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The Journal of Immunology

Breakdown of Immune Tolerance in AIRE-Deficient Rats
Induces a Severe Autoimmune Polyendocrinopathy–
Candiasis–Ectodermal Dystrophy–like Autoimmune Disease

Jason Ossart,*,† Anne Moreau,‡ Elodie Autrusseau,*,† Séverine Ménoret,*,†,x

Jérôme C. Martin,*,† Marine Besnard,*,† Laure-Hélène Ouisse,*,†,x Laurent Tesson,*,†,x

Léa Flippe,*,† Kai Kisand,{ Pärt Peterson,{ François-Xavier Hubert,*,† Ignacio Anegon,*,†,x

Régis Josien,*,†,‖ and Carole Guillonneau*,†

Autoimmune regulator (AIRE) deficiency in humans induces a life-threatening generalized autoimmune disease called autoim-

mune polyendocrinopathy–candidiasis–ectodermal dystrophy (APECED), and no curative treatments are available. Several

models of AIRE-deficient mice have been generated, and although they have been useful in understanding the role of AIRE in

central tolerance, they do not reproduce accurately the APECED symptoms, and thus there is still a need for an animal model

displaying APECED-like disease. We assessed, in this study, the potential of the rat as an accurate model for APECED. In this

study, we demonstrate that in rat, AIRE is expressed by MHC class II (MCH-II)+ and MHC-II2 medullary thymic epithelial cells

in thymus and by CD4int conventional dendritic cells in periphery. To our knowledge, we generated the first AIRE-deficient rat

model using zinc-finger nucleases and demonstrated that they display several of the key symptoms of APECED disease, including

alopecia, skin depigmentation, and nail dystrophy, independently of the genetic background. We observed severe autoimmune

lesions in a large spectrum of organs, in particular in the pancreas, and identified several autoantibodies in organs and cytokines

such as type I IFNs and IL-17 at levels similar to APECED. Finally, we demonstrated a biased Ab response to IgG1, IgM, and IgA

isotypes. Altogether, our data demonstrate that AIRE-deficient rat is a relevant APECED animal model, opening new opportunity

to test curative therapeutic treatments. The Journal of Immunology, 2018, 201: 000–000.

B
reakdown of self-tolerance leads to a dysfunction of the
immune system and is the cause of development of au-
toimmune diseases that have serious, disabling, and even

fatal consequences. In contrast, an increase of the mechanisms of
immune tolerance to nonself would also be beneficial in the con-
text of organ and bone marrow transplantation, allergy, and gene
therapy. Thus, a better knowledge of immunological mechanisms
involved in tolerance represents a major challenge to improve both
the understanding and treatment of autoimmune diseases. A key
player in this equilibrium is the autoimmune regulator (AIRE), a
transcription regulator that allows the expression of tissue-restricted

Ags in medullary thymic epithelial cells (mTECs) (1, 2) and
autoreactive T cell deletion. The autoimmune polyendocrinopathy-
candidiasis-ectodermal dystrophy (APECED) syndrome, also known
as autoimmune polyglandular syndrome type I, is a rare multiorgan
autosomal recessive autoimmune disease caused by mutations in the
Aire gene (3). In humans, this gene is located on locus 21q22.3 (4, 5)
and more than 100 mutations have been described to cause APECED,
with a prevalence of 1–9:1,000,000 (Orphanet, http://www.orpha.net);
however, it is increased in certain populations, such as the
Finnish, Norwegian, Sardinian, and Iranian Jewish populations, be-
cause of consanguinity or founder effects (6–8). Among Sardinians,
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Néphrologie, CHU Nantes, 44093 Nantes, France; ‡Anatomie et Cytologie Pathologiques,
CHU Nantes, 44093 Nantes, France; xTransgenesis Rat Immunophenomic Platform,
INSERM 1064 and SFR Francois Bonamy, CNRS UMS3556, 44093 Nantes, France;
{Molecular Pathology, Institute of Biomedicine and Translational Medicine, University
of Tartu, Tartu 50411, Estonia; and ‖Laboratoire d’Immunologie, CHU Nantes, 44093
Nantes, France

ORCIDs: 0000-0002-9200-4927 (S.M.); 0000-0003-0068-8776 (J.C.M.); 0000-0002-
4058-2848 (L.-H.O.); 0000-0002-5426-4648 (K.K.); 0000-0001-6755-791X (P.P.);
0000-0001-7900-7413 (R.J.).

Received for publication September 15, 2017. Accepted for publication June 2, 2018.

This work was supported by the National Research Agency, in the context of the
Laboratoire d’Excellence Immunotherapy Graft Oncology program, via the invest-
ment of future program Contract ANR-11-LABX-0016-01 and under the auspices of
the Institut Hospitalo-Universitaire–Centre Européen des Sciences de Transplantation
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the overrepresentation of the R139X mutation is observed present,
for instance, in 90% of Sardinian APECED patients (8). The clinical
phenotype of APECED is usually defined by the presence of two of
the three major symptoms: hypoparathyroidism, adrenal insufficiency
(Addison disease), and chronic mucocutaneous candidiasis (7). This
disease is also associated with anti-cytokine Abs (present in all patients
and particularly directed to IFN-a and -v) and multiple autoimmune
and ectodermal features such as type 1 diabetes, enamel hypoplasia,
vitiligo, premature ovarian failure, keratitis, pernicious anemia,
alopecia, exocrine pancreatitis, interstitial lung disease, nephritis, and
others (7, 9–13).
Because of the identification of the link between APECED and

AIRE (4, 14), several mouse models of AIRE deficiency have been
developed (15). These models have been important in the char-
acterization of the role of AIRE in thymic-negative selection of
T lymphocytes and regulatory T cell (Treg) differentiation. The
first Aire2/2 mice showed a slight lymphocyte infiltration in the
liver of some animals, and a few animals displayed circulating
autoantibodies (16). Other AIRE-deficient mice displayed more
features of APECED, especially the NOD strain mice (1, 17).
In this article, to our knowledge, we described the first rat model

of AIRE deficiency, which we have generated using the zinc-finger
nucleases (ZFN) technology. In this study, we show, in the rat, pre-
dominant AIRE expression in the thymus by CD452 cells and in the
periphery by CD4int conventional dendritic cells (cDCs), a pattern
similar to that reported in humans. We demonstrate that two strains
of Aire2/2 rats developed strong autoimmune symptoms character-
istic of APECED, such as alopecia and vitiligo, numerous circulating
autoantibodies, leukocyte infiltrates, lesions in several organs,
and impaired thymus development. We also observed a biased Ig
isotype production, changes in several immune cell subsets, and
an increase in cytokines. Altogether, these results demonstrate the
Aire2/2 rats present several features of human APECED and will
improve our understanding of the disease and of the mechanisms
of action of AIRE.

Materials and Methods
Rats

Aire knockout rats (Brown Norway [BN], inbred strain) were generated by
a targeted disruption of the Aire gene using ZFNs as previously described
(18). The ZFNs were purchased from Sigma-Aldrich (St. Louis, MO) and
were mutated (EL:KK) obligate heterodimers, reducing potential off
targets (and are predicted to bind to a DNA sequence 59-TGCCACCCA-
GACCCCCCACAAAGAGAAGAGCCCTGGAAGAG-39 in exon 3 of the
Aire gene. Off-target edits by the nucleases were analyzed in silico and
were all contained within introns and intergenic noncoding regions in
chromosomes other than chromosome 20, where the Aire gene is located
(data not shown). These rats were backcrossed in a Sprague Dawley (SPD;
outbred strain) background for six generations to obtain AIRE-deficient
SPD rats. All animals were used at .6 mo of age unless indicated oth-
erwise. All studies were performed according to protocols approved by the
Ethics Committee of the Ministère de l’Enseignement Supérieur et de la
Recherche (Paris, France).

Genotyping

Ear biopsy specimens from 8- to 10-d-old rats were digested in 300 ml of
tissue digestion buffer (Tris-HCl 0.1 mol/l [pH 8.3], EDTA 5 mmol/l, SDS
0.2%, NaCl 0.2 mol/l, PK 100 mg/ml) in a 1.5-ml tube at 56˚C overnight.

PCR amplification was performed with 1:20 dilution of the lysis product
and 25 ml of PCR reaction mix according to the manufacturer instruction
(Herculase II Fusion DNA Polymerase, Agilent Technologies) using the
following PCR primers: forward 59-TCAAGAGTGCCCTGTTCTAG-39
and reverse 59-CTGGGGTGGTGTCAGTAAG-39. The following amplifi-
cation program was used: 1 cycle at 95˚C for 5 min, 35 cycles of 98˚C
for 10 s, 60˚C for 10 s, and 72˚C for 30 s, followed by 1 cycle at 72˚C for
4 min using a Veriti Thermal Cycler (Applied Biosystems, Foster City, CA).

The PCR products were analyzed by heteroduplex mobility assay using
microfluidic capillary electrophoresis using a microchip capillary electrophoresis

system caliper LabChip GX (PerkinElmer). The microfluidic 5Kwas loaded with
gel and marker in the specified containers according to the manufacturer’s
protocol. PCR tube strips or plates were centrifuged (5 min, 2000 rpm) and
placed without caps or adhesive film in the electrophoresis system. Each
sample was mixed automatically with an internal marker and run through
these microcapillaries according to their sizes and nucleotidic compositions.
The DNA fluorescence measurement was recorded as a function of time on an
electrophoregram, and the DNA ladder defined the product sizes. The software
then generated a projection of the result as a migration gel. The PCR products
of mutated founders were sequenced to identify codon-shift mutations.

Abs and flow cytometry

Cellular phenotype was analyzed using the following mAbs from BD
Pharmingen: against granulocytes (His48), CD44 (Ox49), TCRab (R73),
CD45R (His24), CD25 (Ox39), CD4 (Ox35), CD45 (Ox1), and MHC-II
(Ox6). Abs used against Foxp3 (FJK-16s; eBioscience), EpCAM (clone
GZ.1; Abgent), and anti-AIRE A488 (5H12; eBioscience) and Abs against
CD11b/c (Ox42), CD161 (3.2.3), CD45RA (Ox33), TCRɣd (V65), IgM,
CD103 (Ox62), CD45RC (Ox22), IgD, 85C7, and CD8 (Ox8) were pro-
duced in our laboratory. Abs were used to stain cells, and fluorescence was
measured with a BD FACSCanto II flow cytometer (BD Biosciences,
Mountain View, CA), and FlowJo software was used to analyze data. Cells
were first gated on their morphology, and then dead cells were excluded by
staining with fixable viability dye, eFluor 506 (eBioscience).

Cell isolation

Spleen, liver, thymus, and lymph nodes were digested by collagenase D for
30 min at 37˚C; the reaction was stopped by adding 0.01 mM EDTA. Cells
from blood and bone marrow were also isolated, and RBCs were lysed using a
lysis solution (8.29 g NH4Cl, 1 g KHCO3, 37.2 mg EDTA/1 l deionized water
[pH 7.2–7.4]).

Cell sorting

Mesenteric lymph nodes (MLNs) were shredded using 26-gauge needles
to extract cells; cells were sorted .99% purity by BD FACSAria (BD
Biosciences) by gating on DAPI2TCR2CD103+CD42 (cDC CD42), CD4int

(cDC CD4int), CD4+ (cDC CD4+), DAPI2CD45RA+ (B cells), DAPI2TCR+

(T cells), DAPI2TCR2 (non-T cells), and DAPI2EpCAM+Sirpa+CD1032.

In vivo keyhole limpet hemocyanin immunization and in vitro
secondary challenge

Aire+/+ or Aire2/2 rats were immunized with keyhole limpet hemocyanin
(KLH) protein (Sigma-Aldrich) (100 mg) emulsified (v/v) in 100 ml of CFA
(Difco, Lawrence, KS) at the base of the tail. Eleven days after immunization,
iliac lymph node cells were extracted and sorted, as described above, in T cells
and non-T cells.

T cells were CFSE-labeled (5 nM) (Thermo Fisher Scientific, Waltham,
MA) and 50,000 cells were cocultured for 3 d in presence of an equivalent
number of non-T cells with or without KLH or OVA (SIINFEKL) at 25 mg/ml
in 100 ml of complete RPMI 1640 medium. After 3 d, T cells were stained
with anti-TCR Ab, and CFSE dilution was analyzed on BD FACSCanto.

Western blot

Eye, liver, skin, duodenum, salivary gland, ovary, ileum, spleen, kidney, stomach,
colon, pancreas, lung, and thymus from Rag2/2 rat were homogenized in
radioimmunoprecipitation lysis buffer. Ten micrograms of protein were run
for each organ on a 10% Tris–SDS acrylamide gel and then transferred to a
Protran Premium 0.45 NC (0.45 mm) Western membrane (Amersham).
The membrane was blocked for 2 h in a TBST solution with 5% milk. The
membrane was then incubated with sera from wild type (WT) or Aire2/2

rat diluted 1/500 overnight at 4˚C on constant agitation. After washing the
membrane three times in TBST, it was incubated with the secondary Ab
HRP-conjugated goat anti-rat IgG (heavy and light) (Jackson Immuno-
research) for 2 h at room temperature on constant agitation. SuperSignal West
Pico Chemiluminescent Substrate (Thermo Fisher Scientific) was used as a
substrate; photographs were taken by a Fujifilm Las 4000 device.

Transcriptional analysis

mRNA extraction from tissues or cells was performed using an RNeasy
Mini Kit (QIAGEN) according to the manufacturer’s instruction. After
quantification of mRNA, reverse transcription was performed using the
Omniscript RT Kit (QIAGEN).

Aire expression level was determined by relative quantitative RT-PCR
using TaqMan probes for Aire (Rn01428600; Thermo Fisher Scientific)
and reported to HPRT expression level (Rn01527840) and TaqMan universal
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Master Mix with AmpliTaq Gold (Applied Biosystems). Reaction was
performed in StepOnePlus Real-Time PCR Systems.

Total RNAwas isolated from thymus using RNeasy Mini Kit (QIAGEN)
and was then processed for RNA sequencing. Protocol of 39 digital gene ex-
pression (DGE) RNA sequencing was performed as previously described (19).
The differential expression p values were processed with DESeq2 (20). Genes
were considered as differentially expressed if the Benjamini–Hochberg
adjusted p value was ,0.05. Data were deposited in the European
Nucleotides Archive under accession number ERP107351 (https://
www.ebi.ac.uk/ena). Genes with altered expression in mice models have
been obtained from M. Giraud from the RNA sequencing dataset analysis
deposited in the Gene Expression Omnibus under number GSE68190 and
GSE87133 (https://www.ncbi.nlm.nih.gov/geo/) (21–23).

Immunofluorescence

Frozen sections of several organs fromWTorAire2/2 rats were stainedwith anti–
AIRE-A488 (clone 5H12; eBioscience), anti–MHC class II (MHC-II)–Texas
Red (BioAtlantic) and anti–EpCAM-purified (clone GZ.1; Abgent). Also,
frozen sections of IgM2/2 rat were used for staining with sera from Aire+/+

or Aire2/2 rats. Autoantibodies were revealed using AF488 goat anti-rat
IgG (heavy and light) (Invitrogen). After staining, sections were mounted
with Prolong Gold Antifade Reagent with DAPI (Molecular Probes) before
analysis with confocal microscopy or automated tissue slide scanner
(Hamamatsu NanoZoomer Digital Pathology system).

Pathology of autoimmune infiltrations

Eye, liver, skin, duodenum, salivary gland, ovary, testis, ileum, kidney, stomach,
colon, pancreas, lung, adrenal gland, axillary lymph node (ALN), and thyroids
were fixed in 4% formaldehyde before being embedded in paraffin.
Hematoxylin eosin saffron (HES) staining was performed on sections of
each organ; the autoimmune score was determined by an anatomopathologist
in a blinded manner (A.M.).

Detection of anti-cytokine and anti-dsDNA autoantibodies

Cytokines (IL-22, IL-17F, or IFN-v; R&D Systems) or salmon sperm DNA
(Invitrogen) were coated in a 96-well flat-bottom plate (Thermo Fisher
Scientific) in a carbonate buffer overnight at 4˚C. After several wash steps,
saturation with PBS Tween 20 0.1% BSA 1% was performed for 2 h at 37˚C.
Sera from WT or Aire2/2 rats were used as primary Abs (2 h, 37˚C), and an
HRP-conjugated goat anti-rat IgG (heavy and light) (Jackson Immunoresearch)
was used as secondary Ab (2 h, 37˚C).

ELISA

For Igs, plates were coated with isotype-specific mouse mAb anti-rat to
IgM (MARM-4), IgG (MARG), IgE (MARE), or IgA (MARA) (all from
AbD Serotec, Jackson ImmunoResearch, or BD Biosciences) and goat anti-
rat IgG1, IgG2a, IgG2b, or IgG2c (Bethyl Laboratories) at 5 mg/ml in PBS
overnight at 4˚C. After several wash steps, saturation with PBS Tween
0.1% BSA 1% was performed for 2 h at 37˚C. Both mouse anti-rat k and
anti-l chain-specific peroxidase-conjugated Abs (clone MARK-1/MARL-15;
AbD Serotec) were added to reveal the staining.

For anti-KLH Abs, plates were coated with KLH at 10 mg/ml in 50 ml of
PBS overnight at 4˚C. After several wash steps, saturation with PBS Tween
0.1% BSA 1% was performed for 2 h at 37˚C. Sera from WT or Aire2/2

rats were then incubated 2 h at 37˚C and washed, and an HRP-conjugated
goat anti-rat IgG Ab (heavy and light) (Jackson Immunoresearch) was used
(2 h, 37˚C) to detect anti-KLH Abs.

Concentration of cytokines in the sera was assessed using a multiplex kit
(MILLIPLEX MAP Rat) as recommended by the manufacturer (Merck).

Luciferase immunoprecipitation system assay

Luciferase immunoprecipitation system (LIPS) assays were conducted in
96-well–format plates as described earlier (24). The coding sequences
of mouse IFN-a1, IFN-a2, IFN-a4, IFN-a5, IFN-a6, IFN-a7, IFN-a9,
IFN-a11, IFN-a13, IFN-a14, and IFN-a16 were cloned into a modified
pPK-CMV-F4 fusion vector (PromoCell, Heidelberg, Germany) downstream of
the IL-2 signal peptide and the NanoLuc gene from pNL1.3CMV vector
(Promega) that was cloned into the plasmid instead of Firefly luciferase.
HEK 293 cells were transfected with cloned constructs, and secreted
Nanoluc-Ag fusion proteins were collected with the tissue culture super-
natant 48 h later. Rat serum dilutions (1:10 or 1:25) were incubated
overnight at +4˚C with supernatants containing Nanoluc-Ag fusion protein,
106 luminescence units per precipitation reaction, either in pools of different
IFN-a subtypes, or individually. LIPS assay was performed in 96-well
MultiScreen filter HTS plates (Millipore) at room temperature using buffer

A (50 mM Tris [pH 7.5], 100 mM NaCl, 5 mM MgCl2, 1% Triton X-100)
for all dilutions. Immune complexes from overnight-incubated samples
were captured onto Protein G Agarose beads (25 ml of 4% suspension;
Exalpha Biologicals). After 1 h, the plate was washed, substrate (fumarazine;
Promega) was added, and luminescence intensity was recorded during 5 s with
VICTOR 35 plate reader (PerkinElmer).

Statistical analysis

We used a one- or two-tailed Mann–Whitney U test in quantitative PCR,
FACS, Western blot, ELISA, LIPS, and luminex experiments.

Results
AIRE is expressed by CD452MHC-II+ mTECs in the thymus
and CD4int cDCs in MLNs in WT rats

We first assessed AIRE expression by flow cytometry in the thymus
and quantitative RT-PCR in various organs and tissues, as well as by
immunofluorescence and confocal microscopy in the thymus and
MLNs. For detection of the AIRE protein, we used a cross-reactive
anti-mouse AIRE mAb. In the thymus, AIRE was expressed
by flow cytometry in a small subset of CD452MHC-II+ cells
(Fig. 1A). This is in line with intermediate/mature mTEC-specific
expression of AIRE. We also observed some AIRE+ cells in the
CD452MHC-II2 cells (Fig. 1A), possibly corresponding to ter-
minally differentiated mTECs (25). Quantitative RT-PCR analysis
in lymphoid and nonlymphoid tissues demonstrated a high Aire
mRNA expression in the thymus and lower levels of expression
in spleen, ALNs and MLNs, cecum, colon, testis, and ovary
(Fig. 1B). In MLNs, the decreased Aire mRNA expression after
the dendritic cell (DC) depletion supported the hypothesis that
AIRE is expressed preferentially by DCs in these tissues (Fig. 1C).
This was confirmed by measurement of Aire mRNA level in cell
subsets sorted from the MLNs. In rat MLNs, cDC subsets can be
distinguished according to their differential expression level of
CD4 (26, 27). We also sorted B cells, T cells, and epithelial cells
(EpCAM+) (Fig. 1D). We observed that Aire mRNA was mostly
expressed by CD4int cDCs and to a lesser extent by CD42 and
CD4+ cDCs and epithelial cells in MLNs (Fig. 1D). Immuno-
staining on thymus and MLNs of AIRE protein expression in
combination with MHC-II and EpCAM demonstrated a specific
nuclear-dot pattern in the mTECs and coexpression with MHC-II+

and EpCAM+ cells, confirming the pattern of expression of AIRE
observed at the transcriptional level (Fig. 1E). In addition, we
observed that there was less expression of AIRE in the MLNs
compared with the thymus, as demonstrated by the number of
spots for a single cell and less AIRE+ cells.
Thus, we conclude that, in the rat, AIRE is expressed in mTECs

as well as in a subset of lymph node CD4int cDCs.

Induction of ZFN exon 3–targeted double-strand breaks in Aire
gene from rats results in AIRE deficiency and strong visible
autoimmune and ectodermal manifestations

To date, AIRE deficiency has been induced only in mouse strains
showing a mild autoimmune phenotype (15). We observed notable
similarities in the organization and layout of the Aire locus between
humans and rats, whereas mouse Aire locus overlaps another gene
(Fig. 2A). In contrast to mice, the Aire promoter is not inserted into
another gene in humans and rats. To generate AIRE-deficient BN
rats, we used ZFNs targeting exon 3 [emulating a common R139X
mutation in Sardinian APECED patients (28)] in the nuclear
localization signal (NLS) sequence to cause a dsDNA cut, gen-
erating deletions through nonhomologous end joining, as we had
already done in the past (29–31). We microinjected 279 zygotes;
93.43% were transferred and 11.1% gave newborn animals, and
among them, 13.6% showed mutations. One of them showed a
17-bp deletion in the NLS sequence, causing a premature stop

The Journal of Immunology 3

 by guest on July 1, 2018
http://w

w
w

.jim
m

unol.org/
D

ow
nloaded from

 

https://www.ebi.ac.uk/ena
https://www.ebi.ac.uk/ena
https://www.ncbi.nlm.nih.gov/geo/
http://www.jimmunol.org/


codon (Fig. 2B). This founder animal was mated with a WT animal,
the mutation was transmitted to the progeny, and homozygous Aire2/2

were generated. The mutation in the genotype of each mutated rat

was confirmed by comparing the WT littermates with heterodu-
plex mobility assay on an automated microfluidic chip capillary
electrophoresis system (32) (Fig. 2C) as well as by sequencing

FIGURE 1. AIRE is expressed in the rat at both mRNA and protein level in the thymus and in the periphery. (A) mTECs were extracted from the thymus

of ,3-mo-old male SPD rats and identified as DAPI2, CD452 and MHC-II and AIRE; expression was analyzed on permeabilized cells by flow cytometry.

One representative experiment out of three. (B) Aire gene relative expression was analyzed by quantitative RT-PCR on total tissues of,6-mo-old male SPD

rats. Results are expressed as arbitrary unit (A.U.) of the relative expression of Aire reported to Hprt expression. (n = 5–6). (C) Aire gene relative expression

was analyzed by quantitative RT-PCR on total MLN or DC-depleted MLN by CD1032 negative cell sorting of ,6-mo-old male SPD rats (n = 5). Results

are expressed as A.U. of the relative expression of Aire reported to Hprt expression. *p , 0.05. (D) Aire gene relative expression was analyzed by

RT-quantitative PCR in CD42, CD4+ and CD4int cDCs, T cells, B cells and epithelial cells in MLN of ,6-mo-old male SPD rats (n = 3–5). Results are

expressed as A.U. of the relative expression of Aire reported to Hprt expression. ***p, 0.001. (E) Thymus and MLN sections of,6-mo-old male SPD rats

were stained for DAPI (blue), AIRE (green), MHC-II (red) and EpCAM (pink) by immunofluorescence. Results show one representative experiment of

four. Merge indicates overlapping DAPI, AIRE, MHC-II, and EpCAM. Original magnification 3120.
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FIGURE 2. Generation of AIRE-deficient rats using ZFNs. (A) Illustration of the Aire chromosomal gene region (green) in mouse, humans, and rat. Black arrows indicate

the position and reading frame of genes. Red arrows indicate the position and reading frame of Aire locus. (B) Schematic showing that the Aire gene was disrupted in the NLS

sequence present in exon 3. Black boxes and numbers indicate the different exons. Zinc-finger binding motifs are in blue and red. FokI nuclease is represented in green. (C)

Genotyping result from tail genomic DNA following automated microfluidic chip capillary electrophoresis system. Scale shown in bp. The two amplicons were obtained with a

PCR flanking the target sequence and the one from the Aire2/2 animal shows a reduced size versus theWT because of the deletion generated. (D) Amplicons were sequenced,

and this allowed us to define a deletion of 17 bp in the heterozygous and homozygous animals shown as examples versus a WT rat in the Sanger sequencing chromatograms.

Below them, the sequences deduced are shown, and in theWT sequence, the sequences paired with both ZFN arms are underlined. In the homozygous sequence, the deletion of

17 bp is shown. (E) AIRE expression was analyzed in mTECs from thymus of Aire2/2 of,3-mo-old male SPD rats. mTECs were extracted from the thymus of Aire2/2 rats

and stained for DAPI and CD45. MHC-II and AIRE expression were analyzed on DAPI2CD452 cells by flow cytometry (representative of four different animals).

The Journal of Immunology 5

 by guest on July 1, 2018
http://w

w
w

.jim
m

unol.org/
D

ow
nloaded from

 

http://www.jimmunol.org/


(Fig. 2D). The absence of expression of the AIRE protein was further
confirmed in the thymus of AIRE-deficient rats (Fig. 2E, compared
with Fig. 1A). To determine genetic background dependence of
features observed in the Aire2/2 BN rats, we backcrossed these
animals with the SPD strain for more than six generations.
Breeding of Aire+/2 males with Aire+/2 females led to a normal

gender and genotype litter distribution of the progeny (Table I).
We obtained no litter by breeding homozygous Aire2/2 males
with Aire2/2 females in the BN background. The growth and
weight of the rats was not affected by AIRE deficiency, at least
during the first 20 wk compared with their WT littermates (Fig. 3A).
Altogether, our data show that ZFN efficiently disrupted the Aire

gene, leading to the absence of the AIRE protein expression.

AIRE deficiency resulted in strong, visible autoimmune and
ectodermal manifestations and severe histological
abnormalities in the pancreas and skin but slight phenotypic
modification of cell subsets

We observed that 100% of AIRE-deficient BN and SPD rats spon-
taneously developed alopecia and skin depigmentation, observable
from the age of 6 mo, compared with their WT littermates (Fig. 3B,
3C, left), as well as nail dystrophy (Fig. 3B, 3C, right), symptoms
that correlate with a severe autoimmune disease and that are clinical
manifestations regularly found in APECED patients. In addition, the
presence of these symptoms was independent of the rat strain genetic
background, indicating its correlation with the mutation in the rat
Aire gene locus.
Measurements of various proteins and enzymes in the blood revealed

a slight increase in alkaline phosphatase enzyme and a significant
decrease in creatinine levels in Aire2/2 rats compared with WT
(Fig. 3D), which could suggest kidney dysfunction or liver disease.
To confirm the autoimmune lesions in AIRE-deficient rats, we

analyzed various organs and tissues, including thymus, pancreas,
skin, liver, lung, salivary gland, testis, ovary, thyroid, spleen, lymph
nodes, Peyer patches, stomach, duodenum, ileum, colon, kidney,
and eye (Fig. 4). We observed, among the most striking organ
lesions, complete macroscopic disappearance of the thymus in
73% of old (.12 mo) Aire2/2 rats versus 33% of old Aire+/+ rats.
In those 27% of Aire2/2 rats with detectable thymus, the tissue
appeared to have a normal thymic corticomedullary structure (Fig. 4).
We also observed severe lesions in the exocrine pancreas, with a
decrease in acini and pancreatic fat accumulation, intralobular focal
lymphoid infiltration, and hyperplasia of Langerhans islets in 79% of
the rats. We further found rare and fragmented hair follicles some-
times associated with minimal peri- and intra-annexial lymphoid in-
filtrates in the skin in 85% of the rats, a portal lymphoid and plasma
cell infiltrate and piecemeal necrosis in the liver in 92% of the
rats, and a lymphoid infiltrate in the lung and kidney in 82 and
50% of the rats, respectively. Spleen displayed a follicular hy-
perplasia in 37.5% of the rats, whereas ovary in 29% of Aire2/2

rats displayed an increase in follicles, and testis showed a dis-
crete lymphoid infiltrate. We also found that the ALN displayed

Table I. Gender and litter are not affected by AIRE deficiency

Gender Genotype Percentage

Female (49.3%) Aire+/+ 20.6
Aire+/2 52.9
Aire2/2 26.5

Male (50.7%) Aire+/+ 34.3
Aire+/2 45.7
Aire2/2 20

The percentage of gender and the percentage of litter with Aire+/+, Aire+/2, and
Aire2/2 genotypes were analyzed.

FIGURE 3. Aire2/2 rats from BN and SPD strains showed severe auto-

immune symptoms. (A) Weights of Aire2/2 and Aire+/+ littermate SPD male

and female rats were measured every month during 20 wk following birth.

Results are shown as the mean weight 6 SEM (n = 7). (B and C) Photographs

showing visual aspect of .1-y-old male BN Aire2/2 [(B), bottom row] and

Aire+/+ [(B), top row] littermate rats and male SPD Aire2/2 [(C), bottom row]

and Aire+/+ [(C), top row] littermate rats. General aspect (left) and enlargement

on the paw (right). Arrows indicate alopecia, vitiligo, and nail dystrophy. (D)

Plasma enzymes were quantified in the sera of .1-y-old male and female BN

rats. Results are shown as unit per liter for each enzyme (n = 3–4.) *p, 0.05.
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a discrete but global hyperplasia in 64% of the rats. In the stomach,
we observed a minimal deep lymphoid infiltrate in 25% of the rats.
We observed no significant lesions in the Peyer patches, duodenum,

ileum, colon, salivary gland, thyroid or adrenal gland, or eye. Finally,
we observed that the number of organs with lesions increased
over time, with the highest incidence at .10 mo (data not shown).

FIGURE 4. Aire2/2 rats exhibit severe autoimmune lesions. Thymus, pancreas, skin, liver, lung, and kidney sections of Aire+/+ and Aire2/2 .12-mo-old

(except for thymus ,2-mo-old) male and female BN rats were stained with HES. Representative sections of the histological lesions of Aire2/2 rats are

shown that compare with their WT littermate counterparts. Left panel, Original magnification 35; left column, Aire+/+; right column, Aire2/2; right panel,

original magnification 320; left column, Aire+/+; right column, Aire2/2 (n = 10–12).
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Altogether, these data confirmed that Aire2/2 rats developed some
of the histological lesions characteristic of APECED disease in
humans.
We performed a flow cytometry analysis in the bone marrow,

spleen, liver, blood, ALN, and thymus to determine the percentages
(Fig. 5, Supplemental Fig. 1) and numbers (data not shown) of cell
subsets in Aire2/2 and Aire+/+ rats. We observed a decreased
percentage of NK cells in the spleen and NKT cells in the bone
marrow and the spleen but an increase of both subsets in the liver
(Fig. 5A). The analysis of total T cells revealed an increase of
activated CD25+ T cells in the liver but no differences in CD44
expression (Fig. 5B). Analysis of T cell subsets revealed no sig-
nificant change, but we saw a trend for an increased percentage of
CD4+ T cells in the spleen and ALN and an increase in CD4+

CD25+ T cells, whereas the percentages of CD4+Foxp3+ Tregs in
the bone marrow were decreased (Fig. 5C). We also found a de-
crease of CD8+ T cells and CD8+CD45RClow Tregs in the blood, a
decrease of CD8+CD45RClow Tregs in the ALN, and an increase
of CD8+CD45RClow Tregs in the bone marrow (Fig. 5D). B cells
and B cell subsets were diminished in the liver, particularly the
IgMintIgD2 subset (Fig. 5E). We observed an increase in macro-
phages in the bone marrow, the blood, and the thymus, and an in-
crease in granulocytes in the blood (Fig. 5F). Finally, we observed an
increase in CD4+ cDCs in the thymus, an increase in CD42 cDCs in
the spleen, and a decrease in plasmacytoid dendritic cells in the
spleen (Fig. 5G). Although limited, the data, altogether, indicate an
impact of AIRE deficiency on the distribution of rat immune cell
subsets, with a particularly strong effect on NK and NKT cells.

Aire2/2 rats display high level of circulating autoantibodies
targeting organs and cytokines to levels comparable to
APECED disease

We analyzed the expression of cortical thymic epithelial cell
genes, mTEC AIRE-independent genes, and mTEC AIRE-dependent
genes in the thymus of Aire2/2 and Aire+/+ BN rats by DGE-RNA
sequencing analysis (15, 21–23) (Fig. 6). DGE-RNA sequencing
transcriptional profiling demonstrated that 2422 genes were
downregulated and 2288 genes were upregulated in thymus of Aire2/2

versus Aire+/+ rats. Results showed that some genes are strongly
downregulated in absence of Aire, as has been shown in mice.
In particular, Gal, Gip, Ltf, Mt3, Mt4, Pyy, Reg3b, Sst, and Tac3
were significantly downregulated in Aire2/2 rats, with Reg3b, a
pancreas-associated protein, being the most downregulated with a
8.21-fold reduction. Although not significant, we observed that Fezf2,
a transcription factor independent of Aire in mice, was also down-
regulated in the thymus of Aire2/2 rats, suggesting that the repertoire
of Aire-induced genes in the rat might be different from that of the
mice. In contrast, other genes, such as Camp, Enos2, Loxl3, or Timp1,
were not affected by the Aire deficiency. Most cortical thymic
epithelial cell genes were not affected by the Aire deficiency, al-
though we found that Psmb11 was significantly downregulated in
Aire2/2 rats. Altogether, these observations demonstrate that some
of the genes analyzed in this study were under the control of AIRE
in the rat but that there might be some differences in the repertoire
of Aire-induced genes in the rat.
We investigated the organ-specific autoantibody responses using

.6-mo-old male and female Aire2/2 and Aire+/+ BN rat sera in
Western blotting and immunostaining with confocal microscopy
on protein extracts and cryostat sections, respectively, from the tissues
of Rag12 /2 rats, which express low levels of Ig (33) (Fig. 7,
Supplemental Fig. 2). Autoantibodies against multiple organ tar-
gets were found in all Aire2/2 sera compared with Aire+/+ rat sera,
and this reactivity was particularly evident in liver, duodenum,
salivary gland, kidney, and lung, where several targets per organ

were observed; however, it did not correlate with immune infil-
trate in the organs because, for example, multiple bands could be
observed against the duodenum, whereas minimal lesions and
infiltrate were seen by histology (Fig. 7A). Confocal microscopy
analysis of organ-specific Abs presents in the sera of Aire2/2 rats
confirmed that several histological structures, in particular, in-
testines, kidney, liver, testis, adrenal gland, thyroid, and exo-
crine pancreas, were targeted by the autoantibodies (Fig. 7B,
Supplemental Fig. 2). In the liver, a major target in APECED
patients, all the hepatocytes were targeted by the autoantibodies.
In the digestive tract (duodenum, colon, and ileum), immunoflu-
orescent labeling was localized in microvilli on the surface of the
enterocytes. Renal tubular epithelial cells were significantly
marked in the kidney. Langerhans islets did not appear to be af-
fected by autoimmunity; however, the pancreas is not spared be-
cause the cytoplasm of acini is targeted by autoantibodies, which
correlates with the previous histological observations revealing
fatty involutions and a rarefaction of acini until the complete
disappearance of the exocrine pancreas. On the testis section, a
specific marking of the interstitial support tissue was observed,
suggesting that the Leydig cells responsible for the production of
testosterone were targeted.
To further determine the impact of AIRE deficiency on Ab

production, we measured Ig isotypes in the sera of Aire2/2 versus
Aire+/+ BN (Fig. 8A) and SPD (Supplemental Fig. 3A) rat strains.
We observed an increase in IgG1, IgM, and IgA Ab production,
whereas levels of other IgG isotypes remained unchanged in
Aire2/2 versus Aire+/+ BN or SPD rat strains (Fig. 8A), suggesting
an abnormal B cell memory compartment and a defect in Ig class
switching. The profiling of anti-cytokine Abs by LIPS (24, 34) in
both AIRE-deficient rats revealed a high level of Abs when we studied
a pool of multiple IFN-a as Ags and separately to IFN-a4 and
IFN-a11 subtypes, as well as increased anti–IL-17a Abs (Fig. 8B)
to the levels that were comparable to APECED patients
(data not shown). We also found high reactivity to IL-6, Tgm4
(autoantigen in prostate), and Vegp2 (autoantigen in salivary
gland) in one Aire2/2 SPD rat only, but did not find high re-
activity to Magea4, Magea10, Mageb2, Mlana, Bpifb1, Tyrp1, Tyr,
and Pdilt. We observed a slight, but not significant, increase in anti–
IL-22, anti–IL-17F, and anti–IFN-v Abs measured by ELISA
(Supplemental Fig. 3A). We observed no differences in the
level of anti-dsDNA Abs (Supplemental Fig. 3B). Interestingly,
we observed increased levels of circulating IL-1b, IL-10, and
TNF-a cytokines in the sera of Aire2/2 BN rats compared with
WT littermates (Fig. 8C).
Finally, we analyzed the involvement of AIRE in T cell re-

sponses to self and T and B cells immune responses to nonself
(i.e., exogenous Ags) following immunization, and thus the impact
of AIRE in T cell help to B cells (Supplemental Fig. 4). T cells
purified from spleen of Aire2/2 rats demonstrated a more im-
portant proliferation at day 4 in presence of WT syngeneic non-
T cells, by contrast to T cells from Aire+/+ rats in the presence of
WT syngeneic non-T cells (Supplemental Fig. 4A), demonstrating
that T cells are biased toward autoreactivity in AIRE-deficient
rats. We also stimulated T cells from the lymph node with OVA
and observed that the primary T cell response to OVA in vitro was
also increased in Aire2/2 rats compared with WT littermates
(Supplemental Fig. 4B). Then, Aire2/2 rats were immunized with
KLH and CFA, and 11 d later, the sera were analyzed for presence
of anti-KLH Abs. Following immunization, Aire2/2 rats and WT
littermates developed anti-KLH B and T cell immune responses in
a similar manner (Supplemental Fig. 4C), demonstrating that
T cell help to B cells and secondary T cell response is not altered
in absence of AIRE.
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FIGURE 5. Cell subset distribution remained largely unaffected by AIRE deficiency. Percentage of cell subsets was analyzed in bone marrow (BM),

spleen, liver, blood, lymph node (LN), and thymus of .12-mo-old male and female BN rats using markers as described in the Materials and Methods.

(A) NK and NKT cells were represented as percentage of living cells for each organ. (B) CD25+ and CD44+ T cells were represented as percentage of living

TCR+ cells. (C) CD4+ T cells, CD4+CD25+ T cells, and CD4+Foxp3+ Tregs were represented as percentage of living TCR+ cells. (D) CD8+ T cells and

CD8+CD45RClow Tregs were represented as percentage of living TCR+ cells. (E) B cells and B cell subpopulations, according to IgM and IgD markers,

were represented as a percentage of living cells for each organ. (F) Macrophages and granulocytes were represented as a percentage of living cells for each

organ. (G) CD4+ cDCs, CD42 cDCs, and plasmacytoid dendritic cells were gated on living TCR2 cells. (A–G) Aire+/+ (open bars, n = 6–8) and Aire2/2

(filled bars, n = 5–9) percentages are shown as bar graphs representing mean 6 SEM; Mann–Whitney U test. *p , 0.05, **p , 0.01.
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Discussion
Altogether, our data demonstrate that the Aire2/2 rat accurately
reproduces several characteristics of human APECED disease
independently of the genetic background.
In this paper, we describe in rat a natural expression of AIRE in

subsets of thymic epithelial cells in the thymus (i.e., a subset in

MHCIIhi CD452 and a subset in MHC-II2 CD452 cells) (Fig. 1).

This expression of AIRE in MHC-II2 CD452 cells appears to be

different from what has been described in the mice models and
suggests that mTECs in rat can express AIRE at distinct matura-
tion status [i.e., terminally differentiated mTECs that have lost
MHC-II expression but are still expressing AIRE (35, 36) or that
are a subset of cells from distinct structures such as Hassall cor-
puscles, thought to be post-AIRE mTECs that lost their nuclei and
merged, which can still express some level of AIRE (25)]. We also
observed some expression of AIRE by CD45+ cells correlating
with expression of AIRE by B cells (data not shown) (37).
In the periphery, we observed that significant levels of Aire ex-

pression can be detected by quantitative RT-PCR in several organs,
but more particularly in the MLN, cecum, and testis and by con-
focal microscopy in the MLN, demonstrating direct typical dotted
nucleic AIRE protein expression. However, in the MLN, very few

AIRE+ cells could be found by confocal microscopy, compared with
the thymus. This expression pattern is in accordance with human
AIRE expression in the periphery as shown by transcriptomic
analysis (38) and recently published data using immunohistochemical
staining and quantitative RT-PCR, suggesting that peripheral AIRE
expression supports tissue-specific Ag expression in peripheral
lymphoid tissues and negative selection and plays a complementary
role to the thymus (39, 40).
Thanks to the ZFN technology (29, 31), we generated a double-

strand break in exon 3 of the Aire gene, emulating a common mutation
in APECED patients (28). Potential for off-target effects was excluded
because the rats have been derived for several generations and the
symptoms were preserved. In addition, potential off targets edits were
all contained within introns and intergenic noncoding regions.
Our data showed that both strains of Aire2/2 rats developed

histological autoimmune lesions characteristic of APECED, with
unique observation of severe alopecia areata observable from 4 to 6 mo
of age, a vitiligo-like disease, and nail dystrophy (7) (Fig. 3). The most
significant observations made in the mouse model for APECED were
observed in the NOD background of the Mathis and Matsumoto mice,
with particularly significant damages in liver, pancreas, kidney, and
stomach (17, 41). However, they did not observe alopecia, vitiligo, and
nail dystrophy, in contrast to human and rat APECED. Thus, Aire2/2

rats will be important to provide new insights into the role of AIRE in
hair and nail growth and pigmentation of the skin. In human APECED
patients, nail and hair lesions have been associated with candidiasis, an
infection caused by fungus Candida albicans that is likely favored by
autoantibodies against Th17-associated cytokines, notably IL-17 and
IFN subtypes (7, 42, 43). Although we could not test the susceptibility
for candidiasis in our rat model, we observed a strong increase in the
levels of neutralizing autoantibodies directed to IL-17 and type 1 IFN
subtypes (Fig. 8), suggesting that they could be associated with the
lesions in our model. We were able to demonstrate high levels of
neutralizing IgG anti-IFN Abs to some subtypes and anti–IL-17a in
Aire2/2 rat to similar levels observed in APECED patients (44). The
presence of several type I IFN autoantibodies in this model is one of
the most interesting findings. Meyer et al. (45) recently reported the
presence of high-affinity neutralizing autoantibodies to cytokines in
APECED patients. Abs with type I IFNs in mouse models of type I
diabetes were shown to contribute to the disease (46). However, the
role of these Abs in APECED is not clear, and Meyer et al. proposed
that naturally arising neutralizing Abs may be beneficial to APECED
disease. The presence of anti–type I IFNs could not be evidenced in
mouse models of APECED disease; only IgG Abs with IL-17A at
older age were found (15, 24), in contrast to the rat model. This finding
is surprising and does not fit with the hypothesis that autoantibodies
naturally arising in patients with a defect in AIRE, and thus T cell
tolerance, may be ameliorating the disease (45), and therapeutic
strategies targeting type I IFNs may be assessed in the rat model.
Although the dysregulated and impaired T cell–B cell help is one
possible origin for those autoantibodies (47), the direct impact of AIRE
deficiency on thymic B cell tolerance is also a strong possibility that
we cannot exclude and is still an open question that could be assessed
in the rat model.
The presence of serum autoantibodies in the AIRE-deficient rats

was another indicator of the autoimmune B cell response, although
they did not correlate with organ-immune infiltrate (Fig. 7). The
liver appeared to be a major target of autoimmunity. In human
subjects with APECED, depending on their origins, 3–20% have
autoimmune hepatitis, which in the most severe cases is often re-
sponsible for death. The enterocytes from the digestive tract were also
targeted by autoantibodies. One hypothesis is that the target of these
Abs is the glycocalyx, located at the apical pole of these cells. In
addition, bronchioles were marked on the lung section, and the

FIGURE 6. Expression of autoantigens in thymus of AIRE-deficient

rats. 39 DGE-RNA sequence analysis was performed on total thymus from

Aire+/+ (n = 4) or Aire2/2 (n = 3) BN rats. Expression levels of differen-

tially expressed genes are presented according to their unique molecular

identifier counts for a gene per million unique molecular identifiers (log

scale). *p , 0.05, **p , 0.01, ***p , 0.001.
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bronchoalveolar epithelial cells also have a glycocalyx on the apical
surface. In the testis, the target cells were probably Leydig cells,
responsible for the production of testosterone, correlating with the

reproductive disorders observed in these animals and also present in
patients. Because several bands of the same size were observed in
different organs by Western blotting with sera of AIRE-deficient rats

FIGURE 7. Aire2/2 rats displayed numerous circulating organ-specific autoantibodies. (A) Sera from .12-mo-old Aire+/+ (top row) or Aire2/2 (three

bottom rows) littermate male and female BN rats were incubated on Western blot membranes following migration of individual organs (eye, liver, skin,

duodenum, salivary gland, ovary, ileum, spleen, kidney, stomach, colon, pancreas, lung, and thymus) from Rag2/2 rat. (B) Liver, skin, duodenum, ileum,

colon, kidney, pancreas, lung, testis, adrenal gland, and thyroid sections of an IgM2/2 .6-mo-old male rats were stained with HES (left column), DAPI

(blue) and Aire+/+ sera (yellow) (middle column) or DAPI (blue) and Aire2/2 sera (yellow) (right column) .12-mo-old male and female BN rats (original

magnification 320). Data are representative of four different experiments.
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FIGURE 8. Autoimmune symptoms correlate with significant autoantibody production in Aire2/2 rats. (A) IgG, IgM, IgA, IgE, and IgG subtype 1, 2a,

2b, and 2c concentrations were assessed by ELISA in BN and SPD Aire2/2 and Aire+/+ sera. Each dot represents the concentration (micrograms per liter)

for one animal. Errors bars indicate SEM values (n = 9–10.) One-tailed Mann–Whitney U test, *p , 0.05, **p , 0.01, ***p , 0.001. (B) Abs to IFN-a1,

a2, a4, a5, a6, a7, a9, a11, a12, a13, a14, a16, and IL-17a were tested using LIPS analysis in Aire+/+ or Aire2/2 sera from BN or SPD rats. Each dot

represents a luminescence value (in luminescence units) for one individual; errors bars indicate SEM values (n = 7–16). One-tailed Mann–Whitney U test,

**p , 0.01, ***p , 0.001, ****p , 0.0001. (C) Multianalyte profiling was used to detect cytokine concentration in Aire+/+ or Aire2/2 rat sera. Levels of

Il-1b, IL-5, IL-6, IL-17, IL-10, TNF-a, and IL-12p70 were assessed in the sera of BN rat strain. Levels of IL-4 and IFN-g were not detectable. Results are

shown as dot plot graphs representing concentration (picograms per milliliter) 6 SEM. One-tailed Mann–Whitney U test, *p , 0.05.
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(Fig. 7A), it will be interesting to determine in the future, by mass
spectrometry, if there are common targets in different organs. We did
not find major targets of autoantibodies in the skin, nor did we find a
severe infiltration, although we observed that the cells at the base of
the hair are stained by autoantibodies (Fig. 7), altogether suggesting
that hormones might be targeted by autoantibodies and that APECED
is a disease associated with a dysregulation of hormones. Finally,
these symptoms were associated with severe organ damages, such as
involution of thymic structure, probably due to the dysregulation of
the thymopoiesis, and disappearance of exocrine pancreas (Fig. 4).
Previous mice models have evidenced the presence of autoantibodies
to the pancreas in the sera, but only Matsumoto mice demonstrated
exocrine pancreas destruction in 81% of the mice, but preserved
b-islets in the NOD background, a background prone to diabetes (41).
The BN background is not prone to diabetes, but we still observed
major pancreas destruction in 79% of the rats, whereas b cells are
preserved, emphasizing the results demonstrated by Matsumoto et al.
In conclusion, the Aire2/2 rats showed visible, spontaneous autoim-

munity along with autoantibody responses, in particular to cytokines,
demonstrating that central tolerance mechanisms are altered in Aire2/2

rats and that this model will be useful and provide new insight into the
role of AIRE.
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R. Myers, A. Palotie, and L. Peltonen. 1997. High-resolution physical and
transcriptional mapping of the autoimmune polyendocrinopathy-candidiasis-
ectodermal dystrophy locus on chromosome 21q22.3 by FISH. Genome Res.
7: 820–829.

6. Myhre, A. G., M. Halonen, P. Eskelin, O. Ekwall, H. Hedstrand, F. Rorsman,
O. Kämpe, and E. S. Husebye. 2001. Autoimmune polyendocrine syndrome type
1 (APS I) in Norway. Clin. Endocrinol. (Oxf.) 54: 211–217.
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Fig. Suppl.1

Figure suppl 1. Gating strategy used for FACS analysis showed in figure 5. A. General strategy 
used for the analysis of all subsets gated among living cells CD45+. Gating strategy for B. NK 
cells (TCR-NKR-P1hi) and NKT cells (TCR+NKR-P1+); C. CD4+ T lymphocytes (TCR+CD4+), 
CD4+CD25+ T (TCR+CD4+CD25+), CD4+FoxP3+ regulatory T (TCR+CD4+CD25+FoxP3+), 
CD8+ lymphocytes (TCR+CD8+) and CD8+CD45RClow regulatory T (TCR+CD8+CD45RClow); 
D. B lymphocytes (CD45RA+) and B cells sub-population (based on IgM and IgD expression); 
E. macrophages (CD11b/c+) and granulocytes (CD11b/c+His48int); F. CD4+ cDC (TCR-
CD103+CD4+), CD4- cDC (TCR-CD103+CD4-) and pDC (TCR-CD45R+CD4+). 
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Figure suppl 2. Autoantibodies directed to organs were analyzed in Aire-/- rats. Liver, skin, 
duodenum, ileum, colon, kidney, pancreas, spleen, MLN, lung, testis, adrenal gland and thyroid 
sections of IgM-/- rats were stained with HES (top row), Dapi (blue) and Aire+/+ sera (yellow) 
(middle row) or Dapi (blue) and Aire-/-sera (yellow) (bottom row) (x2.5). Data are representative 
of 4 different experiments. 
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Figure suppl 3. Autoantibodies directed to cytokine were analyzed in Aire-/- rats. The 
presence of auto-antibodies was analyzed by ELISA after coating of A. the cytokines of interest 
or B. salmon sperm DNA and incubation with sera from Aire+/+ or Aire-/- rats. Each dot 
represents an animal. Results are expressed as mean of optical density (O.D.) +/- SEM. 
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Figure Suppl. 4. A biased primary T cell response to self and 
non-self, but not secondary response was observed in AIRE-
deficient rats. T cells from the draining lymph nodes were 
collected 11 days after KLH immunization in the footpad. A. 
CFSE-labeled T cells from Aire-/- or Aire+/+ of < 6 months old male 
SPD rats were incubated for 4 days in presence of non-T cells from 
Aire+/+ of < 6 months old male SPD rats and analyzed for their 
proliferation. Bar graphs show the mean ± SEM percentage of 
dividing cells (n=3-4). B. CFSE-labeled T cells from Aire-/- or 
Aire+/+ of < 6 months old male SPD rats were incubated for 4 days 
in presence of non-T cells from Aire+/+ rats and OVA and analyzed 
for their proliferation. Background T cells proliferation in absence 
of OVA was subtracted and results are expressed as mean 
percentage of dividing cells in response to OVA ± SEM (n=4-6). 
C. Left, Presence of anti-KLH-specific antibodies was assessed by 
ELISA. Optical density was measured for different sera dilution (x 
axis) (n=3) in Aire-/- or Aire+/+ of < 6 months old male SPD rats 11 
days after immunization. Right, CFSE-labeled T cells from Aire-/- 
or Aire+/+ of < 6 months old male SPD rats were incubated for 4 
days in presence of non-T cells from Aire+/+ of < 6 months old 
male SPD rats and KLH and analyzed for their proliferation. 
Background T cells proliferation in absence of KLH was subtracted 
and results are expressed as mean percentage of dividing cells in 
response to KLH ± SEM (n=4-6).  
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