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The Journal of Immunology

Differential Features of AIRE-Induced and
AIRE-Independent Promiscuous Gene Expression in
Thymic Epithelial Cells

Charles St-Pierre,*,† Assya Trofimov,*,†,‡ Sylvie Brochu,*,† Sébastien Lemieux,*,‡ and

Claude Perreault*,†

Establishment of self-tolerance in the thymus depends on promiscuous expression of tissue-restricted Ags (TRA) by thymic epi-

thelial cells (TEC). This promiscuous gene expression (pGE) is regulated in part by the autoimmune regulator (AIRE). To evaluate

the commonalities and discrepancies between AIRE-dependent and -independent pGE, we analyzed the transcriptome of the three

main TEC subsets in wild-type and Aire knockout mice. We found that the impact of AIRE-dependent pGE is not limited to

generation of TRA. AIRE decreases, via non–cell autonomous mechanisms, the expression of genes coding for positive regulators

of cell proliferation, and it thereby reduces the number of cortical TEC. In mature medullary TEC, AIRE-driven pGE upregu-

lates non-TRA coding genes that enhance cell–cell interactions (e.g., claudins, integrins, and selectins) and are probably of prime

relevance to tolerance induction. We also found that AIRE-dependent and -independent TRA present several distinctive features.

In particular, relative to AIRE-induced TRA, AIRE-independent TRA are more numerous and show greater splicing complexity.

Furthermore, we report that AIRE-dependent versus -independent TRA project nonredundant representations of peripheral

tissues in the thymus. The Journal of Immunology, 2015, 195: 498–506.

I
n all gnathostomes, thymic function and architecture are
remarkably conserved and the thymus is the sole organ able to
produce classic T cells (1, 2). Although the thymic cortex is

necessary for thymocyte expansion and positive selection, the
primary role of the thymic medulla is in the generation of self-
tolerance via negative selection and the generation of regulatory
T cells (3–5). Failure to establish or maintain self-tolerance causes
autoimmunity, which has a major impact on human health. Classic
autoimmune diseases such as rheumatoid arthritis, type 1 diabetes,
and multiple sclerosis affect ∼4% of the general population (6).
Induction of so-called “central tolerance” in the thymic medulla
depends on ectopic expression of proteins otherwise restricted to

differentiated organs in the periphery (7). Remarkably, the med-
ullary thymic epithelial cell (mTEC) population collectively

expresses almost the entire repertoire of known protein-coding

genes (8, 9) and can therefore induce tolerance to a wide array

of tissue-restricted Ags (TRA). Promiscuous gene expression

(pGE) by mTEC is essential to induce tolerance to protein whose

expression otherwise would be strictly extrathymic.
Although pGE evolved as a fascinating strategy for enhancing the

scope of self-tolerance, the mechanisms underpinning this crucial

process are still poorly defined. To date, the only known molecular

determinant driving pGE in the thymus is the autoimmune regulator

(AIRE), a transcriptional regulator that does not act as a conventional

transcription factor (10–12). AIRE interacts with repressive epige-

netic marks and recruits proteins that promote transcriptional

elongation and pre-mRNA processing (13, 14). In addition to its

role in promoting the expression of TRA for the purpose of negative

selection (10), AIRE also affects mTEC development (15), en-

hances Ag presentation to thymocytes (16), and regulates Ag

transfer from mTEC to dendritic cells (DCs) (17). However, the

molecular mechanisms underlying these effects are still unknown.

Furthermore, AIRE regulates the pGE of only a fraction of TRA

(18). The identity of transcriptional regulators driving AIRE-

independent pGE and their functional significance remains elusive.
The goal of our work was therefore to address two questions.

First, irrespective of its role in the generation of TRA, how might

AIRE affect TEC function? Second, what are the commonalities

and discrepancies between AIRE-dependent and -independent

pGE? To this end, we used high-throughput RNA sequencing

(RNA-seq) to analyze the poly(A)+ transcriptome of the three main

TEC populations in wild-type (WT) and Aire knockout (KO)

mice. We found that AIRE has pervasive effects not only on

mTEC but also on cortical TEC (cTEC) biology. Furthermore, we

report that AIRE-dependent versus -independent TRA present

several differential features and project nonredundant representa-

tions of peripheral tissues in the thymus.
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Materials and Methods
Mice

B6.129S2-Airetm1.1Doi/J mice were purchased from The Jackson Labora-
tory (Bar Harbor, ME). Heterozygous mice (Aire+/2) were mated and 6- to
8-wk-old homozygous littermates (Aire+/+ and Aire2/2 mice) were used in
all experiments. B6.129S2-Airetm1.1Doi/J mice were bred and housed under
specific pathogen-free conditions in sterile ventilated racks at the Institute
for Research in Immunology and Cancer. All procedures were in accor-
dance with the Canadian Council on Animal Care guidelines and approved
by the Comité de Déontologie et Expérimentation Animale de l’Université
de Montréal.

Flow cytometry analyses and cell sorting

Thymi were isolated and stromal cell enrichment was performed as described
(19). In brief, thymi were mechanically disrupted and digested with DNase I
(Sigma-Aldrich) and Liberase (Roche). Thymic stromal cells were either
further enriched using anti-CD45 Microbeads (Miltenyi Biotec) or stained
directly with biotinylated Ulex europaeus lectin 1 (UEA1; Vector Labora-
tories), PE-Cy7–conjugated streptavidin (BD Biosciences), and the following
Ab: Alexa Fluor 700 anti-CD45, PE anti–I-Ab, FITC anti-CD80 (BD Bio-
sciences), allophycocyanin-Cy7 anti-EpCAM, and Alexa Fluor 647 anti-
Ly51 (BioLegend). Cell viability was assessed using 7-aminoactinomycin
D (BD Biosciences). Isolation of TEC subsets was performed as previously
described (8, 20). Live TEC were selected as 7-aminoactinomycin D2

CD452EpCAM+ and sorted as cTEC (Ly51+UEA12), mTEClo (Ly512

UEA1+CD80loMHC class II[MHC II]lo), and mTEChi (Ly512UEA1+CD80hi

MHC IIhi). For intracellular staining, cell viability was assessed using the
Live/Dead fixable blue dead cell stain kit (Invitrogen) and cells were fixed/
permeabilized using the Foxp3 staining buffer Set (eBioscience) and stained
with eFluor 660 anti-AIRE Ab (eBioscience). TEC were sorted on a three-
laser FACSAria (BD Biosciences) or analyzed on a three-laser LSR II (BD
Biosciences) using FACSDiva software.

RNA extraction and cDNA libraries preparation

Total RNAwas isolated using TRIzol as recommended by the manufacturer
(Invitrogen), and then further purified using the RNeasy micro kit (Qiagen).
Sample quality was assessed using Bioanalyzer RNA Pico chips (Agilent
Technologies). A minimum of 10,000 cells were used for the RNA-seq
experiment (average of 20,000 cells), yielding an average of ∼20 ng to-
tal RNA. Transcriptome libraries were generated from total extracted RNA
using the TruSeq RNA sample prep kit (v2) (Illumina) following the
manufacturer’s protocols.

RNA-seq

RNA-seq was performed as described (8). Briefly, paired-end (23 100 bp)
sequencing was performed using the Illumina HiSeq 2000 machine run-
ning TruSeq v3 chemistry. Three RNA-seq libraries were sequenced per
lane (eight lanes per slide). Details of the Illumina sequencing technologies
can be found at http://www.illumina.com/applications/sequencing/rna.
html. Data were mapped to the Mus musculus (mm10) reference genome
using the ELANDv2 alignment tool from the CASAVA 1.8.2 software or
TopHat/Cufflinks 2.2.1 for analyses at the isoform transcript level. Keeping
only uniquely matching reads, we used the read count per transcript for the
identification of differentially expressed genes. We then used the statistical
method based on a negative binomial distribution and implemented in the
DESeq package for R to compare samples and obtain a robust measure of
differential expression between samples (21, 22). The resulting p values
were adjusted for multiple testing with the Benjamin–Hochberg procedure
to yield p-adj values. To estimate gene expression, we quantified transcript
levels as reads per kb of exon model per million mapped reads (RPKM)
(23). RNA-seq data have been deposited in Gene Expression Omnibus
archives under accession number GSE65617.

Gene ontology analyses

Input gene datasets were tabulated and uploaded into the bioinformatics
resource DAVID v6.7. This online tool was used to assess the enrichment of
input genes with gene ontology (GO) biological process terms (24, 25). We
used all genes of the mouse genome as background and considered a
p value of,0.05 to be significant. Only nonredundant biological processes
with significant enrichment were investigated.

Statistical and bioinformatics analyses

Statistical tests and bioinformatics analyses were done using R version 3.1.0
or Excel version 14.4.7. Unless stated otherwise, data are represented as

mean 6 SD. Statistical significance was assessed by a two-tailed Student
t test unless stated differently and differences with a p value , 0.05 were
considered significant. Splicing complexity was measured by the Shannon
entropy of the relative isoform abundances of genes with more than one
detectable isoform. Splicing complexity was calculated for each gene as:

+
n

i¼1

Pi log2ðPiÞ;

where n is the number of detectable isoforms per gene and P is the pro-
portion contribution of each isoform i to total gene expression. Genes with
no complexity have a single detectable isoform whereas genes with equally
abundant isoforms have maximal complexity.

Results
Dynamics of TEC populations in WT and Aire-deficient mice

As a prelude to transcriptomic analyses, we assessed the size of the
main TEC subsets in 6- to 8-wk-old WT and Aire2/2 littermates.
TEC (EpCAM+CD452) were defined as cTEC and mTEC based
on the expression of Ly51 and binding of the UEA1 lectin (8, 20).
mTEC were further divided into mTEClo and mTEChi based on
low or high expression of CD80 and MHC II molecules (Fig. 1A,
Supplemental Fig. 1).
Aire is expressed strictly in mTEChi (26) and modulates mTEC

differentiation (15). In accordance with this, we observed that,
relative to their WT littermates, Aire-KO mice displayed a signif-
icant increase in the absolute number of mTEChi whereas the
number of mTEClo remained unchanged (Fig. 1B, Supplemental
Fig. 2). Consequently, the proportion of mTEClo and mTEChi was
also severely altered in KO mice (Fig. 1C). Nonetheless, the un-
expected finding was a 1.6-fold increase in the absolute number of
cTEC in KO mice (Fig. 1B). AIRE’s impact on cTEC number is
non–cell autonomous because cTEC do not express the AIRE
protein (26).

AIRE has non–cell autonomous effects on the cTEC
transcriptome

We performed RNA-seq analyses on three biological replicates
for each cell type. Each replicate contained pooled FACS-sorted
TEC from four (two males plus two females) 6- to 8-wk-old WT
or Aire knockout littermates (Fig. 2A). The purity of sorted TEC
subsets was .97% (Fig. 2B). To further validate the purity of
the sorted primary TEC populations, we confirmed that they
expressed expected markers of cTEC and mTEC (Fig. 2C). Note
that Aire was also detected in Aire2/2 mice, because only exon
2 and portions of introns 1 and 3 are excised in B6.129S2-
Airetm1.1Doi/J mice.
To gain insights into the impact of AIRE on cTEC, we compared

the transcriptome of FACS-purified WT versus KO cTEC. For
analysis of differentially expressed genes (DEGs), we used the R
package DESeq (21) together with stringent criteria: a fold dif-
ference of $5 between WT and KO and a p-adj , 0.05. We
identified a total of 309 genes that were upregulated in KO cTEC
whereas only 9 were upregulated in WT cTEC (Fig. 3A). Of note,
it is formally possible that gene expression changes in Aire-KO
cTEC reflect a subset-specific gene upregulation, which cannot be
distinguished with bulk RNA-seq. Addressing this issue in future
studies would therefore require single-cell approaches. To better
characterize the set of genes modulated by AIRE in cTEC, we
performed a GO term enrichment analysis on genes overexpressed
in KO cTEC that showed a minimum of 1 RPKM (215 out of 309
genes). Genes overexpressed in KO cTEC were associated with 10
main biological processes (Fig. 3B). We analyzed more in depth
the three biological processes associated with the highest number
of DEGs: epithelial cell differentiation, defense response, and reg-
ulation of cell proliferation. The most significantly enriched term in
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our gene list was epithelial cell differentiation. Of particular rel-
evance, we found that several genes encoding small proline-rich
(SPRR) proteins, including Sprr1a, Sprr2d, Sprr2j-ps, and Sprr4,
were upregulated in KO cTEC as compared with WT littermates.
The Sprr multigene family is instrumental in the formation of
a cornified envelope (CE), which serves as a protective barrier in

various stratified squamous epithelia (27). Moreover, we observed
that genes encoding CE structural proteins, including involucrin,
cornifelin, and cytokeratin 4, were also upregulated in KO cTEC
(28, 29). Taken together, these results suggest that Aire2/2 cTEC
acquire a more differentiated phenotype by upregulation of genes
involved in CE formation.

FIGURE 1. Flow cytometry analysis of TEC pop-

ulation in WT and Aire-deficient mice. (A) Repre-

sentative flow cytometry profiles with gating strategy

for TEC subsets are shown. TEC were defined as

CD452EpCAM+ and further divided into cTEC

(Ly51+UEA12) and mTEC (Ly512UEA1+). Imma-

ture and mature mTEC (mTEClo and mTEChi) were

discriminated based on low or high expression of

CD80 and MHC II molecules. (B) Absolute cell

number and (C) proportion of TEC subsets in WT and

Aire-KO mice. Each group includes four to six mice

(two independent experiments). Error bars indicate

SD, and asterisks represent the p values calculated

using a two-tailed Student t test.

FIGURE 2. RNA-seq of primary cTEC, mTEClo, and

mTEChi harvested from WT and Aire-deficient mice. (A)

RNA-seq study design. (B) Postsorting purity of sorted

TEC populations. (C) Relative mRNA expression of

cTEC lineage-specific genes (normalized to cTEC) and

mTEC lineage-specific genes (normalized to mTEChi) in

WT and KO mice.
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Among DEGs associated to the GO term “defense response,” we
found several chemokines (Ccl8, Ccl24) and ILs (Il10, Il23a, and
Il25). Whereas Il23 contributes to TEC regeneration (30), the
impact that other DEGs from this group may have on cTEC bi-
ology has yet to be elucidated. Finally, we observed that AIRE
was predicted to affect cTEC proliferation (Fig. 3B). Notably, the
epithelial mitogen (Epgn) and homeobox A13 (Hoxa13) genes
were both upregulated in KO cTEC. Likewise, Fgf10, which en-
hances TEC proliferation (31), was upregulated in KO cTEC.
Upregulation of positive regulators of epithelial cell proliferation
in Aire-KO cTEC (Fig. 3B) is consistent with and provides a
plausible mechanistic explanation for the increased numbers of
cTEC in Aire2/2 mice (Fig. 1B).

Impact of AIRE on pGE

Because individual TRA are expressed in only a fraction of mTEC at
any given time (9, 32, 33), we performed our transcriptomic studies
at high sequencing depth (average of 134 3 106 mapped reads/
sample) to enable robust detection of low abundance transcripts.
Hierarchical clustering based on global gene expression levels
revealed that WT mTEChi were distinct from all other TEC pop-
ulations (Supplemental Fig. 3A). Aire deletion significantly reduced
the total number of expressed genes (RPKM . 1) in mTEChi but
not in mTEClo or cTEC (Supplemental Fig. 3B, 3C). In total,
15,137 protein-coding genes were detected in WT mTEChi whereas
12,684 were detected in KO mTEChi, similar to what we observed
in other TEC populations (12,636 genes). KO mTEChi fell in
a discrete cluster, halfway between WT mTEChi and other TEC
subsets, suggesting that KO mTEChi retain an AIRE-independent
mTEChi identity (Supplemental Fig. 3A). Finally, both cTEC and
mTEClo from WT and KO mice generated additional clusters, in-
dicative of a lesser impact of Aire deletion in these cells.
To identify genes regulated in a cell autonomous manner by AIRE,

we analyzed DEGs betweenWT versus KOmTEChi (fold difference$
5 and p-adj , 0.05). Of a total of 3338 AIRE-regulated genes
(Fig. 4A), 3272 genes were upregulated in WT mTEChi (AIRE in-
duced) whereas only 66 genes were upregulated in KO mTEChi

(AIRE repressed). Two points can be made from these results. First,
AIRE almost always acts as a transcriptional activator rather than
a repressor in mTEChi. This is in stark contrast to the non–cell au-
tonomous effect of AIRE on cTEC where the vast majority of DEGs
are upregulated in Aire-KO relative to WT cTEC (Fig. 3A). Second,
AIRE-induced genes include at least ∼14% of all mouse genes.
AIRE is not expressed in the mTEClo subset, which contains

most immature “pre-AIRE” cells and a minority of “post-AIRE”

cells (34). Accordingly, we found only minimal differences be-
tween the transcriptome of WT and KO mTEClo (Fig. 4B). Out of
101 genes overexpressed in WT relative to KO mTEClo, the vast
majority (90 genes) were among the 3272 AIRE-induced genes
identified in mTEChi (data not shown). This is consistent with the
notion that post-AIRE mTEC may maintain expression of some
AIRE-induced TRA (34). However, that we could detect only
2.8% (90 out of 3272) of AIRE-induced genes in the mTEClo

subset casts some doubt on the biological role of post-AIRE cells
in establishment of central tolerance to AIRE-dependent TRA.
Nevertheless, we must not discount the possibility that post-AIRE
cells may still present MHC–peptide complexes that have a long
half-live and persist at the cell surface in the absence of the
peptide (i.e., TRA) coding transcript.

AIRE-induced versus -independent TRA

Aire-KO mice certainly facilitate the identification of AIRE-
dependent genes. However, definition of TRA, and in particular
AIRE-independent TRA, is a more complex question. We adopted

FIGURE 3. Transcriptome of WT and Aire-KO cTEC. (A) Scatter plot

representation of gene expression levels in WT and KO cTEC. Data rep-

resent the mean of normalized counts. Genes with fold difference $ 5 and

p-adj, 0.05 between WT and KO mice were considered as DEGs (red and

blue dots). (B) Histogram shows enriched biological processes (p , 0.05;

red line) linked to DEGs overexpressed in KO cTEC. Numbers in paren-

theses indicate the number of DEGs per category. GO term enrichment

analysis was performed with DAVID bioinformatic tools.

FIGURE 4. The transcriptome of WT versus Aire-KO mTEC subsets

reveals the breadth of pGE. (A and B) Transcriptome of WT versus Aire-

KO (A) mTEChi and (B) mTEClo. Genes with fold change$ 5 and p-adj,
0.05 between WT (y-axis) and KO (x-axis) were considered as differen-

tially expressed (red and blue dots). Data are represented in a scatter plot

as mean of normalized counts. No RPKM threshold was used in these

plots. In (C)–(F), only genes with RPKM of .1 were considered. (C)

Number of AIRE-induced (red), AIRE-repressed (blue), and AIRE-inde-

pendent (black) TRA detected in mTEChi using various thresholds of

tissue-specificity (Supplemental Fig. 4A). (D) Proportion of TRA in AIRE-

induced, -repressed, and -independent genes. (E) Splicing complexity of

AIRE-induced (red) and AIRE-independent (black) multi-isoform TRA-

encoding genes. The Wilcoxon rank sum test was used to statistically assess

the difference in splicing complexity. (F) Expression heat map of AIRE-

independent mRNA processing factors upregulated in mTEChi relative to

mTEClo and cTEC.
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the definition stipulating that TRA-coding genes are those that are
tissue enriched (i.e., expressed at relatively high levels) in at most
five tissues (35). To identify these genes, we used a comprehensive
catalog of gene expression in various tissues of C57BL/6 mice
(GSE10246) (36). We then had to select a relative expression
threshold to define tissue enrichment. The impact of this criterion
is illustrated for two canonical TRA (Ins2 and Crp) (Supplemental
Fig. 4A). When we adopt a stringent criterion for tissue enrich-
ment (expression level in a given tissue of $1000-fold the median
expression across all tissues), both Ins2 and Crp qualify as TRA.
However, when we use a less stringent threshold ($10-fold), Ins2
no longer qualifies as a TRA because it is then considered to be
enriched in more than five tissues. Consistent with this, we found
that the enrichment threshold could have a major influence on the
number of TRA detected in mTEChi. Whereas the number of
AIRE-induced TRA remained stable at different thresholds, the
number of AIRE-independent TRA increased dramatically when
lowering the stringency (Fig. 4C). We reasoned that if we wanted to
analyze the characteristics of AIRE-independent TRA, it was
preferable to favor robustness over sensitivity. We therefore selected
the most stringent threshold (1000-fold) for further analyses.
First, we validated that our TRA list included known AIRE-

induced and AIRE-independent TRA (Supplemental Fig. 4B). It
has been shown that the degree of pGE conforms to the following
hierarchy: mTEChi . mTEClo . cTEC (9, 18). We therefore vali-
dated the expression pattern of our TRA in TEC populations. Al-
though AIRE-induced TRA were solely expressed in WT mTEChi,
AIRE-independent TRA were predominantly expressed in mTEChi,
but also detectable in mTEClo and cTEC (Supplemental Fig. 4C).
Using our list of TRA, we next assessed to what extent AIRE-

induced versus AIRE-independent transcription contributes to the
pool of TRA expressed in mTEChi. When considering genes with
RPKM of.1, we found that out of the 1367 AIRE-induced genes,
343 (25%) encoded TRA. In contrast, 504 (3.7%) of the 13,709
AIRE-independent genes encoded TRA (Fig. 4D). Finally, only
six genes fell into the AIRE-repressed category. Two points can be
made from these data. First, most AIRE-induced genes are not
TRA. Second, although AIRE-induced genes are enriched in TRA
(p , 2.2 3 10216), ∼60% of total TRA detected in mTEChi were
AIRE-independent.
Evidence suggests that AIRE plays a role in mRNA processing

and contributes to the expression of tissue-specific isoforms inmTEC
(37, 38). We therefore analyzed mRNA splicing in TEC population
harvested from WT and KO mice (Supplemental Fig. 3D, 3E). We
found that WT mTEChi had a higher splicing complexity than did
KO mTEChi and other TEC populations, confirming AIRE’s role in
mRNA splicing. Furthermore, Aire deletion had no effect on the
splicing complexity of mTEClo and cTEC. Then, we asked whether
the pool of AIRE-independent TRA significantly contributes to the
high splicing complexity observed in mTEChi (Fig. 4E). Notably,
we found that the splicing complexity of AIRE-independent TRA
was superior to that of AIRE-induced TRA. Interestingly, when
comparing the expression of .400 mouse RNA-binding proteins
uploaded from the database of RNA-binding specificities (RBPDB
version 1.3.1) (39), we identified 7 genes implicated in mRNA
processing and whose expression was at least 2-fold higher in
mTEChi relative to mTEClo and cTEC (Fig. 4F). Taken together,
these results suggest that apart from AIRE, other mRNA processing
factors expressed in mTEChi contribute to the high splicing com-
plexity found in this cell population.

Tissue representation by AIRE-induced and -independent TRA

AIRE controls the expression of self-antigens representing pe-
ripheral tissues and organs (10). In human, AIRE mutations impair

clonal deletion of T cells and cause the autoimmune poly-
endocrinopathy–candidiasis–ectodermal dystrophy (APECED)
syndrome (40). This syndrome exhibits pleiotropic manifestations
affecting many organs (41, 42).
To define the set of tissues represented in TEC by AIRE-induced

and AIRE-independent TRA, we calculated the number of TRA
specific for each tissues of the GSE10246 dataset. Furthermore, we
determined the tissue enrichment ratio (odds ratio) for AIRE-
induced relative to AIRE-independent TRA (Fig. 5A). This ap-
proach allowed us to assess the level of overlap between tissues
represented by the two classes of TRA. We found that tissues and
organs preferentially represented by AIRE-induced TRA included
typical organs affected in APECED patients (e.g., pancreas, ad-
renal gland, stomach, liver), with the exception of the parathyroid
gland, which is not included in the GSE10246 dataset. Although
we detected several AIRE-independent pancreatic TRA, most
pancreas-specific TRA (77%) were AIRE induced (Fig. 5A).
These include genes encoding pancreatic digestive enzymes such
as the chymotrypsin-like elastase family of proteins (Cel3b,
Cela1), lipases (Pnlip, Pnliprp1, Pla2g1b, Cel), proteases (Prss1,
Prss2), and regenerating islet-derived proteins (Reg1, Reg2, Reg3b).
Other tissues preferentially represented by AIRE-induced TRA
include the lactating mammary gland, bone, white adipose tissue,
placenta, lacrimal gland, bone marrow, retinal epithelium, salivary
gland, uterus, and cornea (Fig. 5A). Unexpectedly, we found that
several tissues targeted in APECED patients (e.g., epidermis,
ovary, and pituitary gland) were predominantly represented by
AIRE-independent TRA. Thus, among ovarian genes, Hsd3b1
(biosynthesis of hormonal steroid) was AIRE induced whereas
Ovgp1 (oviductal epithelial glycoprotein), Akr1cl (progesterone
metabolism), and Inha (gonadal hormone secretion) were AIRE-
independent. Other tissues and cell populations preferentially
represented by AIRE-independent TRA include macrophages, NK
cells, B cells, amygdala, osteoblasts, skeletal muscle, spleen, pre-
frontal cerebral cortex, and testes (Fig. 5A).
When we combined the two types of TRA, we found that the

tissues that were most represented by TRAwere the liver, small and
large intestine, stomach, testis, kidney, epidermis, pancreas, and
placenta. Overall, we detected TRA (RPKM. 1) specific for.50
tissues and cell types in the transcriptome of mTEChi. However,
we also identified tissues and cell types with low thymic repre-
sentation, including hematopoietic stem cells, common myeloid
progenitor, thymocytes, T cells, dendritic cells, mega-erythrocyte
progenitors, granulocyte progenitors, microglia, iris, and ciliary
bodies (data not shown).
Evidence suggests that pGE in TEC is regulated by epigenetic

mechanisms that support a hyperactive transcriptional state (43).
This can be exemplified with AIRE’s ability to bind nonmethylated
histone H3K4 to promote gene transcription (44, 45). However,
epigenetic regulators of AIRE-independent pGE have not been
identified. The genome of embryonic stem cells (ESCs) and tes-
ticular cells undergoes major chromatin alterations during devel-
opment (46). Importantly, AIRE has also been detected in ESCs and
spermatocytes (47–49). Interestingly, we observed that several ESC-
and testis-specific TRA were expressed in mTEChi (Fig. 5A). For
example, we detected TRA involved in embryonic development
(Tdgf1) as well as in the maintenance of ESC pluripotency (Pou5f1,
Dppa5a). Testis-specific AIRE-induced TRA include a germ cell–
associated gene (Gsg1) and spermatogenesis-associated genes
(Spata18, Spata19). For AIRE-independent TRA, we found genes
encoding proteins involved in sperm DNA condensation (Tnp2,
Tssk6), male meiosis (Rsph1), sperm function and fertility (Meig1,
Tcp11, Spa17, Ropn1l, Tssk3, Tekt2), translation of germ cell
mRNA (Ybx2), testis-specific H1 histone (H1fnt), and cancer-testis
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Ags (Tubl2, Rsph1, Prm1). We speculate that these genes may
be instrumental in regulating pGE in TEC. Overall, our data on
TRA led us to conclude that defects in AIRE-independent pGE
should cause severe autoimmune phenotypes because 1) AIRE-
induced versus -independent TRA project nonredundant representa-
tions of peripheral tissues in the thymus, and 2) AIRE-independent
TRA are more numerous than AIRE-induced TRA. Such autoim-
mune phenotype should be particularly conspicuous for organs,
such as the testis, that are represented in TEC mostly by AIRE-
independent TRA. Indeed, transcripts such as H1fnt, Tnp2, Spa17,
and Tulp2 have a very restricted tissue distribution in extrathymic
tissues where they are expressed at higher levels in the testis
than in other organs (Fig. 5B). In TEC, these testis TRA have
an expression pattern that is typical of AIRE-independent TRA
(Fig. 5C). We therefore propose that such testis TRA may represent
the elusive T cell epitopes that initiate a common autoimmune
disease: autoimmune orchitis. Male patients with autoimmune
orchitis produce antisperm Abs, display severe sperm dysfunctions,
and are infertile (50). This hypothesis might be evaluated by testing
for T cell reactivity against testis TRA in subjects with autoimmune
orchitis.

Biological processes regulated by promiscuously expressed
genes

As shown in Fig. 4A, AIRE induces the expression of .3000
genes. Out of these genes, 1367 had RPKM . 1, of which only
343 (25%) were classified as TRA. Thus, the vast majority of
AIRE-induced genes are not TRA. We hypothesized that this set
of 1024 non-TRA AIRE-induced genes may be instrumental in
AIRE’s alternative functions. By alternative functions we mean

functions distinct from TRA presentation by mTEChi, such as
mTEC differentiation and mTEC interactions with thymocytes
and DCs (15–17). To address this, we performed a GO term en-
richment analysis on non-TRA AIRE-induced genes and we an-
alyzed more extensively the top 10 enriched biological processes
(Fig. 6A, 6B). The top GO term hit for our set of input genes was
“cell adhesion.” A heat map of genes implicated in the cell ad-
hesion category (Fig. 6C) revealed that many key regulators of
cell–cell interactions were upregulated in WT mTEChi: claudins
(Cldn11, Cldn15), integrins (Itgae, Itgam, Itgb2l, Itgad), selectins
(Sele, Selp), and extracellular matrix-associated molecules
(Hapln3, Lamc3, Thbs4). Their upregulation in mTEChi could
drastically enhance mTEChi homotypic interactions and explain
why Aire deletion disturbs mTEChi distribution in the thymic
medulla and prevents the formation of Hassall’s corpuscle-like
structures (15, 51). Likewise, differential expression of claudins,
integrins, and selectins should have a significant impact on
mTEChi heterotypic interactions with DCs and thymocytes (52,
53). The presence of Vanin-1 (Vnn1) in this category (RPKM of
∼5) is also noteworthy because this GPI-anchored protein reg-
ulates the migration of hematopoietic T cell precursors to the
thymus (54). The downregulation of Vnn1 in Aire-KO mTEChi

suggests that AIRE may promote homing of T cell progenitors to
the thymus.
Consistent with a previous report (55), we found the “defense

response” term to be enriched in our set of AIRE-induced genes.
In addition to defensins (Defa22, Defb3, 4, 19, 25, 50), we iden-
tified several molecules involved in antiviral/antibacterial (Ifnb1,
Stab1) immune responses, including ILs (Il5, Il9), chemokines
(Ccl1, Ccl20, Ccl28, Xcl1), and antiviral enzymes (Oas gene

FIGURE 5. Peripheral tissue representation of AIRE-

induced and AIRE-independent TRA. (A) Histogram

depicting the number of AIRE-induced (red bars) and

AIRE-independent TRA (black bars) representing mouse

tissues and cell lines (GSE10246 dataset). Biological

samples are ordered based on their differential repre-

sentation by AIRE-induced and AIRE-independent TRA.

Tissues that are represented by fewer than five TRA are

not displayed on the histogram. A Fisher exact test was

used to assess the enrichment in each sample. *p , 0.05,

**p , 0.01, ***p , 0.001. (B) Expression of testis-

specific AIRE-independent TRA in tissues of the

GSE10246 dataset (36) and in (C) TEC populations

from WT and Aire2/2 mice. Error bars indicate SD.

ND, not detected.
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family). Notably, Xcl1 and Ccl20 regulate DC and thymocyte
migration, respectively (56, 57). In accordance with the role of
Aire in increasing antigenic presentation, we found that Aire
upregulates the expression of Tnfsf4, which acts as a costimulator
between thymocytes and APCs and thereby enhances the devel-
opment of regulatory T cells (58).
Additionally, we found in the “cell–cell signaling” category

several genes that could be highly relevant to TEC biology. For
instance, in line with the peculiar ability of mTEChi to transfer
cytoplasmic content to neighboring DCs (17), we found that Aire
upregulates genes implicated in synaptic exocytosis (Cplx3, Sv2c)
and vesicular trafficking (Syt4). However, whether mTEC use
strategies similar to synaptic neurons to deliver the content of
secretory vesicles remains an open field of investigation. Finally,
in line with the role of WNT proteins in TEC biology (59), we
found that three Wnt genes were upregulated in WT mTEChi.
The “proteolysis” term was also enriched in our set of input

genes. Of note, we observed that Aire induced several proteases
(Cpln8, 9, 13) and carboxypeptidases (Cpn1, Cpz). These enzymes
could influence not only housekeeping functions, but also MHC
Ag processing, which is instrumental in induction of central tol-
erance, the quintessential role of mTEChi (5).

Discussion
One conclusion emerging from this study is that AIRE decreases,
via non–cell autonomous mechanisms, the number of cTEC by
repressing positive regulators of cell differentiation and prolifer-
ation. As a parsimonious explanation for the effect of AIRE on
cTEC, we surmise that it results from cell–cell signaling initiated
by AIRE-regulated molecules secreted by mTEC or expressed at

the surface of mTEC. Although the functional importance of this
effect has yet to be demonstrated, we propose that it may con-
tribute to the dramatic changes in TEC subsets that occur in the
neonatal period: expansion of the mTEC compartment in the first
weeks of life is accompanied by an abrupt decrease in the number
of cTEC (19). Therefore, although cTEC are the dominant TEC
subset at birth, they represent only 10% of TEC in adults (60).
Moreover, we confirmed that the impact of AIRE-dependent pGE
is not limited to generation of TRA. In fact, our results show that
75% of AIRE-induced genes are not TRA and are associated to
several biologically relevant functions in mTEC. Previous reports
have shown that, irrespective of its ability to generate TRA, AIRE
enhances mTEC interactions with DCs and thymocytes. In line
with this, we provide mechanistic explanations for these effects.
Indeed, we found that AIRE-driven pGE upregulates the expres-
sion of numerous candidate genes that play a dominant role in cell–
cell interactions: claudins, integrins, selectins, the costimulator
TNFSF4, as well as genes mediating synaptic exocytosis and ve-
sicular trafficking. Importantly, gain- and loss-of-function–based
experiments will be required to 1) tie gene expression to bio-
logical functions and to 2) evaluate the role of these molecules in
homotypic and heterotypic interactions involving mTEChi and their
role in induction of central tolerance. The upregulation of proteases
and peptidases by AIRE is also of prime interest. Indeed, the
massive pGE observed in mTEChi must represent a challenge for
proteostasis in these cells. Assuming that promiscuously expressed
genes are translated, mTEChi must have to deal with high intra-
cellular protein levels that would normally trigger proteotoxic
stress response and proliferative exhaustion (61). There are only
two ways to deal with this problem: by decreasing translation or
increasing protein degradation. We therefore speculate that up-
regulation of proteases and peptidases may have an important role
in alleviating proteotoxic stress in mTEChi.
pGE in TEC is essential to prevent autoimmunity. Although the

fascinating mechanistic underpinnings of AIRE-dependent pGE
are rather well understood, AIRE-independent pGE remains an
enigma. Our report shows that AIRE-induced and -independent
TRA present several distinctive features. First, we confirmed that
AIRE-induced TRA are found exclusively in mTEChi whereas
AIRE-independent TRA are detected not only in mTEChi but also
in cTEC and mTEClo (9). Additionally, we show that relative to
AIRE-induced TRA, AIRE-independent TRA 1) are more nu-
merous and 2) show greater splicing complexity. Our observations
on splicing complexity suggest that mRNA splicing factors over-
expressed in mTEChi regulate the processing of AIRE-independent
TRA for the generation of tissue-specific isoforms. We propose that
particular attention should be paid to Snrpn, a modulator of alter-
native splicing (62) whose expression was 5-fold higher in mTEChi

than in other TEC populations (GSE65617). Additionally, we ob-
served that some tissues are represented in TEC mostly by
AIRE-induced TRAwhereas others are represented mainly by AIRE-
independent TRA. Taken together, these data mean that AIRE-
induced versus -independent pGE are not functionally redundant
and that impairment of AIRE-independent pGE should lead to
autoimmunity. Arguably the most perplexing question in this
field is the identity of genes responsible for AIRE-independent
pGE. In this regard, it is notable that AIRE-independent TRA
were strikingly enriched in ovary- and testis-specific genes
(Fig. 5A). This could be a meaningful clue as to the identity of
AIRE-independent pGE regulators, because transcriptional reg-
ulation in germ cells is different from that in typical somatic
cells. Germ cells have a unique chromatin reorganization pro-
gram and use distinct promoter elements and transcription fac-
tors (63). We therefore hypothesize that germ cell–specific

FIGURE 6. Biological processes associated to AIRE-induced promis-

cuously expressed genes. (A) Expression heat map of the 1024 AIRE-in-

duced non-TRA encoding genes (input genes) in TEC populations. (B) GO

term enrichment analysis on the set of input genes. Red dashed line rep-

resent p = 0.05. Numbers in parentheses indicate the number of genes per

category. (C) Expression heat map of genes associated to the cell adhesion,

defense response, immune response, cell–cell signaling, and proteolysis

terms.
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transcriptional regulators that are promiscuously expressed in TEC
may be responsible for AIRE-independent pGE.
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