
Autoimmune regulator (AIRE)-deficient CD8+CD28low

regulatory T lymphocytes fail to control
experimental colitis
Céline Pomiéa,b,c, Rita Vicentea,b,c, Yirajen Vuddamalaya,b,c, Brita Ardesjö Lundgrend, Mark van der Hoeke,f,
Geneviève Enaulta,b,c, Jérémy Kagana,b,c, Nicolas Fazilleaua,b,c, Hamish S. Scottd,f,g, Paola Romagnolia,b,c,
and Joost P. M. van Meerwijka,b,c,h,1

aInstitut National de la Santé et de la Recherche Médicale, U1043, Toulouse F-31300, France; bCentre National de la Recherche Scientifique, U5282, Toulouse
F-31300, France; cCentre de Physiopathologie de Toulouse Purpan, Université Paul Sabatier, Université de Toulouse, Toulouse F-31300, France; dDepartment
of Molecular Pathology, Centre for Cancer Biology, SA Pathology, Adelaide, South Australia 5000, Australia; eAdelaide Microarray Centre, SA Pathology,
Adelaide, South Australia 5000, Australia; fSchool of Molecular and Biomedical Science, University of Adelaide, Adelaide, South Australia 5000, Australia;
gSchool of Medicine, University of Adelaide, Adelaide, South Australia 5005, Australia; and hInstitut Universitaire de France, Paris F-75000, France

Edited by Harvey Cantor, Dana-Farber Cancer Institute, Boston, MA, and approved June 20, 2011 (received for review May 5, 2011)

Mutations in the gene encoding the transcription factor autoim-
mune regulator (AIRE) are responsible for autoimmune polyen-
docrinopathy candidiasis ectodermal dystrophy syndrome. AIRE
directs expression of tissue-restricted antigens in the thymic
medulla and in lymph node stromal cells and thereby substan-
tially contributes to induction of immunological tolerance to self-
antigens. Data from experimental mouse models showed that
AIRE deficiency leads to impaired deletion of autospecific T-cell
precursors. However, a potential role for AIRE in the function of
regulatory T-cell populations, which are known to play a central
role in prevention of immunopathology, has remained elusive.
Regulatory T cells of CD8+CD28low phenotype efficiently control
immune responses in experimental autoimmune and colitis models
in mice. Here we show that CD8+CD28low regulatory T lympho-
cytes from AIRE-deficient mice are transcriptionally and phenotyp-
ically normal and exert efficient suppression of in vitro immune
responses, but completely fail to prevent experimental colitis
in vivo. Our data therefore demonstrate that AIRE plays an impor-
tant role in the in vivo function of a naturally occurring regulatory
T-cell population.
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Immunological homeostasis of the organism is maintained by
a large variety of mechanisms. One of these mechanisms

involves induction of tolerance to self-antigens, which is at least
in part acquired during T-cell development in the thymus, where
autospecific T-cell precursors undergo negative selection and
either die by apoptosis or are rendered functionally anergic (1).
Despite the substantial quantitative impact of these mechanisms
(2), some autospecific T cells leave the thymus (3). Such cells are
kept under control by peripheral tolerance mechanisms that in-
clude induction of apoptosis and anergy (4) and the activity of
CD4+ or CD8+ regulatory T-lymphocyte populations (Treg) (5,
6). Treg not only control immune responses to self- but also to
non-self-antigens, for example during infection and pregnancy as
well as in the gut (7–9). Their therapeutic potential has been
demonstrated in experimental autoimmune and transplantation
models (10–12).
Whereas the best-studied Treg is of CD4+Foxp3+ phenotype,

other Treg have also been described and may play very important
roles in physiology. One of these populations expresses CD8 and
low levels of the costimulatory molecule CD28. These cells were
originally described in cultures of human lymphocytes that, after
repeated in vitro stimulation, lost proliferative capacity (13).
Later, they were identified in unmanipulated mice and shown to
suppress in vitro T-cell responses and to prevent experimental
autoimmune encephalomyelitis (14). We showed that experi-
mental colitis induced by injection of naïve T cells into immu-

nodeficient animals could efficiently be prevented by coinjection
of CD8+CD28low Treg (15).
Mutations in the gene encoding the transcription factor au-

toimmune regulator (AIRE) are responsible for the immune
disorder autoimmune polyendocrinopathy candidiasis ectoder-
mal dystrophy (APECED) (16, 17). This disease is mainly
characterized by chronic mucocutaneous candidiasis, hypopara-
thyroidism, and adrenocortical insufficiency. Also, AIRE-de-
ficient (AIRE°) mice develop an autoimmune pathology similar
to APECED (18–22). Interestingly, it was recently shown that
also candidiasis is probably due to an autoimmune disorder:
APECED patients had neutralizing antibodies to Th17-associated
cytokines known to be involved in immunity to fungi (23, 24).
These observations indicate that AIRE is required for the con-
trol of immune responses to self-antigens. AIRE promotes
promiscuous expression of tissue-restricted antigens in the thy-
mic medulla and by lymph node stromal cells, thereby inducing
immunological tolerance (25–27). Evidence from T-cell receptor
(TCR)-transgenic mouse models shows that expression of neo-
self-antigens leads to deletion of specific thymocytes, and that in
AIRE° mice, deletion of TCR-transgenic thymocytes was se-
verely impaired (28–30). AIRE also drives expression of che-
mokines by mTEC (31), for example XCL1, which is involved in
the medullary accumulation of thymic dendritic cells (32). In
AIRE° mice, marginally reduced numbers of CD4+Foxp3+ Treg
may develop. However, molecular analysis of the TCR repertoire
of WT and AIRE° CD4+Foxp3+ Treg failed to detect any dif-
ference, and these cells have unaltered in vitro and in vivo sup-
pressive activity (20, 21, 30, 32, 33). In APECED patients,
decreased expression of Foxp3 and impaired suppressive func-
tion of Treg were observed (34).
Because diarrhea and other gastrointestinal disorders are

among the multiple symptoms of, and sometimes even dominate,
the clinical picture of APECED syndrome (35), it is important to
understand the role of AIRE in development of T-cell pop-
ulations thought to play a key role in the maintenance of im-
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munological homeostasis in the gut. Human CD8+ T cells from
healthy colon biopsies have in vitro suppressive activity. In
contrast, CD8+ T cells from colon biopsies affected with in-
flammatory bowel disease (IBD) lack such in vitro suppressive
activity (36). In mice, CD8+ cells play a crucial role in the in-
duction of intestinal tolerance to orally administered antigens
(37). We previously demonstrated that CD8+CD28low T cells
prevent experimental colitis in mice (15). Also, intes-
tinal CD8αα+ T cells have been shown to control experimental
colitis (38). Combined, these data strongly suggest an important
role for CD8+ Treg in control of immune homeostasis in the
intestines. We therefore assessed the capacity of AIRE°
CD8+CD28low Treg to prevent experimental IBD.

Results
Quantitatively Unaltered Development of Transcriptionally and
Phenotypically Normal CD8+CD28low Treg in AIRE° Mice. Despite el-
egant attempts (30), no direct experimental data exist showing
that AIRE deficiency impinges on Treg function. We embarked
on a study of the influence of AIRE on the in vitro and in vivo
suppressor activity of CD8+CD28low Treg. Mice carrying a 13-bp
mutation in the AIRE gene that disrupts the PHD1 domain in
exon 8 were previously discussed (21). It was demonstrated that
these mice developed mild symptoms of autoimmune pathology,
similar to other AIRE-deficient mice on the C57BL/6 back-
ground. Given that CD28 is down-modulated on chronically
activated T lymphocytes (39), we first compared the numbers
and phenotypes of CD8+CD28low splenic T cells from AIRE°
C57BL/6 mice and their WT (AIRE+/+) littermates (Fig. 1).
CD28low cells were defined as those expressing levels not ex-
ceeding the level found with an isotype-matched control anti-
body (Fig. 1A) (15). AIRE° and WT mice had similar
percentages and absolute numbers of CD8+CD28low cells in the
spleen (Fig. 1B). As shown in Fig. 1C, these cells expressed
neither the early activation marker CD69 nor the IL-2Rα chain
CD25, also up-regulated upon T-cell activation. Moreover, they
expressed low levels of the activation marker CD44 and high
levels of naïve T-cell marker CD45RB. The lymph node homing
receptor L-selectin (CD62L) was expressed at high levels on both
WT and AIRE° CD8+CD28low splenic T cells. WT and AIRE°
CD8+CD28low cells uniformly expressed high levels of TCR.
Combined, these data show that WT as well as AIRE°
CD8+CD28low T cells had a naïve phenotype. The integrin αE
chain CD103 is expressed on the majority of CD8+CD28low T
cells and, again, no difference between WT and AIRE° cells was
observed. The IL-2Rβ chain CD122 is expressed at hardly de-
tectable levels on WT and AIRE° CD8+CD28low cells (Fig. 1C),
indicating that they constitute a population distinct from
CD122highCD8+ regulatory cells (40) that have a CD28+ phe-
notype (Fig. S1A). In contrast to the uniform naïve phenotype of
CD8+CD28low splenic cells, the CD8+CD28+ population, which
at the population level lacks in vitro and in vivo regulatory ca-
pacity (15), contains activated (CD44high) cells. However, again,
no phenotypic difference between WT and AIRE° CD8+CD28+

T cells was observed (Fig. S1A).
We next analyzed the gene expression profiles of WT versus

AIRE° CD8+CD28low Treg (Fig. 1D and Fig. S1 B and C).
RNA was extracted from freshly isolated and from in vitro
activated cells, and genome-wide gene expression profiling was
performed. Microarray data showed distinct grouping of the
freshly isolated versus activated samples (Fig. 1D and Fig. S1B),
but no subgrouping was observed between the WT and AIRE°
samples within these activation states. ANOVA revealed 2,190
genes with differential average expression between resting and
activated cells (adjusted P < 0.05 and absolute fold change ≥ 2)
(Fig. 1D) but did not reveal any genes with significant differ-
ential average expression between AIRE° and WT cells, with
adjusted P values approaching 1 for both the activated and

freshly isolated AIRE° versus WT contrasts (Fig. S1C). To-
gether, these data show that unaltered numbers of transcrip-
tionally and phenotypically normal CD8+CD28low Treg develop
in AIRE° mice.
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Fig. 1. AIRE° and WT mice have normal numbers of transcriptionally and
phenotypically unaltered CD8+CD28low Treg with similar but apparently
distinct TCR repertoires. (A) Definition of WT (AIRE+/+) and AIRE° (AIRE°/°)
C57BL/6 CD8+CD28low cells from spleen. Flow cytometry was performed
using the indicated antibodies. (B) WT and AIRE° littermates had similar
percentages of splenic CD8+CD28low Treg (gated as in A). Indicated are
mean values ± SD (n = 3). (C) Phenotype of CD8+CD28low cells, electronically
gated as shown in A. Expression profiles of markers indicated in the figure.
Control (ctrl) stainings were performed using isotype-matched antibodies.
Shown are typical results of three independently performed experiments.
(D) Heatmap of the differentially expressed genes (according to fold
change) in resting compared with activated, WT versus AIRE° CD8+CD28low

Treg. Genes with statistical differential average expression (adjusted P <
0.05) with a fold change >2 when comparing activated and native cells are
represented in this heatmap. Red indicates increased expression; blue
indicates decreased expression. The dendrogram shows that WT and AIRE°
(KO) samples are not clustering within the activated and native states. (E)
Vα or Vβ segment use of WT versus AIRE° CD8+CD28low splenic Treg, as
measured by semiquantitative RT-PCR. Indicated are mean values ± SD (n =
3 samples consisting of pooled cells from three mice). (F) CDR3 length dis-
tribution of indicated variable domains. Shown are typical results for in-
dicated Vα and Vβ CDR3s. “10” indicates a CDR3 length of 10 amino acids;
other peaks are separated by 3 nucleotides = 1 amino acid. Immunoscope
results for all Vα and Vβ CDR3s for all analyzed mice are shown in Fig. S2 D
and E. The arrow indicates the relatively increased signal for the 9-amino
acid-long Vα12 CDR3 in AIRE° Treg.
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TCR Repertoires of WT and AIRE° CD8+CD28low Treg Are Very Similar
but Not Identical. AIRE drives ectopic expression of tissue anti-
gens by mTEC, including that of the XCL1 chemokine involved
in accumulation of thymic dendritic cells in the medulla (32, 41).
Because the thymic medulla and dendritic cells play a central
role in shaping the T-cell repertoire, the repertoires of WT
versus AIRE° CD8+CD28low Treg may be different. To assess
this possibility, we analyzed the TCR repertoire of peripheral
CD8+CD28low Treg. We found that TCR Vα and Vβ use was
very diverse, but it was indistinguishable between WT and AIRE°
Treg (Fig. 1E). Moreover, immunoscope analysis of all Vα and
Vβ domains revealed similar near-normal distributions of CDR3
lengths in WT versus AIRE° CD8+CD28low Treg (Fig. 1F and
Fig. S1 D and E). However, a reproducible increase in the signal
of 9-amino acid-long Vα12 CDR3 was observed in AIRE°
compared with WT CD8+CD28low Treg (Fig. 1F and Fig. S1D).
Together, these data show that the CD8+CD28low TCR reper-
toire is very diverse and similar between WT and AIRE° mice,
but also clearly indicate that they are not identical.

CD8+CD28low Treg from AIRE-Deficient Mice Exert Normal in Vitro
Suppressive Activity. We next compared the in vitro suppressive
capacities of WT versus AIRE° CD8+CD28low Treg. It was
previously shown that freshly isolated CD8+CD28low cells exert
in vitro and in vivo suppressive activity (14, 15). Titrated num-
bers of magnetic bead-sorted Treg were therefore put in culture
with 5(6)-carboxyfluorescein diacetate N-succinimidyl ester
(CFSE)-labeled responder CD4+ T cells. T-cell stimulation was
achieved using antigen-presenting cells (APC) and anti-CD3
antibody. Proliferation of and IFN-γ production by CD4+ re-
sponder T cells were as efficiently suppressed by AIRE° as by
WT CD8+CD28low Treg (Fig. 2 A and B). Also, when stimulated
with allogeneic APC, proliferation was as efficiently inhibited by
AIRE° as by WT Treg (Fig. 2C). Prestimulation of Treg sub-
stantially increases their in vitro suppressive activity. We there-
fore assessed whether WT and AIRE° CD8+CD28low Treg
increased their in vitro suppressive activity to the same extent.
Magnetic bead-sorted splenic Treg were expanded in vitro with
allogeneic APC for 1 wk and then used in our in vitro suppression
assays (Fig. S2). Upon in vitro stimulation with APC and anti-
CD3 antibody, thus activated WT and AIRE° CD8+CD28low

Treg equally efficiently inhibited proliferation and IFN-γ pro-
duction by conventional CD4+ T cells (Fig. S2 A and B). Also, in
mixed lymphocyte cultures, preactivated WT and AIRE° Treg
inhibited proliferation with equal efficiency (Fig. S2C). In all
three cases, prestimulation substantially increased suppressive
activity (cf. Fig. 2 A–C and Fig. S2 A–C, respectively).
IL10-deficient CD8+CD28low Treg less efficiently suppress

in vitro T-cell activation than WT cells (15). Together with our
observation that WT and AIRE° CD8+CD28low Treg have
identical in vitro suppressive capacity, this suggests that IL-10
production by WT and AIRE° Treg is probably similar. To verify
this hypothesis, we stimulated freshly isolated WT and AIRE°
Treg with anti-CD3 antibody and APC. Five days later, the fre-
quency of IL-10-producing cells was assessed by flow cytometry.
We observed that a similar proportion of WT and AIRE° Treg
produced this central anti-inflammatory cytokine (Fig. 2D). Se-
cretion of IL-10 by in vitro activated WT and AIRE° Treg was
assessed by ELISA and, again, was found to be similar (Fig. 2E).
Combined, these data show that AIRE deficiency does not
perturb in vitro suppressor function of and IL-10 production by
CD8+CD28low Treg.

AIRE-Deficient CD8+CD28low Treg Are Incapable of Preventing Experi-
mental Colitis. We previously published that CD8+CD28low Treg
prevented experimental IBD in mice (15). To study the in vivo
function of AIRE° Treg, we therefore assessed whether they were
capable of preventing this pathology. Immunocompromised

RAG-2-deficient (RAG°) mice were injected with syngeneic flow-
sorted naïve CD4+CD45RBhigh cells. These mice developed
weight loss and histological signs of colitis such as substantial
mucosal thickening, disappearance of goblet cells, elongation of
crypts, and infiltration by mononuclear cells (Fig. 3 A and B).
When the colitogenic population was coinjected with syngeneic
WT CD8+CD28low cells, weight loss and histological signs of
colitis were prevented, confirming our previously published
data (Fig. 3 A–C). In contrast, coadministration of AIRE°
CD8+CD28low Treg did not prevent intestinal pathology (Fig. 3 A
and B). The clinical scores of colons from mice injected with
colitogenic cells and AIRE° CD8+CD28low Treg were as severe
as those from mice injected with colitogenic T cells alone (Fig.
3C). Injection of AIRE° CD8+CD28low cells alone did not induce
any signs of colitis, excluding the hypothetical possibility that this
population contains colitogenic cells that cannot be suppressed by
CD8+CD28low Treg (Fig. S3).
It was previously reported that AIRE° CD4+CD25high Treg

prevented experimental colitis (30), and our results were there-
fore rather surprising. However, the AIRE-deficient mice we
used did not carry the same mutation as the mice used by
Anderson and colleagues. Moreover, the experimental setup was
not strictly identical to ours. We therefore assessed whether
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CD4+CD25high Treg from our AIRE° animals could prevent
colitis induced by injection of CD4+CD45RBhigh cells. Mice
injected with colitogenic T cells developed weight loss and his-
tological signs of colitis such as substantial mucosal thickening,
disappearance of goblet cells, elongation of crypts, and in-
filtration by mononuclear cells (Fig. 4 A and B). In contrast, mice
coinjected with CD4+CD25high Treg from WT but also from
AIRE° animals showed substantially reduced signs of pathology
(Fig. 4 A and B). Clinical scores attributed to the histological
analysis of all experimental mice confirmed that both WT and
mutant CD4+CD25high Treg efficiently prevented development
of intestinal pathology (Fig. 4C). The incapacity of AIRE° Treg
to prevent experimental colitis described here therefore appears
to be a specific property of the CD8+CD28low population.

Discussion
In this report, we show that AIRE deficiency leads to a defect of
the in vivo function of a Treg population that appears to play an
important role in maintenance of immunological homeostasis in
the intestines. Because the in vitro suppressor activity and IL-10
production of WT versus AIRE° CD8+CD28low Treg were
strictly identical and no difference could be detected in pheno-
type nor in transcriptional pattern, we feel that the identified
defect is most likely due to very subtly altered shaping of the
CD8+CD28low Treg TCR repertoire by intrathymic or peripheral
mechanisms. This hypothesis is supported by careful analysis of
Vα and Vβ CDR3s that showed that the TCR repertoires of WT
versus AIRE° CD8+CD28low Treg are diverse and very similar,
but also revealed that they are not identical.
To date, no other evidence has been published showing that

AIRE deficiency leads to impaired in vivo Treg function. In nude
mice transplanted with a WT and an AIRE° thymus, an auto-
immune attack of several organs occurred. This result showed

that the autoimmune syndrome developing in AIRE° mice was
not due to defective dominant (i.e., Treg-mediated) tolerance.
Moreover, CD4+CD25high Treg from these mice were as effec-
tive as WT Treg in preventing experimental colitis (30). On the
other hand, transgenic expression of model antigens expressed
under control of the AIRE promoter enhanced development of
CD4+Foxp3+ Treg expressing specific transgenic TCR (42).
Whereas the latter observation strongly suggested that proteins
expressed under control of AIRE can modulate Treg repertoire
selection, it failed to show that AIRE deficiency leads to altered
in vivo Treg function. In contrast, here we identified an in vivo
functional defect of the CD8+CD28low Treg from AIRE° mice.
Expression of AIRE in T lymphocytes has never been found,

and it appears therefore unlikely that this transcription factor
intrinsically affects CD8+CD28low Treg function. This postulate
is supported by the indistinguishable transcriptional patterns we
found in WT versus AIRE° CD8+CD28low Treg. In in vitro
experiments, we found that freshly isolated WT and AIRE° Treg
equally well inhibited proliferation and IFN-γ production by
conventional T cells. IL-10-deficient CD8+CD28low Treg were
incapable of preventing experimental colitis, which showed that
this cytokine plays a nonredundant role in vivo (15). We there-
fore also assessed production of this cytokine and found that,
upon a 1-wk activation period in vitro, CD8+CD28low Treg from
WT and AIRE° mice similarly produced and secreted IL-10.
Moreover, the substantially increased in vitro suppressor activity
of WT Treg upon in vitro prestimulation was also found (and
to the same extent) for AIRE° CD8+CD28low cells. Increased
suppressor activity of Treg upon in vitro activation probably
reflects differentiation of naïve Treg to effector cells, a process
known to take several days for conventional T cells (43). Com-
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out the indicated CD8+CD28low Treg (“wt”, AIRE+/+; “AIRE°”, AIRE°/°). (A)
Evolution of weight of animals. Shown is the mean weight ± SD as a per-
centage of weight at the start of the experiment (*P < 0.05, **P < 0.01,
Mann–Whitney test; n = 9 per group; three independent experiments). (B)
Mice were euthanized 6 wk after injection of T cells. Microscopic sections of
distal colon were stained with hematoxylin and eosin and examined for
histological signs of colitis. Shown results are representative of those
obtained in three independent experiments. (C) Colons of mice were ex-
amined as in B and clinical scores of colitis were attributed (n = 9 from three
independent experiments).
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bined, these data establish that the intrinsic suppressive capacity
of the AIRE° CD8+CD28low Treg is unaltered. This was an
important point to make because it was previously shown that
the CD4+CD25+ Treg of autoimmune diabetes-prone nonobese
diabetic (NOD) mice is contaminated with a substantial number
of cells not expressing Foxp3. This observation probably accounts
for the observed reduced in vitro and in vivo regulatory capacity of
NOD CD4+CD25+ T cells (44).
It appears therefore more likely that AIRE somehow affects

shaping of the TCR repertoire of CD8+CD28low Treg. Extensive
analysis of TCR Vα and Vβ use and CDR3 length distribution
showed that the TCR repertoires of WT and AIRE°
CD8+CD28low Treg are very diverse and very similar. This result
parallels the finding of apparently similar TCR repertoires of
WT versus AIRE° CD4+Foxp3+ Treg (33). However, using
immunoscope analysis a very reproducible difference was ob-
served, showing that the TCR repertoires of CD8+CD28low cells
from WT versus AIRE° mice are not identical. Substantially
more work will need to be done to precisely characterize the
difference between the TCR repertoires of CD8+CD28low Treg
from WT and AIRE° mice and to identify the specificities in-
volved in prevention of colitis apparently lacking in AIRE° mice.
AIRE is expressed in the thymic medulla, where it controls ex-

pression of tissue-restricted antigens (25, 26). Also, lymph node
stromal cells have been reported to express AIRE, to transcribe
a distinct subset of genes encoding tissue-restricted antigens, and to
induce peripheral tolerance (45–49). We have found mature
CD8+CD28low T cells in the thymus, suggesting that they may de-
velop in this primary lymphoid organ (Fig. S4). However, the
CD28low phenotype of these Treg suggests a chronically activated
state, and they may therefore also differentiate in the periphery
(39). Hence, identification of the site of CD8+CD28low Treg de-
velopmentmerits further investigation.Wepropose thatwithin this
site, AIRE allows stromal cells to express tissue-restricted antigens
that play an important role in selection of the CD8+CD28low Treg
repertoire. In the absence of AIRE, a Treg repertoire would de-
velop that is no longer capable of preventing experimental colitis.
Whereas AIRE° CD8+CD28low Treg failed to control experi-

mental colitis, CD4+CD25high Treg from the same donors fully
prevented the pathology, confirming a previous report (30). This
difference suggests that the repertoire of CD8+CD28low Treg
involved in prevention of colitis is very limited. The observation
that AIRE° CD8+CD28low Treg fail to control colitis also suggests
that these cells recognize self-antigens. Our experimental model
may therefore provide an ideal tool to evaluate the intriguing
question of the antigen specificity of colitis-preventing Treg.
The observation that CD8+CD28low Treg from AIRE° mice fail

to control experimental colitis may provide an explanation for the
gastrointestinal disorders observed in patients affected with
APECED syndrome (35). In contrast, AIRE° mice do not develop
colitis. A tentative explanation for this observation is provided by
the unaltered capacity of mouse AIRE° CD4+CD25+ Treg to
prevent intestinal inflammation.HumanCD8+Tcells fromhealthy
colon biopsies have in vitro suppressive activity. In contrast, CD8+

T cells from colon biopsies affected with IBD lack such in vitro
suppressive activity (36). These results therefore suggest an im-
portant role for defective CD8+ Treg function in human IBD and
may explain the difference between the effects of human and
mouse AIRE deficiency on chronic intestinal inflammation.
In conclusion, AIRE-deficient CD8+CD28low Treg fail to

prevent experimental colitis. It will now be important to further
characterize the mechanisms by which AIRE deficiency perturbs
the studied in vivo function of this Treg population and to
identify the antigen(s) recognized.

Materials and Methods
Mice. All mice were used at 6–10 wk of age. DBA/2 and C57BL/6 mice were
from Janvier. RAG° C57BL/6 mice were bred in our specific pathogen free

animal facility. AIRE-deficient C57BL/6 mice (21) were maintained in a het-
erozygous breeding colony; AIRE+/+ littermates were used as controls. The
health status of the mice in the animal facility was periodically monitored
according to Federation for Laboratory Animal Science Associations
(FELASA) guidelines and found free of monitored pathogens. The regional
animal experimentation ethics committee approved performed experiments
(reference no. MP/01/39/10/06).

Flow Cytometry Analysis. The following reagents were used: FITC-labeled
anti-CD8α, IFN-γ, CD103, and CD45RB; anti-CD4-PE; anti-CD4-APC; anti-IL10-
APC; anti-CD28-biotin; streptavidin-PE; all from eBioscience; anti-CD69-FITC;
CD122-FITC; APC-conjugated anti-CD62L, -CD25, and -TCRβ; anti-CD44-
PeCy5; anti-CD8α-AF700; all from BD Pharmingen.

For FACS analysis, cells were incubated with antibodies in staining buffer
(PBS and 2.5% FCS) for 20 min and then washed. Labeled cells were analyzed
on a FACS LSRII (Becton Dickinson) using DIVA (Becton Dickinson) and FlowJo
software (Tree Star).

Isolation of T-Cell Subsets. CD8+CD28low Treg and CD4+CD45RBhigh colito-
genic T cells were isolated as previously described (15). For isolation of
CD4+CD25high cells, erythrocyte-depleted splenocytes were incubated with
anti-FcγRII/III (2.4G2), anti-CD8 (53.6.7), anti-MHC class II (M5), and anti-B220
(RA3-6B2) and thus labeled cells eliminated using Dynabeads coated with
sheep anti-rat IgG (Dynal Biotech). The resulting population was labeled
with anti-CD25-PE and CD4+CD25high cells were enriched with anti-PE
microbeads (Miltenyi). CD4+CD25high T cells were routinely >95% pure. Re-
sponder CD4+ T cells used in in vitro assays were enriched from erythrocyte-
depleted splenocytes by Dynabead-mediated depletion of FcγRIII+, MHC class
II+, CD8+, and B220+ cells.

Microarray Analysis of Treg Transcriptomes. Total RNA was extracted using
TRIzol (Invitrogen) for lysis of cells and phase separation according to the
manufacturer’s instructions. RNA was then purified from the aqueous phase
using the RNeasy Mini Kit (QIAGEN). All RNA had a quality score (RNA in-
tegrity number) of at least 8.5, assessed using a Bioanalyzer 2100 (Agilent
Technologies). Genome-wide gene expression profiling was performed us-
ing the Affymetrix GeneChip Mouse Gene 1.0 ST array. Labeling and array
hybridization, washing, staining, and scanning of the arrays were performed
according to the manufacturer’s instructions.

Statistical Analysis. All analysis was performed using the Partek Genomics
Suite, version 6.4. Raw expression data were processed with the robust
multichip average (MA) function and quantile normalization. These data
were analyzed using ANOVA. A principal components analysis plot of the
expression data were constructed (Fig. S1B). A heatmap of the up-regulated
and down-regulated genes (by fold change) comparing native and activated
cells was generated using unsupervised clustering. An MA plot of the av-
erage expression of activated AIRE° versus activated WT samples was
generated.

TCR Repertoire Analysis. RNA was extracted using the RNeasy Micro Kit
(QIAGEN) and reverse-transcribed using oligo(dT) and SuperScript II (Invi-
trogen). Vα and Vβ expression pattern was assessed by real-time PCR using V-
specific primers and probes (50, 51). Amplified products were used as tem-
plate for a runoff reaction with fluorescent-tagged oligonucleotides. We
have used the nomenclature from Arden et al. for the TCRβ chain (52) and
the IMGT server referred to by Lefranc for the TCRα chain (53).

In Vitro Suppression Assays. CD4+ responder (105) and titrated numbers of
CD8+CD28low Treg were cultured in the presence of allogenic APC (5 × 105)
for 96 h and 1 μCi of [3H]thymidine was added to the cultures for the
last 16 h. Alternatively, CD4+ effector cells were stained in vitro with
CFSE (Sigma-Aldrich). CFSE-labeled responders (105) were cultured with
titrated numbers of CD8+CD28low Treg in the presence of APC (5 × 105)
and 10 μg/mL anti-CD3ε mAb 2C11. After 3 d of culture, cells were stained
with anti-CD4-APC and proliferation of CD4+ responder cells was assessed
by FACS.

Detection of Cytokine Production. Cells were restimulated with phorbol 12-
myrestate 13-acetate (PMA) (50 ng/mL) and ionomycin (1 μg/mL) (Sigma)
for 4 h at 37 °C. For intracellular detection, Brefeldin A (10 μg/mL; eBio-
science) was added for the last 2 h, cells were stained for the indicated
surface markers, fixed with 2% paraformaldehyde for 30 min at 4 °C,
permeabilized in 0.5% saponin, 1% BSA, 1 μg/mL rat IgG in PBS for 30 min

Pomié et al. PNAS | July 26, 2011 | vol. 108 | no. 30 | 12441

IM
M
U
N
O
LO

G
Y

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1107136108/-/DCSupplemental/pnas.201107136SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1107136108/-/DCSupplemental/pnas.201107136SI.pdf?targetid=nameddest=SF1


at RT, and then incubated for 30 min at RT with FITC-conjugated anti-IFN-γ
or anti-IL-10 in permeabilization buffer. IL-10 detection by ELISA was
performed using JES-2AS and SXC-1 antibodies.

Induction and Clinical and Histological Assessment of Colitis. C57BL/6 RAG-2°
mice were i.v. injected with 4 × 105 syngeneicWT CD4+CD45RBhigh T cells with
or without 2 × 105 syngeneic WT or AIRE° CD8+CD28low or CD4+CD25high cells.
Micewereweighedweekly and euthanized after 6–8wk. Histological analysis
of distal colon and determination of clinical scores were performed as pre-
viously described (15).
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