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SUMMARY

Aire's primary mechanism of action is to regulate transcription of a battery of genes in medullary 

thymic epithelial cells (mTECs) and, consequently, negative selection of effector T cells and 

positive selection of regulatory T cells. We found that Aire-deficient mice had expanded thymic 

and peripheral populations of perinatally generated interleukin(IL)-17A+ Vγ6+Vδ1+ T cells, 

considered to be “early responders” to tissue stress and to drive inflammatory reactions. Aire-

dependent control of Il7 expression in mTECs regulated the size of thymic IL-17A+Vγ6+Vδ1+ 

compartments. In mice lacking Aire and γδ T cells, certain tissues typically targeted in the “Aire-

less” disease, notably the retina, were only minimally infiltrated. IL-17A+Vγ6+Vδ1+ cells were 

present in the retina of wild-type mice and expanded very early in Aire-deficient mice. A 

putatively parallel population of IL-17A+Vγ9+Vδ2+ T cells was increased in humans lacking 

Aire. Thus, Aire exerts multi-faceted control of autoimmunity that extends to a population of 

innate-like T cells.
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INTRODUCTION

Humans and mice lacking the transcriptional regulator, Aire, develop a multi-organ 

autoimmune disease signaled by inflammatory infiltrates and autoantibodies (autoAbs) 

(Kisand and Peterson, 2015). Aire's primary mechanism of action is to regulate the 

expression of a multitude of genes in medullary thymic epithelial cells (mTECs) (Anderson 

et al., 2002). It accomplishes this task by intervening at a common transcriptional control-

point: reversal of RNA polymerase-II pausing 50-100 nucleotides downstream of the 

transcriptional start-site (Oven et al., 2007; Giraud et al., 2012). This rather generic 

mechanism allows Aire to regulate the expression of more than one third of the mTEC 

transcriptome, in particular transcripts encoding antigens (Ags) characteristic of fully 

differentiated cells in peripheral tissues, so-called peripheral-tissue antigens (PTAs), but also 

messenger (m)RNAs that specify other types of molecules, e.g. chemokines, cytokines, and 

proteins involved in Ag processing or presentation (Sato et al., 2004; Johnnidis et al., 2005; 

Sansom et al., 2014; Meredith et al., 2015). By controlling the mTEC transcriptome in this 

manner, Aire shapes the array of self-peptides presented by major histocompatibility 

complex (MHC) molecules displayed at the mTEC surface and, as a consequence, both the 

negative selection of effector T (Teff) cells (Liston et al., 2003; Anderson et al., 2005; 

Taniguchi et al., 2012) and positive selection of regulatory T (Treg) cells (Lei et al., 2011; 

Malchow et al., 2013; Perry et al., 2014; Yang et al., 2015).

Given its influence on immunological tolerance, it was surprising to find that Aire is 

required only during a narrow age-window (Guerau-de-Arellano et al., 2009). Experiments 

on mice engineered to express Aire in a tetracycline-regulable fashion revealed its presence 

for the first week or two after birth to be necessary and sufficient to guard against the “Aire-

less” autoimmune disease. This reliance on the perinatal window reflects age-dependent 

variation in the Ag-processing machinery of mTECs, thereby modifying the repertoire of 

peptides loaded onto MHC molecules (Yang et al., 2015). Consequently, perinatal 
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expression of Aire promotes the positive selection of a distinct compartment of long-lived 

Treg cells, one that is specialized in protecting the organs targeted by autoimmunity in Aire-

deficient mice (Yang et al., 2015).

Aire's pleiotropic effect on the selection of elements of the adaptive immune system – 

including CD4+ Teff, CD8+ Teff, and Foxp3+CD4+ Treg cells – raised the question of 

whether it might not extend its net of protection to effector cells of the innate immune 

system. Natural-killer (NK)-T cells were shown to be Aire-independent (Pitt et al., 2008), 

and γδ T cells of both mice and humans were reported to be indistinguishable in individuals 

expressing Aire or not (Tuovinen et al., 2009). Yet, several considerations argued for a re-

examination of the latter case. First, our understanding of γδ T cell biology has increased on 

many fronts over the past several years, including new insights into their differentiation 

pathways in the thymus, selecting and activating ligands, effector phenotypes, and 

implication in disease pathogenesis (Vantourout and Hayday, 2013; Chien et al., 2014). 

Second, certain γδ T cell compartments are generated primarily during the Aire-relevant 

perinatal age-window (Chien et al., 2014). These populations often express quasi-invariant T 

cell receptors (TCRs) and accumulate within particular tissues, for example: the Vγ5+Vδ1+ 

population in the skin epidermis and the Vγ6+Vδ1+ population in the skin dermis, vagina, 

uterus and tongue [nomenclature according to (Heilig and Tonegawa, 1986)]. Third, certain 

molecules involved in thymic selection of γδ T cells have been identified and located in 

mTECs – such as Skint-1, which controls the maturation of epidermal Vγ5+Vγ1+ T cells 

(Barbee et al., 2011; Turchinovich and Hayday, 2011). In general, immature γδ T cells that 

encounter cognate ligand in the thymus become interferon (IFN)-γ producers, while those 

that do not end up making interleukin (IL)-17A (Jensen et al., 2008; Turchinovich and 

Hayday, 2011; Zeng et al., 2012). Lastly, there is mounting evidence that IL-17A-producing 

γδ (Tγδ17) cells can be critical effector cells in immune (Lockhart et al., 2006; Cho et al., 

2010; Shibata et al., 2007; Meeks et al., 2009), autoimmune (Sutton et al., 2009; Roark et 

al., 2007; Cui et al., 2009; Cai et al., 2011), and anti-tumor (Rei et al., 2014; Wu et al., 2014) 

responses. In several contexts, they act as “early responders,” driving and setting the tone of 

the ensuing adaptive immune response (Cua and Tato, 2010).

For these reasons, we re-examined Aire's impact on γδ T cells. Mice lacking Aire showed a 

significant increase in the thymic production and peripheral installation of an IL-17A-

producing Vγ6+Vδ1+ subset generated primarily during the perinatal age-window. We 

uncovered a molecular mechanism explaining the overabundance of this particular γδ T cell 

population, provided evidence of these cells’ role in the “Aire-less” autoimmune disorder, 

and translated these findings to Aire-deficient humans, i.e. Autoimmune 

Polyendocrinopathy-Candidiasis-Ectodermal Dystrophy (APECED) patients.

RESULTS

Aire-deficient mice have more IL-17A-producing γδ thymocytes and peripheral T cells

To evaluate the influence of Aire on murine γδ T cell compartments, we compared them in 

Aire+/+ and Aire−/− C57Bl/6 (B6) littermates. The fractional representation and number of 

bulk γδ thymocytes in the two types of mice were similar at 3-9 weeks of age, although 

there was a slightly higher number of γδ cells when Aire was absent (Fig. 1A). This 
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difference did not represent a global divergence in the two groups – reflecting an effect on 

thymus size, for example – as αβ T cell frequencies and numbers were equivalent. The 

effect of Aire deficiency was more evident when γδ thymocytes were split into effector 

subsets: there were substantially more IL-17A-producing γδ T cells in Aire−/− mice, both 

proportionally and in numbers (Fig. 1B). Again, this difference did not hold true for αβ T 

cells. Few IFN-γ-producing thymocytes were detected at all. The phenotype of the enriched 

population in mice lacking Aire was typical of IL-17A-producing γδ T (Tγδ17) cells: high 

cell-surface expression of the IL-23 receptor (IL-23R) coupled with low expression of CD24 

and CD27 (Fig. 1C). While the increase in IL-17A+ thymocytes was observed essentially 

lifelong, it was particularly prominent during the perinatal age-window (Fig. 1D), when 

certain populations of quasi-invariant γδ cells are typically generated (Chien et al., 2014).

Next, we addressed whether the increase in Tγδ17 cells in Aire−/− mice persisted into the 

periphery. No augmentation in either the fractional representation or number of bulk γδ T 

cells was observed in the extra-thymic organs examined (data not shown). However, we did 

see more IL-17A-expressing γδ cells in the spleen, lymph nodes (LNs), skin dermis, and 

small-intestinal lamina propria (SI-LP) (Fig. 2). No such increase was detected in the skin 

epidermis. In brief, then, the absence of Aire resulted in larger thymic and peripheral Tγδ17 

compartments.

The expanded Tγδ17 population in Aire−/− mice consisted primarily of Vγ6+Vδ1+ cells of 
canonical sequence

Because the IL-17A-expressing γδ thymocytes enriched in the absence of Aire were 

generated predominantly around birth, and because they accumulated in some peripheral 

tissues but not others, we wondered whether they represented a distinct γδ subset expressing 

a particular class of TCRs. To answer this question, we first performed a cytofluorometric 

analysis of perinatal thymocytes from Aire+/+ and Aire−/− littermates with available anti-Vγ 
reagents. There were no significant differences in the populations displaying Vγ1, Vγ4 or 

Vγ5 in the two types of mice; however, there was an enrichment in Vγ6+IL-17A+ 

thymocytes in mice lacking Aire (Fig. 3A-C).

We then employed single-cell DNA sequencing to compare the complementary-determining 

regions (CDR3s) of the Vγ6+ and Vδ1+ TCR chains from thymocytes of perinatal mice 

expressing Aire or not. In Aire-WT perinates, all of the thymocyte Vγ6+ chains had exactly 

the same CDR3 sequence. Similarly, all of the Vδ1+ chains (with one exception) contained 

Dδ2 and Jδ1 segments, with 90% of them having precisely the same CDR3 sequence (Fig. 

3D and Table S1). These repeated Vγ6 and Vδ1 sequences correspond to the “canonical” 

sequences previously reported for a population of γδ T cells generated predominantly 

during the perinatal period and localized to a particular set of tissues, notably the skin 

dermis (O'Brien and Born, 2015). The corresponding population from Aire-KO perinates 

universally displayed Vγ6+ chains with the canonical CDR3; the Vδ1+ chains also 

frequently (~⅔ of the time) had the canonical CDR3 sequence (Fig. 3D and Table S2). 

However, the Vδ chain diversity observed in the absence of Aire was greater than what we 

saw and than what has been previously reported for wild-type mice. Similar results were 

obtained on lung Tγδ17-enriched cells: Vγ6+ chain CDR3s were the same for all cells 
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examined, whether from Aire+/+ or Aire−/− mice; there was somewhat greater variability in 

the Vδ1+ CDR3s in the latter case (Fig. 3E and Table S2). To extend these findings to an 

additional tissue, and to see whether the Vδ1 repertoire matured over time, we sequenced 

the CDR3s of Tγδ17-enriched cells taken from the eye infiltrates of several 7- vs 13-15 

week-old mice. With this tissue as well, there were more non-canonical Vδ1+ CDR3s in 

Aire−/− than Aire+/+ mice. The differential appeared to hold constant with age (Fig. 3F). 

Thus, loss of Aire had a quite precise impact on the IL-17A+ γδ compartments: an 

enrichment of cells displaying Vγ6+Vδ1+ TCRs, above all those with the canonical CDR3.

Increased stromal-cell expression of IL-7 by Aire-KO perinates can explain their 
overproduction of IL-17A+ γδ thymocytes

Two explanations for the enrichment of γδ thymocytes producing IL-17A in mice devoid of 

Aire seemed most likely: an increase in trophic factors and/or a decrease in selecting 

ligands. As concerns the first explanation, amongst the promising candidates were cytokines 

that signal through receptors incorporating the common gamma chain (γc), given their 

active roles in the differentiation and homeostasis of multiple lymphocyte subsets. In 

particular, it is known that IL-7 promotes the expansion specifically of IL-17A+ γδ 
thymocytes, while IL-15 has a parallel effect on their IFN-γ+ counterparts (Michel et al., 

2012). Thus, we exploited existing microarray datasets to compare the expression of genes 

encoding the γc+-receptor-engaging family of cytokines in adult vs perinatal mTECs of 

Aire+/+ vs Aire−/− mice. Il7 transcripts were at their highest level in mTECs of Aire−/− 

perinates, and were also higher than in the corresponding stromal-cell populations from 

wild-type perinates and mutatnt or wild-type adults. In contrast, Il15 transcripts were under-

represented in perinatal vis-à-vis adult Aire-KO perinates (Fig. 4A). We confirmed that 

IL-17A+ γδ thymocytes displayed IL-7R on their surface; actually, the mean fluorescence 

intensity (MFI) was significantly higher than that of their IL-17A− counterparts (Fig. 4B).

To evaluate the functional relevance of IL-7 levels in this context, we performed both gain- 

and loss-of-function experiments. First, we administered recombinant IL-7 or just vehicle to 

Aire+/+ mice on the day of birth, and examined their thymocytes by flow cytometry three 

days later. Mice that had been injected with IL-7 showed an increase in the frequency and 

number of IL-17A+ γδ thymocytes (Fig. 4C, upper panels). This difference held true when 

we focused specifically on the IL-17A+ thymocytes that displayed Vγ6+ TCRs (Fig. 4C, 

lower panels). Second, we treated Aire−/− neonates with an anti-IL-7R or isotype-control 

monoclonal antibody (mAb), and quantified relevant thymocyte populations after three days. 

The mice injected with anti-IL-7R had fewer IL-17A+ γδ thymocytes, in particular those 

displaying Vγ6+ TCRs (Fig. 4D).

We also evaluated the possible implication of a decrease in γδ TCR ligands in the 

enrichment for IL-17A-expressing γδ T cells in the absence of Aire. Unfortunately, the 

endogenous ligand for the canonical Vγ6+Vδ1+ TCR is not known. However, Skint-1 and 

the non-classical MHC class 1b molecules, H2-T10 and H2-T22, have been identified as γδ 
TCR ligands: They are both expressed in mTECs, and their absence favors the accumulation 

of cognate IL-17A-producing γδ cells (Jensen et al., 2008; Barbee et al., 2011; Turchinovich 

and Hayday, 2011). We, therefore, checked the Aire-dependence of these ligands’ expression 

Fujikado et al. Page 5

Immunity. Author manuscript; available in PMC 2017 November 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



in perinatal mTECs, and their ability to promote selection of cognate IL-17A+ cells. 

Transcripts encoding both H2-T10 and H2-T22 were expressed at lower levels in mTECs of 

Aire−/− perinates (Fig. S1A). However, there was no corresponding increase in IL-17A+ 

thymocytes stained by the existing (and validated) T22 tetramer (Fig. S1B). We saw no 

significant difference in Skint1 transcript levels in mTECs of Aire+/+ and Aire−/− perinates – 

if anything, there was a slight augmentation in the absence of Aire (Fig. S1C). 

Correspondingly, no significant increase in IL-17A+Vγ5+ thymocytes was observed in 

mTECs of Aire-KO perinates (Fig. S1D).

In brief, the surfeit of Vγ6-expressing, IL-17A-producing thymocytes in perinates lacking 

Aire corresponded to elevated Il7 expression by thymic stromal cells; and experimental 

manipulation of IL-7 levels in perinates modulated the representation of Vγ6+IL-17A+ 

thymocytes. Our data did not provide any evidence that Aire-dependent effects on γδ TCR 

ligands expressed by perinatal mTECs play a role in selecting IL-17A+ γδ thymocytes. 

However, it remains possible that such influences will be found for other ligands, e.g. for the 

as-yet-unidentified endogenous ligand of Vγ6+Vδ1+ receptors.

γδ T cells played a role in the autoimmune disease characteristic of mice lacking Aire

The increase in IL-17A-producing γδ T cells in Aire-KO mice, coupled with reports 

implicating Tγδ17 cells in the pathogenesis of diverse autoimmune reactions (Cua and Tato, 

2010), prompted us to evaluate the role of γδ cells in the Aire-less autoimmune disease. To 

that end, we generated cohorts of B6 littermates expressing Aire or not and harboring γδ T 

cells or not (the latter phenotype reflecting the presence or absence of a Tcrd-null mutation).

While the group that lacked only Aire showed reduced weight gain, as usual, mice doubly 

deficient for Aire and TCRδ did not, their weight curve being indistinguishable from that of 

the singly TCRδ-deficient and doubly wild-type groups (Fig. 5A). While loss of γδ T cells 

in addition to Aire almost completely inhibited leukocyte attack on the retina and lung at 15 

weeks of age, there was no evident decrease in prostate, lacrimal gland, or salivary gland 

infiltration (Fig. 5B). Infiltration into the stomach was minimal and not sufficient to draw 

robust conclusions. Fig. 5C illustrates the improvement in retinal pathology in the doubly-

deficient compared with Aire-deficient, TCRδ-sufficient mice.

On the other hand, Aire-KO mice with an over-abundance of Tγδ17 cells showed signs of 

accelerated autoimmunity when compared with straight Aire−/− individuals. Mice carrying 

transgenes encoding the canonical Vγ6+Vδ1+ TCR generate both αβ and γδ T cells [line 

134 (Sim et al., 1995a; Hayes et al., 2005) (Fig. S2A)]. However, they show a strong 

enrichment for γδ thymocytes, particularly around birth. We found that essentially all of the 

Vγ6+Vδ1+ thymocytes in perinatal mice expressed IL-17A in the presence or absence of 

Aire (Fig. S2B), and that there was an enrichment in γδ T cells in infiltrated organs, 

compared with transgene-negative counterparts (Fig. S2C). In 12-week-old mice, an age 

when the first signs of disease generally appear in mice lacking Aire, the Vγ6+Vδ1+ Aire−/− 

transgenics exhibited stronger infiltrates in certain, but not all, organs than did their 

transgene-negative Aire−/− littermates (Fig. 5D). The organs with significantly more 

infiltration (eye and lung) were precisely those whose attack was γδ T cell dependent (Fig. 
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5B). Therefore, γδ T cells played a role in the Aire-less autoimmune disease with an impact 

that was most evident in a subset of the organs generally attacked.

Tγδ17 cells accumulated in the retina before it undergoes autoimmune attack in Aire-
deficient mice

A currently popular model for the function of Tγδ17 cells is that they exert their impact on 

immune and autoimmune responses by acting as “early responders,” promoting the 

recruitment of neutrophils and driving the polarization of myeloid and lymphocyte (notably, 

T helper) populations (Cua and Tato, 2010). Would this scenario be correct and 

generalizable, one might expect Tγδ17 cells to be already installed in tissues subject to 

autoimmune attack in the Aire-less disease and/or to accumulate in these tissues early during 

the onslaught. To evaluate this prediction, we focused mainly on the retina because it is a 

frequently and strongly infiltrated organ in Aire−/− mice on the B6 genetic background 

(Jiang et al., 2005), and because we found its infiltration to be highly dependent on γδ T 

cells (Fig. 5B). Robust analysis of the small number of lymphocytes in uveoretinal tissue of 

young mice was facilitated by use of a reporter line wherein green fluorescent protein (GFP) 

was expressed under the dictates of Il23r promoter and enhancer elements (Riol-Blanco et 

al., 2010). Most of the Vγ6+IL-17A+ cells in these mice expressed GFP, while most 

Vγ6−IL-17A+ and IL-17A−γδ cells did not [Fig. 6A, data not shown, and (Riol-Blanco et 

al., 2010)]. At 7 weeks of age, retinal degeneration was not detected in Aire−/− mice, 

although it was readily observed at 15 weeks or later (Fig. 6B). γδ T cells expressing GFP 

were found at 7 weeks in the presence of Aire, and their number increased about 6-fold in 

Aire's absence (Fig. 6C). Even at 4 weeks of age, there seemed to be an increase in GFP+ γδ 
cells in the uveoretinal tissue of Aire−/− mice (Fig. 6D). There was also a significantly 

increased fraction of GFP+ γδ T cells in the lung, but not in the lacrimal gland, salivary 

gland, or skin dermis of Aire−/− vis-à-vis -WT mice at 7 weeks of age (Fig. 6E).

The observation of some IL-23R+ γδ T cells in the eye and lung of 7-week-old Aire+/+ 

mice, at a time point when there is an absence of autoimmune stress, suggested that their 

presence was not simply a secondary response to local inflammation. This notion was 

supported by the fact that tissues from mice lacking αβ T cells showed at least as many (and 

sometimes more) Vγ6-enriched, CD27-negative (i.e. IL-17A-producing) (Ribot et al., 2010; 

Michel et al., 2012) cells as did their wild-type littermate controls (Fig. S3).

Beyond the greater accumulation of Tγδ17 cells in certain of the tissues targeted in Aire−/− 

mice, it was possible that these cells also had a different phenotype. For a broad perspective 

on this point, we performed high-throughput mRNA sequencing (RNA-seq) analysis – on 

lung rather than eye tissue because the latter yielded insufficient cell numbers for robust 

analysis. In general, the transcriptomes of Vγ6-enriched Tγδ17 cells from Aire-WT and -

KO mice were very similar (Fig. 6F, left panel). However, overlaying a signature indicative 

of the Vγ6+ subset's maturity (determined as per (Narayan et al., 2012)), revealed that the 

cells from Aire-KO mice were slightly more mature (Fig. 6F, right panel). In particular, the 

cells showed heightened expression of several cytokine receptor genes indicative of 

responsiveness to paracrine IL-17 pathway signals (e.g. Il1r1, IL23r, Il17rc, IL-17re).
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In brief, then, Tγδ17 cells infiltrate parenchymal tissues early in life, independent of 

autoimmune stimulation. They are enriched in certain, but not all, of the tissues targeted in 

Aire-KO mice. Phenotypic maturation accompanies this numerical increase.

APECED patients had increased frequencies of circulating IL-17+Vγ9+Vδ2+ T cells

To explore the human relevance of these findings, we compared the IL-17+Vγ9+Vδ2+ 

population in APECED patients and healthy controls. We chose this class of γδ cells 

because it was recently reported to include most of the IL-17-producing (Caccamo et al., 

2011) and perinatally generated (Dimova et al., 2015) γδ T cells in humans. The patients’ 

clinical features are described in the Experimental Procedures section.

Our cytofluorometric gating strategy is depicted in Fig. 7A. Frequencies of circulating γδ T 

cells were comparable in patients and controls (Fig. 7B). However, the APECED patients 

showed an average 6-7-fold enrichment in the IL-17A-producing Vγ9+Vδ2+ population 

(Fig. 7C). The significance of this difference was heightened by the fact that the other major 

IL-17A-producing T cell compartment, IL-17+CD4+ cells, was actually reduced in the 

patients (Fig. 7D). Thus, the absence of Aire appeared to have parallel effects in humans and 

mice.

DISCUSSION

In contrast to an earlier report (Tuovinen et al., 2009), we found that Aire had a discernable 

impact on γδ T cells in both mice and humans. In the absence of Aire, the quasi-invariant 

population of perinatally generated thymocytes expressing IL-17A and displaying 

Vγ6+Vδ1+ TCRs was expanded in mice, an increase reflected in the periphery of adults, 

notably in the skin dermis and eye. Expansion of this thymocyte compartment could be 

explained by a higher level of IL-7 expression by Aire-deficient mTECs. γδ T cells had 

clear but delimited effects on the autoimmune disease characteristic of Aire−/− mice, 

significantly dampening leukocyte infiltration of certain of the tissues usually targeted. In 

one such tissue, ocular uveoretina, IL-17A+ γδ T cells could be detected prior to and 

independent of autoimmune infiltration, suggesting an “early-responder” role. Our findings 

raise several issues that merit deeper discussion.

The first matter concerns the ontogenic timing of Aire's impact on γδ T cells. To the best of 

our knowledge, this report is the second one demonstrating Aire's influence on a perinatal 

thymocyte compartment: previously, its promotion of a distinct population of Foxp3+CD4+ 

Tregs (Yang et al., 2015); currently, its dampening of the IL-17A+Vγ6+Vδ1+ population. 

This coincidence raises the questions of whether and how the two effects might be related. 

One possibility is that Aire-dependent up- or down-regulation of the expression of a 

particular mediator by perinatal mTECs has opposing influences on Tγδ17 and Treg 

thymocytes or, relatedly, that the sum of Aire-dependent changes in mediator expression has 

opposite effects. Another possible scenario, suggested by the work of Hayday and 

colleagues (Pennington et al., 2006), is that Aire's impact on mTEC gene expression 

somehow alters the ability of the emerging thymocyte compartments in perinatal mice, e.g. 

CD4+CD8+ cells, to trans-regulate the differentiation of Tγδ17 and Treg cells, inhibiting the 

former and inducing the latter. Lastly, it is possible that Tγδ17 cells have a negative impact 
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on the production or maintenance of thymic Tregs, via one or a combination of the 

mediators they secrete [e.g. IL-17A or F, GM-GSF, TNF-α (Riol-Blanco et al., 2010; 

Petermann et al., 2010)] or through receptor:ligand interactions reflecting co-localization of 

the two cell-types in the medulla (Roberts et al., 2012). Indeed, Tcrd−/− mice have expanded 

Treg compartments (Petermann et al., 2010). Also along these lines, IL-23-activated Tγδ17 

cells have been reported to inhibit the functions of peripheral Tregs, as well as to repress 

conversion of conventional T into Treg cells both in vitro and in vivo (Petermann et al., 

2010), of particular interest because we found Il23 to be one of the cytokine genes most 

highly induced in Aire-deficient mTECs (not shown).

The second issue meriting further discussion is IL-7's role in Aire-dependent expansion of 

the perinatal Tγδ17 compartment, argued by the up-regulation of Il7 transcripts in Aire−/− 

mTECs and by results from gain- and loss-of-function experiments. Such a role is consistent 

with previous reports that this cytokine drives the accumulation of IL-17A-expressing, at the 

expense of IFN-γ-expressing, γδ thymocytes (Michel et al., 2012). Somewhat 

paradoxically, cortical thymic epithelial cells (cTECs) are the major IL-7-producing thymic 

stromal cells, and they do not increase production in the absence of Aire [(Ribeiro et al., 

2013) and data not shown]. But mice lacking cTECs due to a spontaneous mutation of β5t 
have a robust IL-17A-expressing Vγ6+ thymocyte compartment (Nitta et al., 2015). Thus, 

we infer that mTEC-produced IL-7 is acting locally. Co-localization of Tγδ17 cells and 

mTECs within the thymic medulla, as has been reported (Roberts et al., 2012), would favor 

such short-range IL-7-mediated crosstalk.

Third, questions about the importance of Tγδ17 cells in the Aire-less disease might be 

raised because of reports that both APECED patients and Aire-KO mice harbor autoAbs 

capable of neutralizing IL-17A, IL-17F, and IL-22 (Kisand et al., 2010; Puel et al., 2010). 

However, in many systems, Tγδ17 cells have been found to play an “early responder” role, 

accumulating early in target tissues, where they serve to recruit neutrophils, shape the 

complexion of the response, and perhaps inhibit Tregs (Cua and Tato, 2010; Chien et al., 

2014; O'Brien and Born, 2015; Petermann et al., 2010). Thus, their role in the Aire-less 

disease may be an early one, prior to the generation of anti-IL-17 autoAbs, consistent with 

their early localization in uveoretinal tissue. In addition, it is possible that the most 

important IL-17A effects are local, within the target-tissue, and thereby escape autoAb 

neutralization. It should also be kept in mind that Tγδ17 does not equal IL-17, i.e. these 

cells make other cytokines (e.g. GM-CSF, TNF-α) and have other immunomodulatory 

activities that could escape autoAb blockade.

Fourth, while at first glance it appears that Aire's primary influence was on Tγδ17 cell 

representation in peripheral tissues, other possibilities remained. The transcriptomes of 

Tγδ17 cells in the lung of Aire+/+ and Aire−/− littermates (prior to evident autoimmune 

attack) were generally very similar, but the latter showed signs of greater maturation, in 

particular a heightened ability to respond to TCR-independent stimulants such as IL-1 and 

IL-23. Vγ6+Vδ1+ TCRs from Aire−/− mice had the canonical Vδ1 and CDR3 sequence less 

frequently than did those from -WT mice, but this differential was already evident in the 

thymus and did not increase with age; and thus does not appear to be a local adaptation.
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Finally, what is the relevance of our findings for human APECED? γδ T cell biology in 

mice and humans is known to diverge (Deknuydt et al., 2009). Yet, a population of IL-17-

producing Vγ9+Vδ2+ cells was recently evidenced in the pathological lesions of children 

with meningitis (Caccamo et al., 2011), as were Tγδ17 cells in colorectal tumors (Wu et al., 

2014). Relatedly, a semi-invariant population of Vγ9+Vδ2+ cells was found to dominate the 

γδ compartment of the second-trimester fetus (Dimova et al., 2015). About 30% of these 

cells were pre-programmed for rapid IFN-γ production; their IL17A was not examined. 

Interestingly, human APECED patients have been reported to have elevated levels of 

circulating IL-7 (Laakso et al., 2011). Our finding of Vγ9+Vδ2+, but not CD4+, T cells in 

APECED patients is highly suggestive. But, as with all such correlations in humans, it is 

difficult to differentiate cause from effect.

In brief, then, we have discovered another mechanism by which Aire keeps autoimmunity in 

check: dampening of a population of γδ T cells capable of shaping T effector response 

within tissues. It is amazing how a single transcription factor can maneuver so many 

elements of the immune system to guard self-tolerance.

EXPERIMENTAL PROCEDURES

Mice

B6.Aire+/- mice (Anderson et al., 2002) were maintained in our colony at Jackson 

Laboratory, and were bred to generate Aire+/+ and Aire−/− littermates for experiments. 

IL-23R-GFP reporter mice (Riol-Blanco et al., 2010) came from Dr. Vijay Kuchroo, 

Vγ6+Vδ1+ TCRtg mice from Dr. Paul Love (Sim et al., 1995b) and Igrp-Gfp (Adig) mice 

(Gardner et al., 2008) from Dr. Mark Anderson. B6.Tcrd−/− mice were purchased from 

Jackson Laboratory, and were appropriately bred to yield Tcrd−/− and Tcrd+/+ littermates 

that were additionally Aire+/+ or Aire−/−. B6.Tcra−/− and age-matched controls were 

purchased from Jackson Laboratory. All mice were housed and bred under specific-

pathogen-free conditions at the Harvard Medical School Center for Animal Resources and 

Comparative Medicine (Institutional Animal Care and Use Committee protocol #02954).

Tissue preparations

Single-cell suspensions of thymus, spleen and LNs were prepared according to standard 

procedures. Protocols for isolation of lymphocytes from skin epidermis and dermis (Jin et 

al., 2010) and SI-LP (Sefik et al., 2015) have been published.

To analyze eye lymphocyte populations without issues of autofluorescence, we isolated 

uveoretinal tissue by microscopic dissection. The two eyeballs were removed by cutting the 

corner of each eye; and the cornea, lens, and the vitreous body was removed under 

microscope with the aid of superfine scissors and forceps. Uveoretina was minced into tiny 

pieces in Dulbecco's Modified Eagle's Medium (DMEM) containing 2% fetal bovine serum 

(FBS), 10mM HEPES, 0.3% collagenase IV (Gibco), and 300 ug/ml DNase I (Roche). The 

minced material was incubated 1h in a 37°C waterbath with shaking. This same procedure, 

without microscope dissection, was used to isolate lymphocytes from the lung, lacrimal 
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gland, and salivary gland. Minced lung and salivary gland were incubated for 1h, while 

lacrimal gland was incubated for 0.5h.

Staining reagents and procedures are detailed in the supplementary materials.

Single-cell TCR sequence analysis

Thymocytes were first sorted in bulk as 17D1+ TCRγδ+ TCRβ– lymphocytes from Aire+/+ 

or Aire−/− perinates or adults (as indicated in Fig. 3) before resorting as individual cells into 

96-well plates containing the reverse-transcriptase reaction mix. This same gating and 

sorting was used to collect Vγ6+ T cells from the lungs of 5-week-old Aire+/+ or Aire−/− 

mice. cDNA was prepared as described (Burzyn et al., 2013). Resulting cDNA from each 

cell was split to perform multiplex nested-PCR reactions to amplify the corresponding 

CDR3 γ and δ transcripts using the protocol and primers published in (Pereira and 

Boucontet, 2004). γδ T cells from eyes of mice either 7 or 13-15 weeks of age were 

identified as CD45+TCRβ–TCRγδ+Vγ1,2,4,5−CD27− to enrich for the Vγ6+IL-17A+ 

fraction, and were sorted in bulk for resorting as individual cells.

PCR products encoding Vγ6 or Vδ1 chains were subjected to automated sequencing (Dana-

Farber/Harvard Cancer Center High-Throughput Sequencing Core) using the following 

primers; Vγ6, GGAATTCAAAAGAAAACATTGTCT; Cδ, CGAATTCCACAATCTTCTT. 

Except, an updated primer scheme was used for cDNA synthesis and multiplex nested-PCR 

for the eye samples. (Paget et al., 2015). Raw sequencing files were filtered for sequence 

quality, processed in automated fashion, and parsed using IMGT/V-QUEST.

Gene-expression analyses

Microarray data for mTEChi from perinatal and adult Aire+/+ or Aire−/− mice has been 

published (Yang et al., 2015). For PCR analyses: RNA was isolated with Trizol as per the 

manufacturer's instructions, and was reverse-transcribed using SuperScript II (Invitrogen). 

Quantitative PCR was performed using SYBR Green PCR Master Mix and the StepOnePlus 

real-time PCR system (Applied Biosystems). Relative expression is displayed in arbitrary 

units normalized to Hprt via the ddCt method. Primer sequences were: Skint-1F, 

TGAAGAGCACATAACAGAGGTCA; Skint-1R, TCCATTGCATGAGAGGTCGTG; 

AireF, GTACAGCCGCCTGCATAGC; AireR, CCCTTTCCGGGACTGGTT.

CD45+TCRβ–TCRγδ+Vγ1,2,4,5−CD27− cells (i.e. enriched for the Vγ6+IL-17A+ subset) 

were double-sorted from Aire+/+ or Aire−/− lung in duplicate. Smart-Seq2 libraries were 

prepared by the Broad Technology Labs and sequenced by the Broad Genomics Platform 

(Picelli et al., 2013; Picelli et al., 2014; Trombetta et al., 2014). Transcripts were quantified 

by the Broad Technology Labs computational pipeline using Cuffquant version 2.2.1 

(Trapnell et al., 2012; Kim et al., 2013).

Recombinant IL-7 and anti-IL-7R mAb treatments

Recombinant mouse IL-7 (250 ng/g body weight, Peprotech) or phosphate-buffered saline 

(PBS) was ip-injected into Aire+/+ perinates on the day of birth; 3 days later, cells were 

stimulated for intracellular cytokine staining as described in the supplementary materials. 
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Anti-IL-7R (A7R34) or rat IgG isotype control mAb (both from BioLegend) was injected 

into Aire−/− perinates (25 ug/mouse) on the day of birth; 3 days later, cells were stimulated 

for intracellular cytokine staining.

Histopathology

Histopathology was assessed as previously described (Koh et al., 2010). Briefly, tissues were 

fixed in 10% formalin, embedded with paraffin, and stained with hematoxylin and eosin 

(H&E). Scores of 0, 0.5, 1, 2, 3 and 4 indicate no, trace, mild, moderate, or severe pathology, 

and complete destruction, respectively. For retinal degeneration: 0 = lesion present without 

any photoreceptor layer lost; 1 = lesion present, but less than half of the photoreceptor layer 

lost; 2 = more than half of the photoreceptor layer lost; 3 = entire photoreceptor layer lost 

without or with mild outer nuclear layer attack; and 4 = the entire photoreceptor layer and 

most of the outer nuclear layer destroyed. All infiltrated samples were scored blindly by two 

independent investigators.

Human studies

Patients with APECED and healthy donors were enrolled in protocols approved by the 

National Institute of Allergy and Infectious Diseases and NIH Clinical Center Institutional 

Review Board (IRB) committees, and provided written informed consent for participation in 

the study. The APECED patients’ mean age was 26 years old (range, 7-38). Five were 

females and one male. Among the classic triad of clinical APECED manifestations: 6 

patients had chronic mucocutaneous candidiasis, 5 had adrenal insufficiency and 4 had 

hypoparathyroidism. Three patients had proven history of keratoconjunctivitis by 

ophthalmological exam.

For healthy donor enrollment, a pre-screening questionnaire along with a pre-donation 

assessment was performed to select individuals with no known lung, heart, kidney or 

bleeding disorders, and without a history of injected drug use or high-risk activities 

predisposing to HIV infection. The healthy donors’ mean age was 48 years old (range, 

29-64). Twenty-four were females and 16 males. This study was conducted in accordance 

with the Helsinki Declaration.

Cytofluorometric assessments are detailed in the supplementary materials.

Statistical analyses

Data are routinely presented as mean ± SEM. Significance, generally evaluated using 

Student's t test, was taken to be a ≤ 0.05 level of probability.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Mice lacking Aire had an increased frequency and number of IL-17A-producing γδ 
thymocytes
Flow cytometric analysis of γδ thymocyte compartments from Aire+/+ and Aire−/− 

littermates. Except for panel D, mice were 3-9 weeks of age. A. Comparisons of total γδ 
and αβ thymocytes. Left-most panel: typical cytofluorometric profiles; top, wild-type (WT); 

bottom, knock-out (KO); numbers refer to the fraction of CD45+ cells in that gate. Center 

and right panels: summary data plots for γδ and αβ T cells, respectively (n=4); top, 

fractional representation; bottom, numbers per thymus. B. Comparisons of cytokine 

expression by γδ and αβ thymocytes. IFN-γ and IL-17A expression on gated γδ and αβ T 

cells. In each case, left panels: typical cytofluorometric profiles; numbers refer to the 

fraction of γδ or αβ cells in the indicated gate. In each case, right panels: summary data 

plots (n=20 or 4); top, fractional representation; bottom, numbers per thymus. C. Additional 

markers of IL-17A+ γδ thymocytes. Cells gated as IL-17A+ or IL-17A− as per panel B were 

additionally examined for expression of the indicated markers. Top, typical cytoflurometric 

histograms; bottom, summary data (n=3). Grey shading indicates isotype-control staining. D. 
IL-17A+ γδ thymocytes through ontogeny. Summary data for fractional representation 

(n=3-13). P=*, <0.05; **, <0.01; ***, <0.001 according to Student's t-test. Only significant 

differences are indicated. Dot plot scales for this figure are all the same.
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Fig. 2. Increased frequency and number of Tγδ17 cells in peripheral tissues of Aire-deficient 
mice
Designated organs of Aire+/+ and Aire−/− littermates were excised at 3-9 weeks of age and 

examined by flow cytometry, focusing on Tγδ17 cells. Left panels: typical cytofluorometric 

profiles. Numbers refer to fraction of total γδ T cells in that gate. SI-LP = small-intestinal 

lamina propria. Center panels: summary data for fractional representation (n=3-16). Right 

panels: corresponding summary data for number per organ. Statistics as per Fig. 1. Dot plot 

scales for this figure are all the same.
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Fig. 3. The expanded Tγδ17 population in Aire−/− mice displayed primarily Vγ6+Vδ1+ TCRs A-
C
Flow-cytometric analysis of Vγ usage. Perinatal thymocytes from Aire+/+ and Aire−/− mice 

were stained for IL-17A and for the indicated Vγ chains. A) Typical cytofluorometric 

profiles. Numbers refer to fraction of total γδ cells within the designated gate. B) Summary 

data on fractional representation (n=4-5). C) Corresponding summary data on numbers per 

thymus. D. Summary of the single-cell sequencing data detailed in Table S1. Single perinatal 

Vγ6+ thymocytes from Aire+/+ and Aire−/− littermates were sorted, and the CDR3 (in bold) 

sequences of their Vγ6+ and Vδ1+ chains determined. E. Summary of the lung single-cell 
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sequencing data detailed in Table S2. As per panel D, except Vγ6+ cells were sorted from 

the lung of 5-week-old littermates. F. Summary of the eye single-cell sequencing data for 7- 

week and 13-15-week old mice detailed in Table S2. As per panel D, except Il-17+Vγ6+-

enriched cells were identified as Vγ1,2,4,5− CD27− for sorting from the eyes of age-

matched sets of Aire+/+ and Aire−/− mice (n=5-15). Statistics as per Fig. 1 (see also Tables 

S1 and S2). Dot plot scales for this figure are all the same.
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Fig. 4. IL-7 droveTγδ17 population expansion in Aire-KO mice
A. Quantification of cytokine gene transcripts from mTECs of perinatal vs adult Aire-WT vs 

-KO mice. Focused on the family of cytokines that bind to receptors employing the γc chain. 

Microarray data on independent triplicates of mature mTECs expressing a high level of 

MHC-II (Yang et al., 2015). Left, heat map; right, expression values for genes deemed of 

particular interest. B. Flow-cytometric comparison of IL-7R expression by IL-17A+ and 

IL-17A− γδ thymocytes from Aire−/− perinates. Left, histogram of expression; right, mean 

fluorescence intensity (MFI). C. Boosting IL-7 levels in Aire+/+ mice. Recombinant IL-7 

(250ng/g body weight) was ip-injected into day 0 perinates, and thymocytes were analyzed 3 

days later. Left panels, typical cytofluormetric profiles; numbers represent the fraction of 

total γδ T cells within the indicated gate. Center and right panels, summary data on 

fractional representation and cell numbers, respectively (n=3-8); top, quantification of 

IL-17A+ γδ thymocytes; bottom, focus on IL-17A+Vγ6+ cells. D. Blocking the effect of 

IL-7 in Aire-KO mice. On the day of birth, 25μg of the anti-IL-7R mAb, A7R34, was 

injected; 3 days later, γδ thymocytes were analyzed. Data are presented as in panel C 

(n=3-5). Statistics as per Fig. 1. (See also Fig. S1). Dot plot scales for this figure are all the 

same.
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Fig 5. γδT cells played a role in the autoimmune disease characteristic of Aire-deficient mice
Littermates carrying a homozygous null mutation of Aire, Tcrd, both or neither on the B6 

genetic background were followed until 15 weeks of age, when the indicated organs were 

taken for histology (n=10 per group). A. Weight curves. B. Histologic scores, employing the 

scoring system described in Experimental Procedures. Statistics as per Fig. 1. C. Eye 

histology. Hematoxylin and eosin staining of retinal tissue. Arrow indicates the disrupted 

retinal layer. D. As per panel B, except mice harboring a homozygous null-mutation of Aire 
that either did or did not carry a Vγ6+Vδ1+ TCR transgene were followed until 12 weeks of 

age (n=2-4 for prostate, 6-8 for all other tissues). Statistics as per Fig. 1. (See also Fig. S2)
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Fig. 6. Tγδ17 cells accumulated in the retina prior to autoimmune attack in Aire-deficient mice
A. IL-23 reporter validation. Flow cytometric analysis of thymic Tγδ17 cells from day-of-

birth IL-23R-GFP mice. Left and center panels, typical cytofluorometric plots; right panel, 

summary data (n=3). B. Histologic scores, as per Experimental Procedures, of eye tissue 

from Aire−/− mice taken at 7 or 15 weeks of age (n=6-20). C. Cytoflurometric comparison of 

GFP+ Tγδ17 cells from uveoretinal tissue of 7-week-old Aire+/+ and Aire−/− mice carrying 

the IL-23R-GFP reporter. Left, typical profiles; right, summary data on fractional 

representation and number (n=6-8). D. Summary data for 4-week-old mice (n=2-3). E. As 

per panel C, except cells were isolated from lung, lacrimal gland, or dermis (n=2-3 for 

salivary gland, 4-6 for all other tissues). F. RNA-seq analysis of gene expression in 
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Vγ1,2,4,5− CD27− (i.e. IL-17+ Vγ6+-enriched) γδ T cells isolated from the lungs of 10-

week-old Aire+/+ or Aire−/− mice (n=2). Red- or blue-highlighted genes represent loci two-

fold up- or down-regulated during Vγ6+ cell thymic maturation (Narayan et al., 2012), 

respectively. p-values reflect the significance of signature enrichment as calculated by the χ2 

-test. Other statistics as per Fig. 1. (See also Fig. S3). Dot plot scales for this figure are all 

the same.
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Fig. 7. IL-17A+Vγ9+Vδ2+ T cells were enriched in APECED patients
A. Gating strategy. After initial FSC/SSC gating of peripheral blood mononuclear cells, 

lymphocytes were gated (left panel), CD3+ T cells selected (center-left), Vγ9+Vδ2+ cells 

delineated (center-right), and IL-17A-producing cells quantified (right panel). B. Summary 

data for the absolute number of TCRγδ+CD3+ cells per μl of blood. APECED patients, n=6; 

healthy donors, n =40. C. Summary data on IL-17A production by PMA+ionomycin-

stimulated Vγ9+Vδ2+ T cells (n=6). p, <0.05 via the unpaired t-test with Welch's correction. 

D. Summary data on IL-17A production by PMA+ionomycin-stimulated CD4+ T cells 

(n=6). p, <0.01 via the unpaired t-test.
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