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ABstrAct
Background: The Autoimmune Regulator (AIRE) is a transcription factor involved in the 
negative selection of self-reactive thymocytes in the thymus and is therefore pivotal in the 
establishment of central tolerance. NF-κB inducing kinase (NIK) mediated non-canonical 
NF-κB signaling has been implicated in this process. Recently, AIRE has also been detected 
in secondary (or peripheral) lymphoid tissues, both in dendritic cells (DC) and in distinct 
bone-marrow derived antigen-presenting cells. In these extrathymic AIRE-expressing 
cells (eTACs), AIRE regulates the expression of a group of tissue-specific antigens that is 
distinct from those expressed in the thymus, suggesting that extrathymic AIRE may play 
a complementary role in tolerance induction. However, whether eTACs are also present 
in peripheral tissues under pathological conditions to regulate endogenous tissue-specific 
antigen expression and induce tolerance remains to be determined, as well as the signal 
transduction pathways regulating this process. 

Objective: To study the importance of the non-canonical NF-κB pathway in the regulation 
of AIRE expression and to investigate if eTACs are present in human RA chronically 
inflamed synovial tissue (ST). 

Methods: In normal human thymus sections and thymus sections form wildtype (Wt) and 
Nik-/- mice AIRE gene expression was evaluated by qPCR and AIRE protein was detected by 
immunofluorescence and confocal microscopy. ST was obtained via mini-arthroscopy from 
inflamed joints of RA patients and eTACs were detected by immunofluorescence followed 
by confocal microscopy. Human monocyte-derived DC and murine bone marrow-derived 
(BM)DC from Wt or Nik-/- mice were generated and evaluated for AIRE expression after 
treatment with stimuli that induce non-canonical NF-κB signaling. 

Results: Nik-/- mice lacked AIRE expression both in thymus and in BMDC. Our results 
indicate that lymphotoxin (LT)β receptor stimulation does not induce extrathymic AIRE 
expression in human and murine DC, whereas pilot experiments suggest that CD40-
mediated non-canonical NF-κB signaling results in upregulation of AIRE. Interestingly, 
eTACs were detected in some RA patients, but only in ST containing tertiary lymphoid 
structures (TLS). The exact phenotype of eTACs in RA ST and their precise role in TLS are 
currently further investigated.

Conclusion: We confirmed the important role of non-canonical NF-κB signaling in 
thymic AIRE expression. In DC, we could not establish a role for LTβR in extrathymic 
AIRE expression, but CD40-induced non-canonical NF-κB signaling may play a role. We 
demonstrate for the first time that eTACs can be found in chronic inflammation, more 
specifically in RA ST containing TLS. The presence of eTACs in RA ST may be an attempt 
to control inflammation through the induction of peripheral tolerance to antigens involved 
in the perpetuation of the inflammatory response. 
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introDUction
The Autoimmune Regulator (AIRE) is a transcription factor involved in the negative 
selection of self-reactive thymocytes via the expression of tissue-specific antigens by 
medullary thymic epithelial cells (mTECs) and the absence of even one AIRE-induced 
tissue-specific antigen in the thymus can lead to autoimmunity in the antigen-expressing 
target organ (reviewed in 1). 

Recently, the human Aire gene was found to be a genetic determinant for the 
predisposition to rheumatoid arthritis (RA) 2-4. In silico analysis showed decreased 
transcription of Aire by the risk allele compared with the alternative allele. Next to central 
tolerance, self-tolerance must continue to be enforced after T cells leave the thymus. 
Clinical evidence suggests that chronic or repeated exposure to self-antigen within 
tissues leads to attenuation of pathological autoimmune responses, but the mechanism 
is not completely known 5,6. Extrathymic AIRE expression has only recently been 
described 7-9, predominantly in peripheral lymphoid tissues. Extrathymic AIRE expressing 
cells (eTACs) are involved in peripheral tolerance induction by deletion of autoreactive 
T cells 9,10. However, the reported nature of eTACs is controversial since these cells range 
from dendritic cells (DC) expressing tolerogenic molecules like IL-10 and indoleamine-
2,3-dioxygenase (IDO) 8 to stromal cells 9 and a distinct bone marrow-derived population 
of antigen presenting cells lacking classic DC markers 11. However, the data consistently 
suggest that eTACs contribute to peripheral tolerance. In these peripheral tissues, AIRE 
was found to regulate the expression of a group of tissue-specific antigens that is distinct 
from those expressed in the thymus 9. 

AIRE expressing marginal zone DC have been demonstrated to balance T cell-dependent 
antibody responses within the spleen 12 and insulin expression in AIRE+ tolerogenic DC 
may play an essential role to prevent the activation and expansion of insulin-reactive 
T cells in the periphery 10. Interestingly, eTACs have been observed in tertiary lymphoid 
structures (TLS) in the infiltrated pancreatic islets of NOD mice 9. However, whether AIRE-
dependent, endogenous tissue-specific antigen expression in peripheral tissues also occurs 
under pathological conditions in humans remains to be determined, as well as the signal 
transduction pathways regulating this process. 

Human AIRE+ DC have been demonstrated to express IDO 8 which can be induced via 
stimulation of non-canonical NF-κB signaling 13.

NF-κB can be activated via two signal transduction pathways that have distinct roles 
in the immune system 14. The canonical NF-κB pathway is activated in response to pro-
inflammatory stimuli and depends on inhibitor of κB (IκB) kinase (IKK)β activity. The non-
canonical pathway can be activated by triggering of TNF-receptor superfamily members 
such as the lymphotoxin β receptor (LTβR), receptor activator of NF-κB (RANK), and 
CD40 15), and is strictly dependent on NF-κB-inducing kinase (NIK) 16. RANK, CD40 and 
LTβR regulate the development and functions of mTECs 17. It has been demonstrated that 
non-canonical NF-κB signalling is required for AIRE expression in the thymus 18-20, but 
which receptor-ligand pair is most important is not clear yet and the contribution of this 

120



pathway to extrathymic AIRE expression is unknown. We have recently demonstrated 
that NIK, the key regulator of the non-canonical NF-κB pathway, is highly expressed in 
RA synovial tissue (ST) containing TLS 21. This phenomenon is called ectopic lymphoid 
neogenesis (ELN) and can be found in approximately 30% of RA ST. ELN does not define 
a specific disease subset and also occurs in other types of chronic inflammation 22. The 
exact function of TLS is still not fully understood, but this may be an attempt to dampen 
inflammation through the induction of peripheral tolerance to certain antigens that are 
involved in the perpetuation of the chronic inflammatory response in RA ST. 

Here, we hypothesized that eTACs are present in RA ST and that non-canonical 
NF-κB signaling may contribute to AIRE expression in eTACs. Therefore, we studied the 
importance of non-canonical NF-κB signaling in the regulation of AIRE expression, both 
in the thymus and in DC, and evaluated eTAC expression in RA ST with and without TLS.

metHoDs
Patients
This study was conducted with the approval of the Medical Ethical Committee of the 
Academic Medical Center, University of Amsterdam (AMC) and all patients gave their 
written informed consent obtained according to the Declaration of Helsinki.

Synovial tissue collection
Synovial tissue specimens were collected by arthroscopy, as previously described 23. All 
patients had active RA [DAS evaluated in 28 joints (DAS28) ≥3.2] and had not received 
previous treatment with biologics. 

Mice 
Nik-/- mice (C57/Bl6 background) were kindly provided by D.V. Novack, (Washington 
University, St. Louis, MO) and housed under specific pathogen free conditions at the 
animal facility of the AMC. All experiments were approved by the animal ethics committee 
of the AMC.

Isolation and culturing of dendritic cells
Human monocyte-derived (mo)DCs were obtained as described previously 24. Briefly, 
monocytes were isolated from PBMCs using density centrifugation. Immature DCs were 
generated by culturing monocytes in 24-well culture plates at a density of 5 × 105 cells/
well in Iscove’s Modified Dulbecco’s Medium (IMDM) (Life Technologies, Paisley, U.K.) 
containing gentamycin (Duchefa, Haarlem, The Netherlands) and 1% FCS and supplemented 
with GM-CSF (R&D systems) and IL-4 (Sanquin, Amsterdam, the Netherlands) for 6 days. 
At day 3, the media, including the supplements, were refreshed. After 6 days of culture, 
DCs were stimulated for 48 hours with 100 ng/ml LT or 100 ng/ml LIGHT (both R&D 
Systems), LPS (100 ng/ml; Sigma Adrich, Zwijndrecht, the Netherlands) or anti-human 
CD40 stimulating antibodies (clone 7; kind gift of Dr. Louis Boon).
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Bone marrow-derived dendritic cells (BMDCs) were isolated from wildtype (Wt) and 
Nik-/- mouse femurs/tibias and grown, as described previously 25. Briefly, BMDCs were 
cultured in 100 mm Nunc culture dishes for 10 days in tissue culture medium (TCM) 
(5% fetal calf serum (FCS) (Biocell Laboratories, Rancho Dominguez, CA) RPMI 1640, 
gentamycine, β-mercaptoethanol, all from Gibco BRL, Paisley, Scotland) supplemented 
with 20 ng/mL recombinant murine (rm) granulocyte macrophage–colony-stimulating 
factor (GM-CSF) (R&D systems, Abingdon, United Kingdom). After 9 days of culture, cells 
were stimulated for 48 hours with 100 ng/ml LT or 100 ng/ml LIGHT (both R&D Systems. 
After that, cells were resuspended in RNA lysis solution (Total RNA Miniprep Kit, Sigma-
Aldrich, St Louis, MO) 

Real Time and quantitative RT-PCR
Expression of the Aire gene was measured from the cultured BMDCs Wt and Nik-/- mice by 
quantitative RT-PCR and thymus tissue of Wt and Nik-/- mice by using RT-PCR. Total RNA 
was isolated using Total RNA Miniprep Kit (Sigma-Aldrich). Therefore, cultured BMDCs 
were resuspended in lysis buffer containing 10% β-mercaptoethanol. Mouse thymus tissue 
derived from 1 month old Wt (n=3) and Nik-/- mice (n=3) was homogenized by shredding 
1 minute in 600 μL of lysis buffer containing 10% β-mercaptoethanol. After that, one 
volume of 70% ethanol was added and the homogenate was loaded onto a column for total 
RNA isolation according to the manufacturer’s protocol, followed by DNase I (Sigma-
Aldrich) treatment. RNA quality and concentration were determined using a NanoDrop 
spectrophotometer (Thermo Scientific, Waltham, MA). cDNA was synthesized from total 
RNA (500 ng) using the Cloned AMV First Strand cDNA Synthesis Kit (Thermo Scientific, 
Waltham, MA), using hexamer primers. Primer sets were designed on a conserved region 
of the gene of interest using the computer software Primer Express 3.0 with an optimal 
product size of 100-200 bp and spanning two exons to avoid genomic contamination. Primer 
specificity was tested by homology search with the mouse or human genome (BLAST) and 
primer sets were synthesized by Biolegio. Real Time and quantitative PCR was performed 
using the following primer pairs: 

Aire forward 5’-CAACTCTGGCCTCAAAGAGC-3’ 
Aire reverse 5’-TGAATTCCGTTTCCAAGAGG -3’
LTβR forward 5’-CAGGGACCAGGAAAAGGAAT-3’ 
LTβR reverse 5’-ACAGCTGGCAGATGGTCAG-3’ 
CD40 forward 5’-CACCTCGCTATGGTTCGTCT-3’ 
CD40 reverse 5’-GGCACAAAGAACAGCACTGA-3’ 

 Beta-2 microglobulin (B2M) was used as the endogenous reference gene using the following 
primers: 

B2M forward 5’-CATGGCTCGCTCGGTGACC -3’ 
B2M reverse 5’-AATGTGAGGCGGGTGGAACTG-3’
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PCR efficiency and optimal melting temperatures were determined per primer set, 
and the specificity was verified by gel electrophoresis using standard real-time PCR on 
cDNA. Quantitative PCR was performed using StepOne Plus Real-Time PCR System 
(Applied Biosystems, Foster City, CA) using Power SybrGreen PCR Master Mix (Applied 
Biosystems). All reactions were performed in duplicate on cDNA isolated from two different 
experiments or mice.

Immunofluorescence staining
Defrosted sections were fixed with 4% aldehyde fixation in PBS for 10 minutes and then 
permeablized with 0.2% triton/PBS for 10 minutes. Subsequently, slides were washed 
three times with PBS and polyclonal anti-AIRE-primary antibody (D17; SC-17986, 
Santa Cruz Biotechnology, Santa Cruz, CA) was incubated overnight in 3% (w/v) bovine 
serum albumin (BSA) in PBS at 4 °C. After that, slides were washed 3 times with PBS and 
secondary Alexa Fluor 594 Donkey anti-Goat antibody (A11058, Invitrogen) was diluted in 
3% BSA, 10 % (v/v) donkey serum in PBS. Incubation with secondary antibody was 1 hour 
at room temperature after which slides were washes 3 times with PBS. Finally, the slides 
were mounted with Vectashield containing DAPI (Brunschwig VC-H-1500, Amsterdam, 
The Netherlands). As a negative control, sections were incubated with isotype controls 
(IgG goat) or PBS. The slides were analyzed using a Leica TCS SP8 X Confocal Microscope 
(Leica, Wetzlar, Germany).

Western blot
After the indicated times of incubation and stimulation, cells were washed with PBS. 
Subsequently, cells were lysed in 2x lysisbuffer, containing 2% triton-X100 (Sigma-Aldrich, 
Zwijndrecht, the Netherlands) in PBS and 2x Protease Inhibitor cocktail (Roche, Woerden, 
the Netherlands) for 1 hour at 4°C. This was followed by adding 2x samplebuffer, containing 
β-mercaptoethanol (1:1). The proteins were separated by SDS-PAGE on a 4-12% gel 
(Invitrogen, Breda, the Netherlands) at 200 Volt until the samplebuffer reaches the bottom 
of the gel and subsequently, proteins were transferred onto a membrane at 30 Volts for 2 
hours on ice. 

The membrane was blocked in TBS/Tween containing 2% non-fat dry milk (Bio-Rad, 
Hercules, CA) and Na3VO4 (2 mM) during 1 hour. Detection of proteins was performed by 
incubating the membranes with the primary monoclonal antibodies: AIRE (C2; sc-373703, 
Santa Cruz Biotechnology), p100/p52 (05-361, Millipore, Billerica, MA) or anti-actin (Santa 
Cruz Biotechnology) overnight at 4°C. The membranes were subsequently washed and 
developed with secondary HRP-conjugated rabbit anti-mouse antibodies (P016102, DAKO, 
Glostrup, Denmark) in TBS/Tween for 1h at room temperature. After extensive washing, 
detection of the bound antibody by enhanced chemiluminescence (ECL) detection system 
was performed using 250 μl luminal/enhancer and 250 μl stable peroxidase solution (Lumi-
Light Western Blotting Substrate, Roche, Woerden, the Netherlands).
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Statistical analysis
All data are presented as mean ± standard error of the mean (SEM). Statistical analysis was 
carried out using Prism Software (GraphPad). For statistical comparison, mean values per 
group were compared by unpaired Mann-Whitney U test. P-values <0.05 were considered 
statistically significant (*P<0.05, **P<0.01).

resULts
NIK is involved in thymic Aire expression
First, we performed RT PCR analysis of Aire gene expression in thymus of Nik-/- mice 
compared to wildtype (Wt) mice and found that Aire gene expression was virtually absent 
in Nik-/- mice (Figure 1). These data are in line with previously published work in aly/aly 
mice containing a natural loss-of-function mutation in the Nik gene and have reduced 
Aire expression in the thymus 20,26. To confirm our gene expression data, we performed 
immunofluorescence staining of AIRE protein on thymus tissue of Wt and Nik-/- mice 
followed by confocal microscopy. This revealed that AIRE protein is expressed in Wt mice, 
mainly in the inner thymic medulla (Figure 2A), which is in line with previous reports 27,28. 
Preliminary results indicate that strong AIRE+ cells in the thymus are mainly negative for 
the DC marker BDCA1, but weak AIRE+ cells are sometimes also BDCA1+ (Supplementary 
Figure 1), however these cells were mainly found in the outer cortex. In contrast, but in 
line with our gene expression data, AIRE protein is completely absent in the thymus of 
Nik-/- mice (Figure 2B). Next, we applied this method to detect AIRE in human thymus 
sections and confirmed that this staining protocol can be used to detect AIRE in human 
tissue samples as well (Figure 2C). 

eTACs are present in RA synovial inflammation
Since eTACs have been detected in TLS in the pancreas of NOD mice 9, we examined 
whether eTACs are present in RA synovial tissue (ST) with and without TLS. We could 
detect eTACs in RA ST which has not been described before (Figure 3). AIRE protein could 
be detected in these ST samples using two different AIRE-specific antibodies, both resulting 

Figure 1.

Aire

B2M

Wt Nik-/-

Figure 1. Absent Aire expression in the thymus of Nik-/- mice. RT-PCR 
analysis demonstrated that Aire is expressed in Wt thymus, but not in 
thymus of Nik-/- mice. β2-microglobulin was used as a housekeeping 
gene. Representative picture is shown of 3 independent experiments.
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Figure 2.

AIRE DAPI MERGE

A

B

C

Figure 2. Confocal microscopy images of AIRE protein expression in thymus. Immunofluorescence 
staining of AIRE expression in A, thymus of Wt mouse B, Nik-/- mouse thymus C, human thymus. AIRE 
protein is expressed in Wt mouse and human thymus, but not in Nik-/- mouse thymus. AIRE is shown in red, 
nuclei are shown in blue (DAPI). Representative pictures are shown, n=3. Scale bars 10 μm. 

DAPI AIRE

Figure 3.

MERGE

Figure 3. Confocal microscopy images of eTACs in RA synovial tissue containing TLS. AIRE (red) is 
expressed in the nuclei (blue) in RA synovial tissue containing tertiary lymphoid structures (TLS). Arrows 
indicate AIRE expressing cells. n=2 in two independent experiments. Scale bars 10 μm.
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in the characteristic speckled staining pattern inside the nucleus, which is in line with 
previously published work. Interestingly, similar to AIRE+ cells in the thymus the chromatin 
of eTACs appears to have a more open structure as indicated by less intense DAPI staining 
in eTACs. Of note, these eTACs were only present in 2 out of the 10 RA ST samples that we 
investigated and found exclusively in tissues containing TLS. The exact phenotype of these 
cells is currently investigated in more detail.

LTβR triggering does not regulate extrathymic AIRE expression 
in DC, but CD40 stimulation results in upregulation of AIRE 
Normal lymphoid tissue development is dependent on LTβR signaling, as has been shown 
by LTβR-deficient mice. LTβR is expressed by fetal stromal cells, as well as by cells of the 
myeloid lineage and endothelial cells (reviewed in 29). Since many reports on eTACS in 
secondary lymphoid organs suggest that these cells are mainly DC 7,8,30, we investigated 
whether activation of non-canonical NF-κB signaling is able to induce AIRE expression 
in DC. First, human monocyte-derived DC were stimulated with either LT or LIGHT to 
activate LTβR signaling. Our results indicate that this does not result in an increase in 
Aire gene expression (Figure 4A). Next, bone marrow-derived (BM)DC from Wt or Nik-/- 

mice (Supplementary Figure 2) were stimulated with either LT or LIGHT to activate LTβR 
signaling. qPCR analysis of unstimulated BMDC revealed that AIRE was present in BMDC 
from Wt mice, whereas in BMDC from Nik-/- mice AIRE expression was virtually absent 
(Figure 4B). In general, AIRE expression in Wt BMDC (Ct value 32) was much lower than in 
Wt thymus (Ct value 26). LTβR stimulation with LT or LIGHT did not result in an increase 
in AIRE mRNA expression in Wt BMDC, nor in Nik-/- BMDC(Figure 4B) . 

Preliminary data indicate that CD40 stimulation does result in an increase in Aire gene 
expression in human DC (Figure 5A). Subsequently, we confirmed these findings on the 
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Figure 4. AIRE gene expression is not upregulated by LTβR-induced signaling in human and murine DC. 
Aire gene expression was measured in unstimulated and LTβR stimulated A, human DC and B, BMDC of 
Wt and Nik-/- mice using quantitative RT-PCR. β2-microglobulin was used as a housekeeping gene. Data are 
expressed relative to β2-microglobulin and represent mean+SD, n=1 (A) and n=3 (B) per group.
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Figure 5. AIRE can be induced in human DC by CD40 stimulation. A, Aire gene expression was measured in 
unstimulated, LPS- and anti-CD40 stimulated human DC using quantitative RT-PCR. β2-microglobulin was 
used as a housekeeping gene. Data are expressed relative to β2-microglobulin and represent mean+SD, n=3 
per group; ** P<0.01. B, AIRE protein expression in unstimulated, LPS- and anti-CD40 stimulated human 
DC was assessed by western blot analysis. Representative picture is shown of 3 independent experiments. C, 
Immunofluorescence staining of AIRE on cytospins of anti-CD40 stimulated human DC. AIRE is shown in 
red, nuclei are shown in blue (DAPI). Right panel is zoom image of preceding panel. Representative pictures 
are shown, n=3. 

protein level (Figure 5B and C). However, further experiments are required to establish 
whether the induction of AIRE is mediated via non-canonical NF-κB signaling. Preliminary 
results in BMDC indicate that CD40-induced AIRE expression is indeed NIK dependent 
(data not shown). Altogether, our in vitro findings indicate that NIK is involved in extrathymic 
AIRE expression, which is not regulated by LTβR, but via CD40 triggering on DCs. 

DiscUssion
In the present study we studied the contribution of non-canonical NF-κB signaling to 
thymic and extrathymic AIRE expression. In addition, we could demonstrate that eTACs 
are present in RA synovial inflammation, which is the first description of eTACs in human 
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chronically inflamed tissue. First, we confirmed that non-canonical NF-κB signaling 
is required for thymic AIRE expression, which is in line with other reports 19,20. In the 
thymus, induction of self-tolerance in developing T cells is dependent on AIRE expressing 
mTECs (reviewed in 31). AIRE promotes clonal deletion of self-reactive T cells if their TCR 
recognizes MHC-peripheral tissue antigen complexes directly on mTECs or indirectly 
on DC that have engulfed apoptotic mTECs or mTEC fragments 31. However, the exact 
underlying mechanisms of this process are largely unknown 32. Human AIRE+ DC have 
been demonstrated to express IDO 8, that can be induced via stimulation of non-canonical 
NF-κB signaling 13. IDO expression in DC can result in the induction of both T cell anergy 
and Tregs 13,33. We established that Nik-/- BMDC have reduced levels of AIRE compared 
to Wt cells under basal conditions. AIRE expression could not be induced by LTβR 
stimulation in either murine BMDC or human monocyte-derived DC. Curiously, although 
human DC expressed LTβR on their surface, LTβR stimulation did not result in p100-p52 
processing in these cells (Supplementary Figure 3). However, preliminary results indicate 
that CD40 stimulation does result in activation of non-canonical NF-κB signaling in human 
monocyte-derived DC indicated by p100-p52 processing (Supplementary Figure  3) and 
increased AIRE levels, both in murine and in human DC. Future experiments will have 
to determine whether this expression is mediated via the non-canonical NF-κB pathway. 
These findings are in line with a recent paper demonstrating that AIRE expression in B cells 
can be induced by CD40 stimulation 34.

Interestingly, we are the first to demonstrate that eTACs are present in RA synovial 
inflammation. These eTACs are present in very small numbers and exclusively found in 
tissues that contain TLS, which is in line with the description of eTACs in TLS in the pancreas 
of NOD mice 10. Preliminary results indicate that eTACs are not present in osteoarthritis 
and psoriatic arthritis ST, suggesting that the presence of eTACs may be associated with 
autoimmunity rather than inflammation in general. In RA ST eTACs may induce peripheral 
tolerance via direct presentation of tissue antigens or via cross-presentation of these 
antigens by quiescent DC 35,36 resulting in clonal deletion of T cells, T cell anergy or even the 
induction of Tregs. Additional studies should be performed to fully document the origin 
and nature of these eTACs in RA synovial inflammation, including the expression of MHC 
class II and co-stimulatory molecules. Another crucial experiment will be to determine the 
repertoire of auto-antigens expressed by these eTACs in ST. Laser capture microscopy and 
subsequent PCR analysis or deep sequencing could potentially be used to do this. 

Extrathymic AIRE expression may be an attempt to dampen inflammation through the 
induction of peripheral tolerance to certain antigens involved in the perpetuation of the 
chronic inflammatory response in RA ST, either via deletion of autoreactive T cells or via 
stimulation of Treg function. This may reveal an entirely new mechanism that is employed 
to control autoimmune reactions and may be exploited to develop new treatments for RA 
and other patients. For example via adoptive transfer of AIRE-expressing bone marrow 
cells expressing relevant autoantigens, which has been demonstrated to result in beneficial 
effects in EAE, an animal model of multiple sclerosis 37.
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SUPPLEMENTARY METHODS
Immunofluorescence staining
For double-immunofluorescence staining, sections were first incubated with FITC-
conjugated primary mAbs against anti-BDCA1 followed by incubation with rabbit 
anti-FITC (Miltenyi Biotec, Bergisch Gladbach, Germany) and with Alexa-488-conjugated 
goat anti-rabbit (Molecular Probes Europe, Leiden, The Netherlands). After blocking with 
normal mouse serum, the sections were incubated with the mouse monoclonal antibodies 
against AIRE (D17; SC-17986, Santa Cruz Biotechnology, Santa Cruz, CA). After that, slides 
were washed 3 times with PBS and secondary Alexa Fluor 594 Donkey anti-Goat antibody 
(A11058, Invitrogen) was diluted in 3% BSA, 10 % (v/v) donkey serum in PBS. Incubation 
with secondary antibody was 1 hour at room temperature after which slides were washes 
3 times with PBS. Finally, the slides were mounted with Vectashield containing DAPI 
(Brunschwig VC-H-1500, Amsterdam, The Netherlands). As a negative control, sections 
were incubated with isotype controls (IgG goat) or PBS. The slides were analyzed using a 
Leica TCS SP8 X Confocal Microscope (Leica, Wetzlar, Germany).

Flow cytometry
After 10 days of BMDC culture, cells were resuspended in FACS buffer (0.5% BSA, 
0.5 mM EDTA, 0.05% NaN3 in PBS). For the staining, cells were washed with FACS buffer 
and incubated with anti-I-A/I-E APC/Cy7 (Biolegend, San Diego, CA) and CD11c PE 
(Biolegend) for 30 minutes. Flow cytometry was performed using a FACS CANTO (Becton 
Dickinson, Breda, The Netherlands) and analyzed with Flowjo analysis software (Tree Star, 
Ashland, OR).
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Supplementary figure 1. Confocal microscopy images of AIRE and BDCA1 protein expression in human 
thymus. Immunofluorescence staining of AIRE and BDCA1 protein expression in A, strong AIRE positive 
cells are mainly in the inner medulla, BDCA1 positive cells are absent in this region. B, In the outer region 
of the medulla BDCA1 and AIRE positive cells are present, but AIRE positive cells are BDCA1 negative. 
C,  There are many BDCA1 positive cells in the outer cortex and a spare weak AIRE positive cell that is 
BDCA1 positive is detected. AIRE is shown in red, BDCA1 in green, and nuclei are shown in blue (DAPI). 
Image of n=1. Scale bar 10 μm.

Supplementary figure 2. Nik-/- and Wt BMDC are positive for MHCII and CD11c. Bone-marrow derived 
DC express DC markers MHCII and CD11c. These BMDC were used to detect AIRE mRNA expression by 
qPCR and AIRE protein by immunofluorescence.
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Supplementary figure 3. CD40 and LTβR expression DC and downstream p100/p52 signaling on human 
DC. A, CD40 and LTβR gene expression was measured in unstimulated human DC using quantitative 
RT-PCR. β2-microglobulin was used as a housekeeping gene. Data are expressed relative to β2-microglobulin 
and represent mean, n=1 per group. B, p100/p52 protein expression in unstimulated, LPS-, LT- and 
anti-CD40 stimulated human DC was assessed by western blot analysis. Representative picture is shown of 
3 independent experiments. 
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