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List of abbreviations

Aire. Autoimmune Regulator

cTEC. Cortical thymic epithelial cell

HEL. Hen Egg Lysozyme

insHEL. Insulin promoter-driven Hen Egg Lysozyme

mTEC. Medullary thymic epithelial cell

Pdx1. Pancreatic and duodenal homeobox 1

Sst. Somatostatin

T1D. Type 1 Diabetes

TCR. T cell receptor

TEC. Thymic epithelial cell

TRA. Tissue Restricted Antigen

TSS. Transcription start site

UEA-1. Ulex Europaeus Agglutinin I

WT. Wildtype
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Abstract

The autoimmune regulator,  Aire,  mediates central  tolerance of peripheral  self.  Its  activity in

thymic epithelial cells (TECs) directs the ectopic expression of thousands of tissue-restricted

antigens (TRAs), causing the deletion of autoreactive thymocytes. The molecular mechanisms

orchestrating the breadth of transcriptional regulation by Aire remain unknown. One

prominent model capable of explaining both the uniquely high number of Aire-dependent

targets and their specificity posits that tissue-specific transcription factors induced by Aire

directly activate their canonical targets, exponentially adding to the total number of Aire-

dependent TRAs. To test this “Hierarchical Transcription” model we analyzed mice deficient

in the pancreatic master transcription factor Pdx1, specifically in TECs (Pdx1 Foxn1),  for  the

expression and tolerance of pancreatic TRAs. Surprisingly, we found that lack of Pdx1 in

TECs did not reduce the transcription of insulin or somatostatin, or alter glucagon expression.

Moreover, in a model of thymic deletion driven by a neo-TRA under the control of the insulin

promoter, Pdx1 in TECs was not required to affect thymocyte deletion or the generation of

regulatory T cells. These findings suggest that the capacity of Aire to regulate expression of a

huge  array  of  TRAs  relies  solely  on  an  unconventional  transcriptional  mechanism,  without

intermediary transcription factors.
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Introduction

The autoimmune regulator (Aire) induces the expression of thousands of tissue restricted

antigens (TRAs) in thymic epithelial cells [1]. By doing so, Aire promotes clonal deletion of

differentiating T cells that recognize TRAs, thereby preventing autoimmune disease [2].

Deficiency in AIRE results in an autoimmune condition called Autoimmune

Polyendocrinopathy Syndrome type 1 (APS-1), with a diagnostic clinical triad of candidiasis,

adrenal insufficiency and hypoparathyroidism [3]. These symptoms are accompanied by

secondary autoimmune manifestations, such as Type I Diabetes (T1D) or gastritis, and most

patients develop autoantibodies against TRAs expressed in the affected tissues (reviewed in

[4] and [5]). Although this condition is relatively rare, defects in the same pathway also

contribute to the development of more common autoimmune diseases, such as the progression

to  autoimmune  myasthenia  gravis  [6]  and  the  risk  of  T1D  caused  by  polymorphisms  that

reduce thymic expression of insulin [7].

Despite the importance of Aire to immunological tolerance, precisely how Aire

mediates the ectopic transcription of thousands of TRAs remains unresolved. Various models

of transcriptional regulation have been proposed, ranging from i) direct DNA binding [8], ii)

non-specific activation of genes within genomic regions [9], iii) gain of promoter specificity

via interaction partners [5] or iv) recognition of a histone tag left by other proteins ([10],

reviewed in [11]). None of these models can fully explain how Aire affects expression of

potentially thousands of genes with vastly different modes of regulation in the respective

autochthonic tissues, and yet maintains cell-type specificity in the range of genes targeted [12,

13]. Furthermore, chromosomal context models are not consistent with the observation that

transgenes driven from promoters of known Aire targets (such as insulin) remain Aire-

dependent when inserted in alternative chromosomal positions [2, 14, 15]. Therefore,

attention has turned to hybrid models, where Aire recruits additional proteins to execute
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complementary functions. Abramson et al. recently defined many of the molecular partners of

Aire involved in its function in gene regulation [16] and the ability of Aire to preferentially

activate genes via stalled RNA polymerase at the transcription start site (TSS) has been

elucidated by Giraud et al. [17]. However, a significant subset of Aire targets may be induced

indirectly [9]. It has been shown that Aire activates the expression of several transcription

factors [18]. These, in turn, might mediate the expression of many apparently “Aire-

dependent” TRAs, greatly expanding the total number of Aire-dependent targets by adding

secondary targets to the direct primary targets. Here we investigate whether such a

mechanism regulates transcription and tolerance of pancreas-specific antigens in the thymus.

Expression of insulin by medullary thymic epithelial cells (mTECs) is necessary to

prevent T1D [19] and polymorphisms in the insulin gene that reduce its expression by mTECs

represent a significant risk factor for Type I diabetes (T1D) [7]. Thymic expression of insulin

is absolutely Aire-dependent [18]; however in the pancreas Pdx1 (pancreatic and duodenal

homeobox 1) drives the expression of islet-specific genes such as insulin [20] and

somatostatin (Sst) [21-23]. Interestingly, Pdx1 is also expressed by mTECs in an Aire-

dependent manner, raising the possibility that insulin expression in the thymus is downstream

of  Aire-dependent  Pdx1  expression,  and  thus  a  secondary  target  [23].  Therefore,  the

expression  of  insulin  by  mTECs  represents  an  ideal  prototypical  TRA  to  probe  the

“Hierarchical Transcription” model. In this study, we generated mice that specifically lack

Pdx1  in  TECs  only  (referred  to  as Pdx1 Foxn1) to investigate whether Aire-mediated Pdx1

expression is necessary for insulin transcription. We observed that, although insulin

expression was absent in mTECs from Aire-/- mice, insulin expression persisted in the mTECs

of the Pdx1 Foxn1 mice. Furthermore, we found that transcription mediated by the insulin

promoter could still impose immunological tolerance, despite the lack of Pdx1 in mTECs.

These observations indicate that Aire-dependent TRA expression for thymic tolerance is
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independent of the molecular pathways utilized during autochthonic expression, and suggest

that Aire requires primary recognition of the regulatory regions to a wide variety of target

genes.

Results

A new mouse strain with thymus-specific Pdx1-deficiency and normal Aire expression

To  investigate  the  requirement  of  Pdx1  for  thymic  insulin  expression,  we  devised  a  mouse

model system whereby Pdx1 expression was specifically ablated in TECs. Intercrosses of

Foxn1Cre [24] and floxed Pdx1 [25] mice generated Foxn1Cre Pdx1fl/fl mice (henceforth termed

Pdx1 Foxn1) that have Pdx1 deleted from all TECs, while retaining normal expression in the

pancreas to prevent diabetes induction [26] and consequent thymic atrophy. An important

control was provided by Aire-/- mice [18], since Pdx1 expression is Aire-dependent [23]. In

order to interpret the requirement of Pdx1 for insulin expression by TECs, it was important to

establish whether the converse was true; i.e. was Aire expression changed by Pdx-1

deficiency? We sort purified cortical and medullary TECs from the two strains and their

wildtype  (WT)  siblings.  We  observed  that  Aire  expression  was  restricted  to  mTECs,  was

absent in mTECs from the Aire-/- mice, but remained at normal levels in the Pdx1 Foxn1 mice as

detected by quantitative PCR (qPCR) (Figure 1a). Importantly, we detected normal protein

levels and distribution of Aire in the thymi of Pdx1 Foxn1 mice by immunohistology (Figure

1c), firmly establishing that Aire expression is unaffected by Pdx1-deficiency in the thymus.

We next assayed the relative expression of Pdx1 and found that, while mTECs from WT mice

showed significant levels of Pdx1 transcription,  no  transcript  was  detected  in  mTECS from

Aire-/- and Pdx1 Foxn1 mice (Figure 1b). These observations confirmed that thymic Pdx1

expression: 1) was restricted to mTECs, 2) was Aire-dependent, 3) was completely absent
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from TECs in Pdx1 Foxn1, and 4) was not required for Aire expression. With this validation of

our  experimental  system,  we  went  on  to  assay  the  competence  of Pdx1 Foxn1 mice  for  the

thymic expression of pancreas-specific genes.

Pdx-1 expression by TECs is not necessary for Ins2 transcription.

We  next  sought  to  test  the  hypothesis  that  Aire  utilized  the  direct  target  Pdx1  as  an

intermediate in the expression program for pancreatic TRAs. We assayed 4 pancreatic genes

that are differentially regulated by Pdx1 and are expressed by TECs: Ins2 and Sst are induced

by Pdx1, Gcg (glucagon) repressed, while Gad1 (glutamate decarboxylase 1) is unaffected

[27]. We found that Ins2 (Figure 2a) and Sst (Figure 2b) transcripts were detected at normal

levels in mTECs from WT and Pdx1 Foxn1 mice, but were absent in mTECs from Aire-/- mice.

Likewise, transcription of the Aire-dependent pancreatic TRA, Gcg,  was  not  altered  by  the

loss  of  Pdx-1  from  TECs  (Figure 2c). Importantly, we could detect glucagon protein

expressed by TECs from Pdx1 Foxn1 mice at similar levels and distribution as WT (Figure 2e),

supporting the transcriptional analysis. Interestingly, the expression of Aire and glucagon

generally  did  not  overlap  (Figure 2e), suggesting that, although Gcg is an Aire-dependent

TRA, its expression is temporally distinct from Aire detected in this manner. In addition, we

found that Gad1 expression was not influenced by either Aire-deficiency (consistent with

[27]) or Pdx1-deficiency (Figure 2d). Collectively,  these results indicate that  Pdx1 in TECs

does not affect the expression of islet TRAs normally regulated by Pdx1 in the pancreas.

Thymic expression of Pdx1 is not required for T cell tolerance against pancreatic TRA

The negative selection of autoreactive thymocytes is very sensitive to minor changes in Aire-

dependent TRAs [28]. To extend our expression data to T-cell tolerance, we used a sensitive
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model of negative selection driven by the insulin promoter. The insHEL transgenic mouse

expresses the model antigen, hen egg lysozyme (HEL), in mTECs under the influence of the

rat insulin promoter in an Aire-dependent manner [28]. In the 3A9 TCR transgenic model, T

cells express a TCR reactive to a fragment of HEL presented by MHC class II H2-Ak

molecules [29]. Taken together, the insHEL and 3A9 TCR transgenics create a negative

selection model, where the Aire-dependent expression of insHEL by mTECs causes the

apoptotic deletion of CD4SP thymocytes expressing the 3A9 TCR [28].  We bred Pdx1 Foxn1

insHEL transgenic mice and sorted mTECs from Pdx1wt insHEL and Pdx1 Foxn1insHEL mice.

Expression  of  insHEL  was  not  reduced  in  mTECs  from Pdx1 Foxn1 insHEL mice compared

with those from Pdx1wt insHEL  mice  (Supporting Figure 1), unlike what was previously

observed with Aire-/- insHEL mice [28]. However, as the value of the insHEL 3A9 system is

in measuring defects in the physiologically more valid outcome of thymic negative selection,

we  bred  the Pdx1 Foxn1 insHEL mice on the Rag1-/-.B10.Br background and, along with

controls, created haematopoietic chimeras using bone marrow from 3A9 TCR transgenic

Rag1-/- mice (Rag1-deficiency prevents endogenous rearrangement of TCR alpha chains). The

fate of HEL-specific (autoreactive) thymocytes was then tracked by flow cytometry using the

3A9 TCR clonotype-specific 1G12 antibody [30]. In insHEL-negative recipients of both

genotypes, we observed comparable numbers of positively selected HEL-specific CD4+CD8-

(CD4 single positive,  CD4SP) thymocytes,  indicating that  the loss of Pdx1 had no effect  on

positive selection (Figure 3a, 3b). The positively selected CD4SP thymocytes from

Pdx1 Foxn1 mice exhibited normal maturation, with similar downregulation of CD69 to WT

chimeras (Figure 3a, 3d and Table 1).

After confirming that the loss of Pdx1 in the thymus had no influence on positive

selection, we next investigated whether Pdx1 played a role in central tolerance against

insHEL. As previously demonstrated [2], WT insHEL-positive chimeras had a large decrease

A
cc

ep
te

d 
A

rt
ic

le



10

in  the  proportion  and  numbers  of  3A9 CD4SP thymocytes  compared  with  those  in  the  WT

insHEL-negative chimeras (Figure 3b, 3c),  representing  the  impact  of  deletion  against  this

model TRA [2]. This effect was even more pronounced in the CD69- mature fraction of 3A9

TCR CD4SP thymocytes, which are preferentially deleted in this model [2] (Figure 3d).

Under negative selecting conditions, we found no difference in the number or

proportion of 3A9 TCR CD4SP cells in the thymus of the Pdx1 Foxn1 insHEL-positive

chimeras compared to WT insHEL-positive chimeras (Figure 3a, 3b). Furthermore, normal

deletion of 3A9 TCR CD4SP thymocytes was observed in Pdx1 Foxn1 insHEL chimeras, as the

proportion (Figure 3d)  and number (Figure 3e) of CD69- 1G12+ CD4SP was equivalent to

WT insHEL chimeras (See Table  1). These data indicate that efficient negative selection

induced by insHEL was not modified by the loss of Pdx1 in mTECs. Therefore, although

Pdx1 was absent from mTECs (Figure 1b), the insulin promoter remained active, driving the

expression of HEL in the Pdx1 Foxn1 thymus and deletion of 3A9 TCR thymocytes.

Although Pdx1 deficiency affected neither positive nor negative selection of

thymocytes, it was important to determine whether it might influence the regulatory T (Treg)

cell compartment. To assay Treg-cell development, we analysed the expression of CD25

among the CD4SP T cells in the bone-marrow chimeras outlined above. It is currently held

that CD25+ Treg cells arise from self-reactive thymocytes that avoid deletion and have been

reported to have a higher representation in HEL+ mice with Aire-competent mTECs [31, 32].

Consistent with this report, we observed a higher percentage turnout of CD25+ thymocytes

from  the  HEL+ mice  compared  with  that  of  their  siblings  without  the  HEL  transgene

(Supporting Figure 2a., Table 1). However, no significant difference was observed between

any of the groups when absolute cell count was considered (Supporting Figure 2b).

Additionally, we found that Pdx1 Foxn1insHEL+ mice had an average of 14.7% (±4.8%)

CD25+ HEL-reactive T cells,  similar to the mean percentage of 12.8% (±7.9%) observed in
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WT insHEL+ mice  (Supporting Figure 2a, Table 1).  These  data  suggest  that  the  loss  of

thymic Pdx1 did not influence thymic Treg-cell production.

Finally, we determined whether Pdx1-deficiency in TECs influenced the peripheral

outcome of autoreactive circulating T cells that escape thymic deletion. We observed

significantly a lower percentages of circulating CD4+1G12+ cells  in  the  spleens  of  the  3A9

TCR/insHEL double transgenics compared with that in their insHEL-negative counterparts

(due to thymic negative selection) (Figure 4a, 4b). Double transgenic Pdx1 Foxn1 mice

showed similar proportions and numbers of splenic CD4+1G12+ T  cells  as  WT  3A9

TCR/insHEL controls (Figure 4a, 4b).  Of  those  CD4+1G12+ T  cells  that  emerged  in  the

periphery  of  3A9  TCR/insHEL  (regardless  of  Pdx1  status),  a  higher  percentage  had

downregulated CD62L (a measure of antigen experience), compared to insHEL-negative

chimeras (Figure 4c, Table 1). In summary, consistent with the insulin expression data, TEC-

specific ablation of Pdx1 did not impair insHEL-mediated central tolerance.

Discussion

The mechanism by which Aire mediates the transcription of thousands of TRAs in mTECs is

an important question in the field of autoimmunity [16, 33]. Direct transcriptional regulation

by Aire seems to be via an unconventional mechanism, however a “Hierarchical” model

might explain the breadth of genes affected when Aire-dependent TRAs are envisaged as

transcriptional activators capable of driving the expression of other downstream TRAs [11].

We tested a version of this model that postulates that conserved transcription factors play an

intermediate role in the regulation of pancreatic TRAs. The Aire-dependent transcription of

insulin in mTECs is required for central tolerance and prevention of T1D [19]. Interestingly,

the pancreatic transcription factor, Pdx1, which is necessary and sufficient for insulin

expression in pancreatic islets, is also dependent on Aire for its expression in the thymus [23].
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We therefore hypothesized that Aire might indirectly regulate islet-specific genes in the

thymus  by  inducing  the  expression  of  Pdx1,  which  then  directly  activates  the  expression  of

downstream TRAs, like insulin and somatostatin. We tested this hypothesis using a mouse

model that deleted Pdx1 only from the thymus and investigated TRA expression and the

induction of central tolerance to insulin.

Our qPCR analysis of Ins2 and Sst transcription (both induced by Pdx1 in the

pancreas) indicated that Pdx1 in mTECs was dispensable as an intermediate transcription

factor. Similarly, our results indicated that loss of Pdx1 (which normally inhibits beta cell

expression of glucagon [34]) did not influence Gcg transcription in mTECs. These data

indicate that Ins2, Sst and Gcg regulation in the thymus is independent of Pdx1. These results

build  upon  a  previous  report  from  Villasenor  et  al.  [33]  that  analyzed Ins2 transcription in

extracts of whole thymus from embryonic or perinatal Pdx1-/- mice. Under these conditions,

they found no difference in thymic Ins2 transcription in Pdx1-/- or cMaf-/- mice, although it is

notable  that  this  time-point  is  prior  to  maximal  Aire  expression  and  TRA  measurement  in

whole thymus is not considered robust without the use of an Aire-deficient control. Here, we

extend  upon  this  study  to  show  that  transcription  of Ins2, Sst, Gcg and Gad1 measured  in

purified TEC subsets was unaltered by Pdx1 deficiency specifically in the TEC compartment

of a mature thymic microenvironment. In addition, we found that normal Aire expression was

also maintained in Pdx1 Foxn1 mTEC. Importantly, we also showed that the protein levels and

distribution of a pancreatic TRA (glucagon) did not change in the absence of Pdx1 and the

physiological outcome of immunological tolerance against a neo-TRA (insHEL) was not

reduced.

An interesting observation from our immunohistological analysis of glucagon

expression was that this Aire-dependent TRA did not co-localize with Aire-positive mTECs.

This finding suggests that TRA expression may be temporally or spatially separate of Aire’s
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activity  as  a  transcriptional  regulator.  Although we cannot  rule  out  that  a  low level  of  Aire

protein that is undetectable via this approach may indeed be present in glucagon-expressing

mTECs, Villasenor made a similar finding by single-cell transcriptional analysis of Ins2 and

Aire [33]. Therefore, one interpretation of these data is that Aire expression in mTECs is

transient, but somehow induces enduring transcriptional activation of TRAs after it has been

downregulated. This notion is at odds with current models that posit that Aire is expressed in

terminally differentiated mTECs [9, 35].

The  expression  of  TRAs  in  the  thymus  promotes  the  deletion  of  autoreactive

thymocytes to preserve tolerance. For example, the dysregulation of insulin expression in

TECs predisposes  mice  and  humans  to  autoimmune  disorders  like  T1D [7,  19].  In  a  further

test of the requirement for Pdx1 in Aire-dependent tolerance, we examined the efficiency of

thymocyte deletion driven by an insulin promoter in Pdx1 Foxn1 mice.  Our  results  show that

efficient deletion of autoreactive insHEL-specific thymocytes does not require Pdx1

expression by mTECs. This finding is consistent with our TRA expression data and also

shows that Pdx1 has no impact on the antigen presentation of pancreatic TRA.

Collectively, our data indicate that other, Pdx1-independent, mechanisms drive

pancreatic TRA expression in the thymus. Therefore, Pdx1 expression by TECs likely

represents another TRA to purge the thymus of Pdx1-reactive thymocytes, rather than the

expression of a functional transcription factor. Two possible reasons for the inability of Pdx1

to affect transcriptional changes are that: 1) the Pdx1 protein might be processed for antigen

presentation too quickly; and/or 2) the protein does not translocate to the nucleus to serve as a

transcription factor.

Altogether, our data support the notion that Aire is directly required for the thymic

expression  of  TRAs.  Although  Aire  drives  the  transcription  of  Pdx1  in  the  thymus,  this

expression is not necessary for tolerogenic insulin expression in the thymus. This finding
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suggests that Aire does not use the conserved Pdx1-dependent peripheral regulation pathways

in the thymus, and supports a model for direct transcriptional activity of Aire on Aire-

regulated genes in the thymus.

Materials and methods

Mice

All  mice  were  kept  in  the  animal  facility  of  the  KU  Leuven  and  all  experiments  were  in

accordance with ethical protocols approved by KU Leuven. Experimental mice were age-

matched and their genotypes were confirmed by PCR before being included in the study. The

Aire deficient (Aire-/-) [18], 3A9 TCR transgenic [29], insHEL transgenic [36], Foxn1Cre

[24], Pdx1fl/fl [25] and Rag1 knockout (Rag1-/-) [37] mice used in this project have been

previously  described.  The  3A9  TCR  and  insHEL  mice  were  backcrossed  8  times  to  the

C57Bl/10.Br genetic background while the rest of the mice were backcrossed >8 generations

to the C57Bl/6 background. Pdx1 Foxn1 Rag-/- insHEL mice and Pdx1wt Rag-/- insHEL siblings

were used on a mixed C57Bl/10xC57Bl/6 background fixed for H2-Ak.

Adult  mice  (8  to  11  weeks  old)  were  irradiated  with  a  single  dose  of  9  Gy  using  a

LiNac  system  (linear  accelerator,  6MV  photons,  Varian  Medical  Systems,  Palo  Alto,  CA).

Mice were reconstituted with 1 × 106 bone  marrow  cells  depleted  of  T  cells  using  CD4

(GK1.5)  and  CD8  (2.43),  both  are  kind  gifts  from  A.  Farr,  University  of  Washington,  and

Low-Tox  M  Rabbit  Complement  (Cedarlane).  Recipients  were  maintained  on  Baytril  for  4

weeks, their blood glucose was monitored 6 weeks after reconstitution and subsequent

analysis at 8 weeks.

Flow cytometric analysis and immunohistology
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Thymocytes and splenocytes were stained with combinations of the following antibodies (all

from eBiosciences, unless otherwise noted): CD8 PE-Cy5, CD62L PE, CD69 PE-Cy7, B220

PE-Cy5, CD25 FITC and CD4 allophycocyanin-Cy7 (BD Biosciences). Anti-IgG1

allophycocyanin (BD Biosciences) was used as a secondary stain to detect 1G12 supernatant

reactivity. Stained cell suspensions were analysed on a CANTO I (Becton Dickinson)

instrument.  For  immunohistology,  sections  were  prepared  from  thymi  and  stained  as

previously outlined [38]. Staining was performed using the following antibodies: anti-mouse

keratin 8 (Troma-1; Developmental  Studies Hybridoma Bank),  anti-mouse keratin 14 (PRB-

115P-100;  Covance),  Rabbit  anti-Aire  (M-300;  Santa  Cruz)  and  Goat  anti-glucagon  (N-17;

Santa Cruz). The following detection antibodies were used: Donkey anti-Rabbit 488, Donkey

anti-Goat 546, and Chicken anti-Rat 647 (Molecular probes). Images were acquired with an

LSM 510 Meta confocal microscope (Zeiss).

Thymic epithelial cell purification

Single cell suspensions of thymic stromal cells were isolated following previously described

protocols [39, 40], with few modifications. Briefly, thymi from 5 to 6 mice were trimmed of

fat  and  other  connective  tissue.  Thymic  lobes  were  minced  in  RPMI-1640  medium

(Invitrogen) with tweezers and scalpel blades. Thymocytes were flushed with RPMI-1640 and

thymic fragments were then digested with collagenase D (Roche Applied Science), followed

by  Dispase/collagenase  (Dispase  from  Roche  Applied  Science)  for  3  to  4  times  or  until  all

fragments were completely digested. The collagenase digestion was carried out at room

temperature with gentle agitation and the Dispase-collagenase digestion performed at 34oC,

also with gentle agitation. After filtration through a 100 micrometer filter, the TEC-enriched

fractions  were  washed  with  FACS  buffer  (20  mM  EDTA  PBS  +  2%  FBS  +  0.1%  NaN3),

counted and stained with the following conjugates: FITC–conjugated Ulex Europaeus
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Agglutinin I (Vector Labs), PE-conjugated anti-BP-1 (6C3; eBioscience), PerCP Cy 5.5–

conjugated anti–H-2A/H-2E (M5/114; Biolegend), allophycocyanin-conjugated anti-CD45

(104; eBiosciences) and PE-Cy7-conjugated anti-Epcam (G8.8; Biolegend). Cells were sorted

into TRIzol (Invitrogen) using a FACSAria instrument (Becton Dickinson). Cells sorted were

defined  by  the  following  phenotypes:  cTECs:  CD45-MHCII+G8.8+BP-1+UEA-, and mTECs:

CD45-MHCII+G8.8+BP-1-UEA+ (representative FACS plot in Supporting Information

Figure 3). Sorted cells were stored at -80oC until used for mRNA extraction.

Real time quantitative PCR

Medullary and cortical  thymic epithelial  cells  (mTECs and cTECs) were sorted into TRIzol

and total RNA isolated using RNeasy micro kit (Qiagen) and reverse transcribed with random

hexamers (Life Technologies) and M-MLV (Invitrogen). Quantitative PCR was performed

with the StepOnePlus (Life Technologies) and TaqMan Fast Universal PCR Master Mix (Life

Technologies). The following assays were used: Aire (Mm.PT.47.5899927, IDT DNA), Pdx1

(Mm00435565_m1, Life Technologies), Insulin2 (Mm.47.17321456, IDT DNA),

Somatostatin (Mm.PT.49a.7678291, IDT DNA), Glucagon (Mm.PT.47.17201536, IDT

DNA), Gad1 (Mm.PT.49a.11296402, IDT DNA) and GAPDH (Mm99999915_g1, Life

Technologies). HEL was measured by SYBR Select Master Mix (Life Technologies) using

the primers 5' TCGGTACCCTTGCAGCGGTT and GAGCGTGAACTGCGCGAAGA.

Relative gene expression was determined by the 2 ct method [41] and normalized to the

average of the wildtype mTECs group.
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Student’s t-test was used to compare differences between means with GraphPad Prism 5

software. All error bars were defined by standard deviation. The difference between two

groups was considered significant if the p-value was less than 0.05.
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Figure 1. Expression of Aire and Pdx1 mRNA in TECs from WT, Aire-/- and Pdx1 Foxn1 mice.

TEC subsets were purified from WT (black bars), Aire-/- (not detected) or Pdx1 Foxn1

(white bars) mice and (A) Aire and (B) Pdx1 transcripts were assayed by qPCR. Data

are shown as the gene expression relative to WT levels and are presented as the mean

+ SD of the indicated number of biological replicates, each performed in two technical

replicates. Data shown are pooled from 3 experiments performed. (C)

Immunofluorescent staining of thymus sections from WT, Aire-/- and Pdx1 Foxn1mice,

representative of three experiments. Keratin 14 (green) and keratin 8 (blue) are shown

in left panels, Aire (red) in center and an overlay in the right panels. Arrows indicate

examples of mTECs expressing Aire. Scale bars, 100 µm. Autoimmune regulator

(Aire), Pancreatic and duodenal homeobox 1 (Pdx1).
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Figure 2. Expression of pancreatic TRAs is Pdx1-independent in mTECs. (A-C) Quantitative

PCR analysis of Aire-dependent, islet-specific TRA (A) Ins2, (B) Sst and (C) Gcg) transcripts

and (D) an Aire-independent TRA (Gad1) in  cTECs  and  mTECs  purified  from  WT  (black

bars), Aire-/-(grey bars) and Pdx1 Foxn1 mice (white bars). Data are shown as the gene

expression  relative  to  the  WT  mTEC  levels  and  are  presented  as  the  mean  +  SD  of  the

indicated number of biological replicates, each performed in two technical replicates. Data

shown are pooled from 3 experiments performed.  *p<0.05, Student’s t test. (E)

Immunofluorescence staining of thymi from WT, Aire-/- and Pdx1 Foxn1 mice, representative

of three experiments. Red arrows indicate glucagon+ cells and white arrows indicate Aire+

cells. Blue, Keratin 8; green, Aire; red, glucagon. Scale bars, 25 µm. Autoimmune regulator

(Aire), Pancreatic and duodenal homeobox 1 (Pdx1), insulin (Ins2), somatostatin (Sst) and

Glucagon (Gcg), glutamic acid decarboxylase 1 (Gad1).
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Figure 3. Deletion of insHEL-reactive thymocytes is independent of thymic Pdx1. Mice of

the indicated genotypes were reconstituted with Rag1-/- 3A9 TCR transgenic bone marrow

and analyzed 8 weeks later. (A) Representative dot plots of CD4 vs. CD8 (top), 1G12 vs.

CD69 (middle) and 1G12 vs. CD25 (bottom) expression gated on the indicated thymocyte

populations.  The numbers shown are the proportions of gated cells.  (B-E) The mean (B, D)

percentage and (C, E) number of (B, C) CD4SP1G12+ and (D, E) mature CD69-CD4SP1G12+

thymocytes of age-matched mice of the indicated genotypes are shown. Data are shown as the

mean number of cells from insHEL-negative mice (black bars) and insHEL-positive

transgenic (white bars) mice. Error bars indicate standard deviation. *p<0.05; **p<0.01;

***p<0.001; Student’s t test. Data shown are representative of two independent experiments.
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Figure 4. Pdx1-deficient mice exhibit equivalent negative selection to Pdx1-sufficient mice

and it is mirrored in the periphery. Splenocytes from mice reconstituted with TCR transgenic

bone marrow were stained with 1G12 anti-TCR clonotypic antibody and

differentiation/activation marker. (A) Representative profiles of the indicated genotypes are

shown. The numbers shown indicate the percentages of gated cells that fall within the

indicated regions. (B) CD4  SP  splenocytes  and (C) the proportion that exhibited activated

phenotype, i.e. 1G12+CD62L-. Each symbol represents an individual mouse and bars

represent the mean values from pooled age-matched siblings of the indicated genotypes. Data

are shown as the mean number of cells from insHEL wildtype mice (black symbols) and from

insHEL transgenic siblings (white symbols). Error bars indicate standard deviation. *p<0.05;

**p<0.01; ***p<0.001; Student’s t test. Data shown are representative of two independent

experiments.
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Table 1. Effect of thymic Pdx1-deficiency on positive selection and negative selection of

pancreatic-specific autoreactive T cells.

 Bone marrow donor TCR+ Rag-/- TCR+ Rag-/- TCR+ Rag-/- TCR+ Rag-/-

Pdx1 Foxn1 Pdx1 Foxn1

 Bone marrow recipient Wildtype insHEL+ insHEL+

Thymus
n 6 7 5 5

%DN 7.2 ± 1.4a) 14 ± 3.5 ***b) 7.1 ± 2.0 15 ± 1.7 ***
%DP 41 ± 10 49 ± 16 45 ± 8.9 40 ± 7.1
%CD4 SP 40 ± 6.4 18 ± 7.7*** 34 ± 11 118 ± 6.4 ***

 % IG12+ 96 ± 1.0 78 ± 21 93 ± 7.4 89 ± 7.2*
 % IG12+CD69- 25 ± 4.7 6.9 ± 1.4 *** 22 ± 4.2 12 ± 6.6 **
 % CD25+ 1.9 ± 0.5 12.8±7.9 ** 2.4± 1.2 14.7 ± 4.8 ***

%CD8 SP 9.7 ± 2.3 15 ± 6.3 10.8 ±2,5 21.1 ± 3.8***

Spleen
n 7 7 5 5

%B220+ 5.1 ± 4.3 6.0 ± 3.1 4.0 ± 1.9 8.3 ± 7.2
%CD4+ 40 ± 7.6 26 ± 8.4 ** 42 ± 7.0 30 ± 8.0 *

 % IG12+ 83 ± 15 43 ± 29 ** 69 ± 18 64 ± 26
%CD4+IG12+ 40 ± 13 13 ± 11 ** 30 ± 9.7 21 ± 12*

 % CD62L- 17 ± 5.4 36 ± 13 ** 15 ± 5.4 37 ± 11**
%CD8+ 18 ± 5.3 16 ± 4.3 22 ± 3.9 16 ± 3.9

a)Mean ± SD

b)*p<0.05 vs TCR+ Rag-/- into wildtype; **p<0.01 vs TCR+ Rag-/- into wildtype; ***p<0.001

vs TCR+ Rag-/- into wildtype.
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