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Abstract

TCR-αβ+ DN T cells (CD3+ TCR-αβ+ CD4− CD8− NK1.1− CD49b−) represent a minor 

heterogeneous population in healthy mice and humans. Both pro-inflammatory and regulatory 

capacities have been attributed to these cells which are expanded in several autoimmune diseases. 

Importantly, previous work indicates that self-reactive CD8+ T cells become DN after activation 

by self-antigens, suggesting that self-reactive T cells may exist within the DN T cell population. 

Here, we demonstrate that in unmanipulated mice, PD-1 expression identifies a subset of DN T 

cells that display activation-associated markers and a phenotype that strongly suggests they derive 

from self-reactive CD8+ cells. We show that the majority of the pro-inflammatory cytokines 

produced by DN T cells are generated by the PD-1+ subset. Finally, using a TCR-activation 

reporter mouse (Nur77-GFP), we confirm that PD-1+ DN T cells have engaged endogenous 

antigen in healthy mice during steady state conditions. In conclusion, we provide evidence that 

indicates that the PD-1+ fraction of DN T cells represents self-reactive cells.
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INTRODUCTION

Central tolerance acts a major protective force against autoimmunity by eliminating the bulk 

of autoreactive T cells [1]. However, self-reactive lymphocytes are present in healthy mice 

and humans [2–4]. In healthy individuals these cells display an unresponsive phenotype 

[3,4], and their abundance is considered low. However, recent reports have proposed that 

self-reactive T cells may be as frequent as naïve T cells specific for foreign antigens [3]. The 

presence of self-reactive T cells entails the risk of autoimmunity through the instigation of 

inflammatory tissue damage and promotion of autoantibody production [5]. Abundance of 

self-reactive T cells may have prognostic meaning in autoimmunity because their increased 

frequency has been associated to autoimmune diseases such as vitiligo, diabetes, and 

multiple sclerosis [4,6,7].

TCR-αβ+ CD4− CD8− double negative T cells (henceforth DN T cells) have been associated 

with autoimmune conditions and display a pro-inflammatory profile. Their frequency is 

increased in several autoimmune/inflammatory disorders such as systemic lupus 

erythematosus (SLE) [8], autoimmune lymphoproliferative syndrome (ALPS) [9], and 

Sjögren’s syndrome [10]. They promote autoantibody production [11], are found infiltrating 

target organs in mice and humans [8], are associated with inflammation and disease 

progression in mouse models of autoimmunity, and produce several pro-inflammatory 

cytokines [8,12]. However, DN T cells represent a scarce population in normal mice and 

humans, and their study has proved challenging due to the existence of other T cell subsets 

with a similar phenotype, such as NKT and Mucosal-Associated Invariant T (MAIT) cells. 

DN T cells have also been ascribed regulatory properties [13], an observation inconsistent 

with the pro-inflammatory profile reported in patients and mice with inflammatory diseases.

Previous studies have suggested that under certain conditions, CD8+ T cells may lose CD8 

expression and become DN [14–16]. Moreover, we have previously shown that self-reactive 

CD8 T cells lose CD8 expression after recognition of cognate self-antigen and become DN 

T cells, supporting the concept that CD8 downregulation may represent an active mechanism 

of peripheral tolerance [17]. Here, we analyze DN T cells in normal, unmanipulated mice 

and we show that Programmed cell death 1 (PD-1) expression identifies a subset of DN T 

cells that displays activation markers, produces pro-inflammatory cytokines, and, 

importantly, exhibits evidence of TCR-mediated activation. Together, our data indicate that 

PD-1+ DN T cells represent self-reactive cells.

RESULTS

PD-1 expression distinguishes a distinct subset of DN T cells in normal mice

Self-reactive CD8+ T cells become inactivated upon exposure to cognate self-antigen. 

During this process, they downregulate CD8 and upregulate inhibitory molecules including 

PD-1 and Helios [17]. As a result, a population of PD-1+ DN T cells is generated. These 

cells are functionally impaired but survive for at least 60 days in adoptive transfer recipients 

[17]. This suggests that self-reactive former CD8+ cells may be found within the DN T cell 

compartment of normal mice. To address this hypothesis, we analyzed the expression of 

PD-1 in splenic DN T cells of unmanipulated B6 mice. DN T cells were defined as live 
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CD3+TCR-β+CD4−CD8− NK1.1−B220−CD49b− cells to exclude TCR-γδ (TCR-β−) and 

NKT (NK1.1+CD49b+) cells (Fig. 1A).

Roughly 30% of splenic DN T cells expressed high levels of PD-1 (Fig. 1B). Interestingly, 

this population accounted for only 10-15% in lymph nodes (Fig. 1B and C). Accordingly, 

DN T cells produced 30-40 times more PD-1 (Pdcd1) mRNA than CD8+ and 4-7 times more 

than CD4+ T cells (Fig. 1D).

MAIT cells are rare in spleens of unmanipulated B6 mice [18,19]. However, they may be 

confounded with DN T cells because their surface marker expression is similar. To 

determine whether MAIT cells were an important fraction of the PD-1+ DN population, we 

measured the frequency of MR1-tetramer+ (Tet+) cells within this subset [18–20]. Only a 

minute percentage of DN T cells bound MR1-tetramers and we were unable to detect mRNA 

corresponding to the Vα19-Jα33 TCR rearrangement in PD-1+ DN T cells (Supporting 

Information Fig. 1A). In agreement with these results, expression of IL-18Rα, found in most 

MAIT cells [19], was restricted almost exclusively to PD-1− DN T cells (Supporting 

Information Fig. 1B).

PD-1+ DN cells were not decreased in Cd1d−/− mice, and within DN T cells from WT B6 

mice virtually none of the cells were positive for CD1d-Tet, further confirming the absence 

of NKT cells in the PD-1+ DN subpopulation. These findings were consistent with very low 

levels of Vα14-Jα18 rearrangement found in PD-1+ DN cells compared to PD-1− DN cells 

(Supporting Information Fig. 1C and D) [21].

In addition to PD-1, DN T cells derived from self-reactive CD8 T cells express Helios [17], 

a transcription factor upregulated in self-reactive T cells undergoing tolerance [22] and in T 

cells chronically exposed to cognate antigen [23]. We analyzed the expression of Helios and 

observed that in contrast to CD4+ and CD8+ T cells, the majority of DN cells were positive 

(Fig. 1E). Approximately 10% of CD4+ cells, probably corresponding to Tregs, also 

expressed high levels of Helios [24]. Other tolerance-associated surface molecules 

(CTLA-4, LAG-3, BTLA, and TIM-3) were not expressed by DN T cells (Supporting 

information Fig. 1E). Of note, a fraction of PD-1+ DN T cells expressed 2B4 (CD244, 

Slamf4), an inhibitory receptor found in memory CD8 T cells and NKT cells [25]. CD160 

expression was present in a subset of PD-1− DN cells (Supporting information Fig. 1E).

Altogether, these results indicate that normal mice have a population of DN T cells, that 

does not contain MAIT or NKT cells, distinguished by the expression of PD-1 and Helios.

PD-1+ DN T cells possess an effector phenotype

A more thorough analysis was performed to determine whether PD-1+ DN T cells exhibit 

evidence of cognate antigen encounter. Because these experiments were performed in 

unmanipulated mice kept in pathogen-free conditions, presumably only antigens derived 

from commensal microorganisms and self were exposed to the immune system. Analysis of 

CD44 and CD62L expression revealed that contrary to CD8+ and CD4+, comprised mostly 

of naïve CD62L+CD44low cells, the DN compartment (PD-1− and PD-1+) was enriched with 

cells bearing an activated or effector memory/central memory phenotype (CD62L−CD44+/

Rodríguez-Rodríguez et al. Page 3

Eur J Immunol. Author manuscript; available in PMC 2017 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



CD62L+CD44+, respectively; Supporting Information Fig. 2A). Interestingly, the majority of 

PD-1+ DN T cells lacked expression of CD62L.

The distribution of other activation markers was heterogeneous between PD-1− and PD-1+ 

DN T cells. PD-1+ cells did not express early activation markers such as CD69 or CD25 but 

had increased levels of CD43, CD122 (IL-2Rβ), and CD11a (LFA-1α) (Fig. 2A). CD127 

(IL-7Rα), downregulated upon acquisition of effector phenotype, was decreased only in 

PD-1+ DN T cells (Fig. 2B). Expression of CD27 was not different between PD-1+ and 

PD-1− DN T cells. Ly-6C is expressed at high levels by CD8+ memory cells but 

downregulated in cells with high reactivity towards self-peptide/MHC and in chronically 

activated T cells [23,26,27]. Whereas PD-1− DN cells expressed high amounts of Ly-6C, 

their PD-1+ counterparts expressed low levels suggesting chronic exposure to cognate 

antigen (Fig. 2C).

In order to compare the phenotype of naturally occurring DN PD-1+ T cells with that of DN 

T cells generated by exposure to self-antigen, we adoptively transferred CD8+ OT-I CD45.1+ 

T cells into mOVA mice that ubiquitously express OVA [17] and analyzed their phenotype at 

days 3, 10, and 30 after transfer (Supporting Information Fig. 2B). In this model, a large 

fraction of CD8 T cells loses CD8 expression by day 10 [17]. As shown in Figure 2D, at day 

3, prior to CD8 downregulation, cells transferred into mOVA mice upregulated CD11a, 

CD43, CD122, PD-1, and Helios. Additionally, the expression of Ly-6C was suppressed. 

These changes are indicative of antigen exposure. By days 10 and 30, DN T cells derived 

from transferred OT-I cells maintained high expression of CD11a, CD43, CD122, and PD-1 

as well as low levels of Ly-6C. Helios gradually returned to baseline suggesting that its 

expression at high levels indicates recent antigen-driven activation (Fig. 2D).

Because PD-1+ DN T cells found in normal mice may represent previous self-reactive CD8+ 

T cells, we analyzed whether MHC class I is necessary for their presence. We observed that 

the numbers of PD-1+ DN T cells decreased by half in MHC class I-deficient mice (β2m−/−) 

(Fig. 2E). Moreover, cluster analysis of the TCR Vβ repertoire indicated a similar Vβ usage 

between CD8+ and DN T cells (Supporting Information Fig. 2C).

PD-1+ cells represent the main source of pro-inflammatory cytokines produced by DN T 
cells

DN T cells have been reported to be a relevant source of IL-17 and other pro-inflammatory 

cytokines in the context of autoimmunity and infection [8,12,28]. To determine their 

cytokine production capacity in the steady state, we analyzed cytokine production in freshly 

isolated DN T cells stimulated for 6 hours with PMA and ionomycin. As shown in Fig. 3A, a 

relatively high fraction of DN cells produced IL-2, IFN-γ, TNF-α, and IL-17A. Further, 

FACS-sorted DN T cells were enriched in Th17-related transcripts (Il23r, Il17a, Il17f, Il22, 

Rorc) in the absence of any ex vivo stimulation (Fig. 3B).

To investigate whether the pro-inflammatory capacity of DN T cells was asymmetrically 

divided between PD-1− and PD-1+ cells, we evaluated RAR-related orphan receptor (ROR)-

γt and T-bet, as well as cytokine production in both DN cell subsets. As shown in Fig. 3C, 

ROR-γt expression (quantified as MFI) was significantly higher in PD-1+ DN cells than in 

Rodríguez-Rodríguez et al. Page 4

Eur J Immunol. Author manuscript; available in PMC 2017 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



CD4+ and CD8+, and in PD-1− DN T cells. Accordingly, PD-1+ DN T cells from an Il17a-

GFP reporter mouse produced more IL-17A than PD-1− counterparts when measured ex 

vivo, as well as after stimulation with PMA/ionomycin (6 h), or anti-CD3/CD28 in the 

presence or absence of IL-23 or other Th17-promoting cytokines (Fig. 3D) [28]. Production 

of IFN-γ was also significantly higher in PD-1+ DN T cells (Fig. 3E).

PD-1+ DN cells have been exposed to endogenous cognate antigen

The phenotype of PD-1+ DN T cells strongly suggested that these cells have been exposed to 

cognate antigen, probably of self-origin. In order to confirm this and rule out other 

explanations to their effector phenotype (i.e. bystander activation in response to cytokines or 

other pro-inflammatory cues), we analyzed in vivo TCR signaling using Nur77-GFP reporter 

mice. In this system, previously used to detect self-reactive lymphocytes [29–31], GFP 

expression is upregulated in lymphocytes whose antigen receptor (TCR or BCR) has been 

engaged and the abundance of GFP can be used as a surrogate marker of signaling strength 

[32].

First, we confirmed that GFP expression in DN T cells behaved like that of CD4 and CD8 

(i.e. it increased upon TCR activation and decreased when T cells were deprived of MHC 

signals; Supporting Information Fig. 2D). In order to determine whether DN T cells had 

been exposed to cognate antigen, we analyzed their GFP content directly ex vivo. As shown 

in Figure 4A, GFP expression in DN T cells mostly paralleled PD-1 expression, where 

PD-1+ cells were GFP+ and vice versa. No equivalent population was observed in CD4+ and 

CD8+ T cells. A comparison of the GFP levels between PD-1− and PD-1+ DN T cells 

confirmed that PD-1+ cells had significantly more GFP and its abundance was even higher 

than in other cells known to encounter self-antigens (e.g. Treg or tNKT cells; Fig. 4B and C) 

[32]. Of note, GFP expression was higher in Helioshigh DN T cells than in Heliosint DN T 

cells (Fig. 4D). These results demonstrate that PD-1+ DN T cells have received a signal 

through the TCR. The high levels of GFP expression suggest that the signal was strong and 

recent. In line with the idea that PD-1+ DN T cells are self-reactive, we found that the 

frequency of these cells was significantly increased in mice that accumulate autoreactive T 

cells as a consequence of defects in central and peripheral tolerance (Aire−/− and Faslpr mice, 

respectively; Fig. 4E and F) [1,33].

Besides self-antigens, APC from unmanipulated B6 mice housed in specific pathogen-free 

(SPF) facilities can cross-present microbiota-derived molecules. To exclude the possibility 

that PD-1+ DN T cells were being primed by microbiome-derived antigens, we analyzed the 

frequency and phenotype of PD-1+ DN T cells in germ-free (GF) mice. We did not observe a 

reduction in the proportion or numbers of PD-1+ DN T cells in GF mice (Fig. 4G). 

Accordingly, expression of activation markers (CD11a, Ly-6C, CD44) did not change 

significantly in cells derived from GF mice, when compared to cells from mice housed in 

SPF conditions (Supporting Information Fig. 2E). These findings argue against DN T cells 

being activated by foreign antigen in normal unmanipulated B6 mice. If DN T cells were 

microbiota-dependent, their population would experience a reduction as observed in MAIT 

[34] and NKT cells [35] (Supporting Information Fig. 2F).
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DISCUSSION

Here we have shown that the presence of PD-1 distinguishes a subset of DN T cells in 

normal mice. The evidence provided argues that PD-1+ DN cells have acquired an effector 

phenotype (activation markers, cytokine production, expression of Rorc) most probably 

induced by cognate antigen exposure. The remarkable phenotypic similarities between these 

cells identified in unmanipulated mice and those generated by exposing CD8+ T cells to 

known cognate antigen presented as self, suggest that PD-1+ DN T cells (PD-1+ Helios+ 

Ly-6C−) may represent self-reactive former CD8+ T cells that have undergone an 

inactivation process in the periphery.

Our data indicates that PD-1+ DN T cells represent a separate population, different from 

other unconventional or scarce T cell subsets such as MAIT or NKT cells. The presence of 

both of these cell types in the PD-1+ DN T cell fraction was ruled out by tetramer staining, 

measurement of invariant TCR-specific mRNA, and by analyses of their phenotype (i.e. 

CD127, CD69, CD49b, NK1.1, IL-18Rα). Moreover, contrary to what occurs to MAIT and 

NKT cells, the PD-1+ DN T cell population was unaffected by GF conditions.

Determining the self-reactive nature of PD-1+ DN T cells represents a challenge because no 

specific technology has been developed for this purpose. No group of cognate antigens are 

known to be specific for PD-1+ DN T cells. In addition, the use of tetramers developed for 

CD8+ cells may not bind to DN T cells due to the lack of the coreceptor [3,36]. For this 

reason, we approached the problem in a comprehensive manner. Based on the following 

data, we propose that PD-1+ DN T cells are self-reactive: a) they express high levels of 

Helios and PD-1; b) their phenotype is very similar to the one of CD8+ T cells that have 

encountered antigen as self; c) they express high levels of activation markers in the steady 

state; d) they lack Ly-6C and CD127; e) absence of microbiota does not affect their levels or 

phenotype; f) they show evidence of TCR-mediated activation (high GFP levels in the 

Nur77-GFP reporter background).

PD-1+ DN T cells display high levels of activation-induced molecules (i.e. CD11a, CD43, 

CD44) and low levels of surface receptors downregulated upon TCR engagement (i.e. 

CD62L and CD127). Interestingly, the low levels of CD62L may explain their relative high 

concentration in the spleen, the only secondary lymphoid organ where homing does not 

involve CD62L [37]. Helios is upregulated upon TCR activation [38] and its levels remain 

high when antigen is chronically present and displayed [23]. Because we cannot dismiss that 

other unknown signals may regulate the expression of these molecules, we analyzed a mouse 

model that has been shown to specifically report (by GFP expression) TCR activity not 

influenced by other environmental cues [32]. We found that, similar to known self-reactive T 

cells (Tregs), PD-1+ DN T cells have elevated GFP levels. This provided us with strong 

evidence supporting the autoreactive nature of PD-1+ DN T cells.

PD-1+ DN T cells are actively exposed to TCR signaling and transcribe Th17-related genes. 

Further, a relatively large fraction of them produces pro-inflammatory cytokines. These 

features (i.e. their autoreactivity and their pro-inflammatory capacity) indicate that they 

possess pathogenic potential. DN T cells are expanded in some systemic autoimmune 
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diseases such as SLE and Sjögren’s syndrome and they have been proposed by our group 

and others to play a role in these conditions [8,10,16]. Their presence in healthy mice and 

humans is not associated to any pathology, which indicates that in normal conditions their 

pathogenic potential is neutralized. This may be related to their low frequency [39] and/or to 

the presence of mechanisms that limit their activation. CD8 downregulation, as well as their 

high expression of molecules with inhibitory ability (i.e. PD-1 and Helios), may limit their 

expansion and pathogenicity. Why these cells expand in the setting of autoimmunity may be 

related to defects in the expression or function of the inhibitory molecules that keep them in 

check in normal individuals. A recent report suggested that SLE disease activity and 

prognosis is influenced by the expression of inhibitory molecules in CD8 T cells including 

PD-1 [40]. The question of whether DN T cells are inadequately controlled in systemic 

autoimmune conditions is the focus of current investigation.

MATERIALS AND METHODS

Mice

Mice 8-14 weeks (unless indicated otherwise) of age were used. B6, Nur77-GFP, IL-17A-

GFP, OT-I, CD45.1, Act-mOVA (mOVA), β2m−/−, Faslpr (all B6 background) were obtain 

from Jackson Laboratories (Bar Harbor, ME). Cd1d−/− mice were kindly provided by Dr. 

Lydia Lynch. Aire deficient (Aire−/−) mice were generously provided by Drs. Christophe 

Benoist, Noriyiku Fujikado and Matthew Meredith. All mice were housed and bred in a SPF 

facility at BIDMC following IACUC guidelines. GF mice were a generous gift from Drs. 

Dennis Kasper, Francesca S. Gazzaniga and Isaac Kasper and they were negative for 

microbiota presence by the day of the experiment.

Flow cytometry

Spleen and lymph nodes were dissociated in full RPMI 1640. Unless otherwise indicated, 

for surface epitopes, cells were stained in PBS + 2% FCS for 30 min after blocking Fc 

receptors with TruStain fcX (Biolegend). All antibodies were from Biolegend or 

eBioscience (for complete antibody list see Supporting information), except anti-IL-18Rα 

(R&D). Samples were acquired in a modified LSRII (BD Biosciences, San Jose, CA) and 

analyzed with FlowJo (TreeStar, Ashland, OR).

For intracellular staining, cells were stained for surface antigens and further processed with 

the Cytofix/Cytoperm (BD) or Foxp3/Transcription Factor Staining buffer (eBioscience) kits 

as per manufacturer’s instructions. Cytokines were measured after stimulating the cells with 

PMA (50 ng/mL) plus Ionomycin (250 ng/mL, Sigma) in the presence of Brefeldin A (BD) 

for 5-7 hours.

For tetramer staining, cells were incubated for 1h at RT (CD1d-Tet) prior to surface staining 

or 30 min (MR1-Tet) at RT together with antibody cocktail for surface staining. MR1-

Tetramers were synthesized and loaded as previously described [18–20].
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Tissue culture and T cell isolation

For in vitro stimulation, T cells were purified by magnetic selection (Dynabeads), and 

cultured on flat-bottom 96-well plates in full RPMI with plate-bound anti-CD3/anti-CD28 (2 

μg/mL) at a density of 4-5×105 cells/well for 16 or 72h. When indicated, splenocytes were 

stimulated in the presence of IL-23 (10 ng/mL) or IL-23 plus IL-6 (25 ng/mL) and TGF-β1 

(2.5 ng/mL) for 3 days.

For adoptive transfers, CD8+ cells from spleen and lymph nodes of OT-I.CD45.1 mice were 

magnetically isolated with Dynabeads (purity≥95%). 5×106 cells in PBS were injected by 

tail vein injection into mOVA.CD45.2 or B6 mice.

Real-Time PCR

Splenocytes and lymph node cells from 10-25 mice were enriched in T cells by magnetic 

selection. CD4+, CD8+, DN T (total, PD-1− or PD-1+) cells as defined in Fig. 1A, and 

enriched MAIT (eMAIT: mLN CD4+/DN T cells expressing TCR Vβ8.2/8.3 and IL-18Rα) 

or NKT (eNKT: mLN T cells containing 1/3 CD1d-Tetramer+ cells) cells were sorted in a 

FACSAria (≥95% purity). Samples were washed and lysed in TRIzol Reagent (Life 

Technologies). RNA was isolated and cDNA synthetized from 1 μg RNA with EcoDry 

Premix (Clontech, CA). Quantitative PCR was performed using FastStart Universal SYBR 

Master (Roche, IN) in a StepOne Plus RT-PCR System (Applied Biosystems). To measure 

the relative amount of Cα, Vα14-Jα18 and Vα19-Jα33 TCR chains, sorted populations as 

described above were processed with PureLink RNA Micro Kit (Invitrogen) and cDNA 

synthesized from 500 ng RNA with the iScript™ cDNA Synthesis Kit (Bio-Rad). 

Quantitative PCR was performed as before or using custom TaqMan assay with previously 

described primers [41].

Statistical analyses

Statistical analysis was performed using Graphpad Prism. Groups were compared using 

Student’s t-test, ANOVA (Bonferroni’s or Tukey’s post-test) or their non-parametric 

equivalents when required.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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List of abbreviations

DN T cell Double negative T cell

GF Germ free

MAIT cell Mucosal Associated Invariant T cell

PD-1 Programmed cell death 1

ROR-γt RAR-related orphan receptor γt

SLE Systemic Lupus Erythematosus

SPF Specific-pathogen-free
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Figure 1. 
PD-1 expression in DN T cells distinguishes two cell subsets. (A) Gating strategy used to 

define DN T cells. Dump channel includes: B220, TCR-γδ, and CD49b cells. (B, C) 

Representative dot plots (B) and cumulative data (C) of percentages of PD-1+ DN cells in 

spleen, axillary and inguinal LN (pLN) and mLN of B6 mice. (D) Pdcd1 mRNA levels in 

CD4+, CD8+ or DN TCR-αβ+ cells. Results are expressed as fold change over CD8 T cells, 

and data are the mean from 3 experiments pooling FACS sorted T cells from 10-20 B6 mice. 

(E) Distribution of CD4+, CD8+ or DN T cells according to the expression of PD-1 and 

Helios. Cumulative data are expressed as mean ± SEM, pooling data from 3-5 independent 

experiments (n=3-4). **p<0.01; ***p<0.001
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Figure 2. 
PD-1+ DN T cells display features of activated T cells and resemble DN cells derived from 

self-reactive CD8+ T cells. (A, B) Expression of activation-induced surface markers (A), as 

well as CD27 and CD127 (B) in CD4+ and CD8+, PD-1−, and PD-1+ DN T cells. (C) 

Expression of Ly-6C in PD-1− and PD-1+ DN cells. (D) Phenotype of CD8/DN T cells 

exposed to cognate self-antigen (mOVA mice) at the indicated time points after transfer 

(representative histograms). (E) Percentage of PD-1+ DN T spleen cells from WT and 

β2m−/− mice. Cumulative data are expressed as mean ± SEM, pooling results from 1-3 

independent experiments (n=3-4) *p<0.05; ***p<0.001
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Figure 3. 
PD-1+ DN T cells are the major producers of cytokines within the DN TCR-αβ+ subset. (A) 

IL-2, TNF-α, IFN-γ, and IL-17A production from CD4, CD8, and DN T cells after ex vivo 

stimulation with PMA/Ionomycin. (B) mRNA of Th17 signature genes. Cd8a expression is 

shown as control. (C) Expression of T-bet and ROR-γt in CD4 and CD8, PD-1−, and PD-1+ 

DN T cells from spleens of B6 mice. (D, E) Percentage of cytokine+ cells within PD-1− and 

PD-1+ DN cells measured as GFP abundance in IL-17A-GFP reporter mice directly ex vivo, 

after PMA/Ionomycin or after αCD3/αCD28 stimulation for 3 days (D), or quantified by 

intracellular cytokine staining after PMA/Ionomycin (IFN-γ and IL-2; E). Flow cytometry 

plots are representative of 2-4 independent experiments (n= 3). Cumulative data (B-E) 

pooling results from several experiments; ns: not significant; *p<0.05; **p<0.01; 

***p<0.001
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Figure 4. 
PD-1+ DN T cells have encountered endogenous antigen. (A) Distribution of CD4+, CD8+, 

and DN T cells as defined in Fig. 1A in relation to PD-1 and GFP expression from spleens 

of Nur77-GFP reporter mice. (B, C) Representative histogram (B) and cumulative data (C) 

of GFP levels in several T cell populations from spleen (CD8, TconvCD4, Treg, DN PD-1−, 

DN PD-1+, pNKT) and thymus (tNKT) of Nur77-GFP mice. TconvCD4: CD4+CD25− T 

cells; Treg: CD4+CD25+ T cells; pNKT: NK1.1+ T cells; tNKT: CD1d/αGalCer-

Tetramer+CD44low NK1.1lowCD24+. (D) Representative histogram (left) and cumulative 

data (right) of GFP (measured with αGFP) levels in DN T cells in relation to their 

expression of Helios. (E, F) Percentages of PD-1+ DN T spleen cells in WT and Aire−/− 

littermate mice (E), or WT, and young (Y: 5-6 week-old) and old (O: 20-27 week-old) 

B6.Faslpr mice (F). (G) Frequency and numbers of PD-1+ DN T cells were measured in SPF 

and GF sex- and age-matched mice. Data are expressed as mean ± SEM. Flow cytometry 

plots are representative of 2-4 independent experiments (n= 3). Cumulative data (A, B, D 

and F) pools results from several experiments; one experiment representative of 2 (C; n=3), 

one experiment (G; n=5-8) or pooled data from five experiments (E; n=1-4). ns: not 

significant; *p<0.05; **p<0.01; ***p<0.001
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