the expression of
both RORyt and RORa, we found that IL-17 production by vd
T cells was independent of RORa. Additionally, although in Th17
cells ROR+yt binding requires chromatin remodelling via the co-
operative action of IRF4 and BATF, we found that yd T cells
lacking BATF produce normal amount of IL-17. In the studies
by Powolny-Budnicka et al. and Raifer et al. (29, 30), it was
shown that yd T cells from mice deficient in IRF4 can readily
produce IL-17. In our study, we extended this type of analysis to
mice deficient in RORa or BATF and found their yd T cells dif-
ferentiate into IL-17 producers similarly to WT controls. Thus,
whereas our understanding of the functional differentiation of yd
T cells is still lagging behind that of a8 T cells, the present work
highlights the existence of lineage-specific transcriptional mech-
anisms, namely an unconventional control of IL-17 production by
innate-like y827~ T cells.

This study was focused on peripheral yd T cell subsets, whose
functional properties can be either preprogrammed in the thymus
(9, 10, 57) or induced upon peripheral activation (38). Whether
these two differentiation processes rely on the same transcriptional
regulators remains unknown. Differences in thymic development
and peripheral differentiation may justify lineage-specific auxil-
iary transcription factor segregation between yd and CD4 T cells
for IL-17 induction. This underlies that CD4 T cells differentiating
in the periphery rely on prolonged activation and expansion to
implement the molecular machinery controlling IL-17 production.
v8277CCR6™ T cells, however, are precommitted for IL-17 pro-
duction with expression of RORyt at the protein level, which
keeps the 1l17a locus transcriptionally active with high amount of
1117a mRNA present and ready to receive environmental signaling
to trigger its conversion into protein. This suggests that posttran-
scriptional mechanisms, such as small noncoding RNAs, are most
likely playing a role in rapidly regulating cytokine translation, and
we are currently investigating these possibilities. As indicated
above, thymic preprogramming of IL-17* y3 T cells in vivo relies
on a transcriptional network that strongly differs from that of
peripheral differentiation of naive CD4 T cells into Th17 cells.
This is consistent with exclusive signaling pathways operating in
conventional CD4 T cells for production of IL-17 and in thymic
precommitment of IL-17* y3 T cells. Thus, whereas the produc-
tion and maintenance of Th17 cells require multiple cytokines,
including IL-1p3, IL-6, IL-21, IL-23, and TGF-@, only TGF-3 has
been reported to be critical for thymic development of IL-17* v
T cells (58).

Promotion of an IL-17 response in peripheral y3 T cells relies on
cytokines (3, 34). Although STAT3 signaling is not required for
the development of IL-17" 3 T cells (50), in the periphery they
rapidly respond to IL-1B as well as STAT3-dependent IL-7 and
IL-23 signaling (3, 37, 59). By contrast, peripheral v827 cells
have been reported to be hyporesponsive to TCR stimulation,
particularly when compared with y827* cells (11). Given that
BATF and IRF4 in conventional a3 T cells are triggered in part by
TCR engagement, it is possible that the lack of responsiveness to
TCR activation of y327  cells underlies their independence on
BATF and IRF4. It was also shown that IRF4 was dispensable for
IL-17 production by LTi/ILC3 and NKT cells (29), and, although
the roles of BATF and RORa in these cell types remain to be
elucidated, this might suggest an alternative IL-17 pathway in
innate-like lymphocytes. The resolution of this putative alternative

pathway is highly relevant given that IL-17* y3 T cells have been
shown to contribute to diverse chronic inflammatory or autoim-
mune diseases such as colitis (7, 8, 60), psoriasis (61, 62), ex-
perimental autoimmune encephalomyelitis (3, 4), uveitis (63), as
well as cancer progression in mice (64-66) and humans (67).

Even though IFN-vy and IL-17 are produced by a large diversity
of cells, coproduction is a rare event that only occurs under certain
specific inflammatory conditions. The acquisition of IFN-y ex-
pression by Th17 cells has been well documented (14, 68, 69), but
the transcriptional regulators of these Thl-like Th17 cells are still
controversial. Essentially, it is unclear as to whether T-bet is dis-
pensable (18, 22) or required (15, 17) for the emergence of Thl-
like Th17 cells in vitro and in vivo. These discrepancies could be
due to signaling differences, as both IL-12 and IL-23 have been
shown to induce IFN-vy production in Th17 cells. However, we
found that only IL-23, in synergy with IL-1f3, but not IL-12, could
induce the production of IFN-y, IL-17F, IL-22, and GM-CSF in
v827 " cells. Surprisingly, despite the presence of transcripts for
1117f, 1122, and Csfl in vy827  cells ex vivo, the corresponding
proteins were not expressed upon PMA plus iono stimulation, but
only after short-term (14-h) stimulation with IL-13 plus IL-23.
This calls the attention to the stimulatory conditions used to
trigger specific effector functions in yd T cells in vitro. Impor-
tantly, upon IL-1B plus IL-23 treatment, the generation of IL-17*
IFN-y* v327 " cells was impaired in the absence of T-bet; and
those cells were completely absent in Listeria-infected T-bet—de-
ficient mice. Thus, T-bet is the key regulator of IFN-y production
in both y327* and ¥327~ T cell subsets.

Whereas both Th17 cells and y327 ~ cells display a high degree
of functional plasticity, their Thl cells and y827* counterparts
seem stably committed to IFN-y production. However, a recent
study challenged the stability of the y327* cell subset. One fourth
of the Ly6C*CD44™ 827" cells stimulated for 4 d with coated
anti-CD3 and anti-CD28 mAbD in the presence of IL-6, IL-23, and
TGF-B1 were capable of differentiating into IL-17—producing yd
T cells (70). We never observed IL-17 production from vy327*
cells upon stimulation with IL-18 plus IL-23, which was per-
formed for 36 h and in absence of TCR engagement. Moreover,
the plasticity of y827* cells proposed by Lombes et al. (70) re-
mains to be observed during in vivo responses.

In conclusion, we provide evidence for a common core tran-
scriptional program dedicated to IFN-y production and governed
by T-bet in both CD4 and yd T cells. By contrast, despite
depending on ROR~yt, y827 " cells are clearly distinct from Th17
cells as the auxiliary transcription factors BATF and ROR« (and
IRF4) are completely dispensable. These findings are likely to
have important implications for the manipulation of proin-
flammatory yd T cell responses in infection, cancer, and autoim-
munity.
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