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The expression of tissue-specific antigens (TSAs) in medullary thymic epithelial cells (mTECs) is believed to be responsible for the elimination of autoreactive T cells, a critical process in the maintenance of central immune tolerance. The transcription factor autoimmune regulator (Aire) and FEZ family zinc finger 2(Fezf2) play an essential role in driving the expression of TSAs in mTECs, while their deficiency in humans and mice causes a range of autoimmune manifestations, such as type 1 diabetes, Sjögren’s syndrome and rheumatoid arthritis. However, because of their regulatory mechanisms, the expression profile of TSAs and their relationship with special autoimmune diseases are still in dispute. In this review, we compare the roles of Aire and Fezf2 in regulating TSAs, with an emphasis on their molecular mechanisms in autoimmune diseases, which provides the foundation for devising improved diagnostic and therapeutic approaches for patients.
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1 Introduction

In all vertebrates, T lymphocytes develop in the thymus, and T-cell receptor (TCR) diversification is a random process that is generated through somatic DNA rearrangement to provide sufficient immune coverage (1). However, this coverage comes at a cost, as it will invariably give rise to T-cell generation with the potential for autoreactivity. To protect individuals from autoimmune diseases, central and peripheral tolerance are essential to prevent the immune system from reacting against self-antigens (2). Autoreactive T cells are eliminated via negative selection in the thymus, a process that contributes to the establishment of central tolerance (3).

T-cell development depends on the thymic microenvironment, which is mainly supported by thymic epithelial cells (TECs). Cortical TECs (cTECs) that reside in the outer cortex region play a critical and unique role in the positive selection of T cells, while medullary TECs (mTECs) are located in the inner medulla area and are instrumental in inducing negative selection (4). In the 1980s, tissue-specific antigens (TSAs) were reported to be expressed in human and animal thymus, and these antigens were considered to exist in particular organs or tissues as cell products or cell structures (5, 6). Promiscuous expression of TSAs in mTECs is needed for the establishment of T-cell self-tolerance. In this process, mTECs with high levels of major histocompatibility complex (MHC) II molecules act as antigen-presenting cells (APCs) and can directly present TSAs to autoreactive T cells, leading to the induction of tolerance either by clonal deletion or functional inactivation (5–7). However, reduced expression and presentation of TSAs by mTECs will lead to autoreactive T cells escaping negative selection, contributing to increased susceptibility to autoimmune diseases.

Autoimmune regulator (Aire), a transcriptional regulator, is attractive because of its link to autoimmune polyendocrinopathy candidiasis ectodermal dystrophy (APECED), which is an autosomal-recessive disorder. Patients with APECED have two of the three most common clinical features, chronic mucocutaneous candidiasis (CMC), chronic hypoparathyroidism (CH), and Addison’s disease (AD) (8, 9). Moreover, several reports have identified some patients with Aire mutations who exhibit other milder autoimmune phenotypes, such as accompanying pernicious anemia (PA), vitiligo, autoimmune thyroid disease (AITD), and type 1 diabetes(T1D) (10–12). Aire is predominantly expressed in mTECs, and has been considered important for negative selection of autoreactive T cells. In addition, Aire has also been implicated in the development of mTECs, promoting antigen presentation or regulating antigen transfer from mTECs to dendritic cells (DCs) (13). More than 20 years after the discovery of Aire (14), thymic TSA expression is commonly thought to be exclusively dependent on Aire. However, the mTECs in Aire-deficient mice have been reported to have numerous TSA gene expression (15), raising the possibility that other regulators participate in the induction of self-antigens in mTECs. Another transcriptional regulator, FEZ family zinc finger 2(Fezf2), has been reported to play an indispensable role in promiscuous TSA expression in mTECs independent of Aire (16). Fezf2 deficiency in TECs leads to inflammatory cell infiltration in the lung, liver, kidney, stomach, small intestine, salivary gland, brain, and testis, but not in the pancreas or retina which are highly affected in mice lacking Aire (16). In addition, Fezf2-deficient mice have many more autoantibodies that recognize TSAs than Aire-deficient mice (16). These results suggested that the spectrum of autoimmune target tissues is possibly wider in Fezf2-deficient mice. This review will provide a comprehensive description of the role of Aire or Fezf2 in thymic TSA expression and their effects on autoimmune diseases.



2 Mechanisms of TSA regulation by Aire and Fezf2

Aire and Fezf2 are highly expressed in mTECs, whereas as outlined above, they directly induce the expression of numerous TSAs (Table 1). The latest advances in understanding how Aire and Fezf2 affect the transcription of a wide variety of genes are discussed in detail below.


Table 1 | Examples of TSAs regulated by Aire and Fezf2.




2.1 Mechanisms by which Aire regulates the expression of TSAs

A key to understanding the molecular mechanisms by which Aire regulates TSA expression is to target loci encoding TSAs. Unlike other canonical transcription factors, Aire does not bind to a specific DNA-binding domain but can act as a part of the multimolecular complex involved in gene transcription (20) (Table 2). According to some authors’ studies, the first plant homeodomain (PHD1) zinc finger of Aire might participate in the regulation of TSAs by binding unmethylated histone H3 lysine 4 (H3K4), which is a repressive epigenetic marker (31). However, the results of studies on H3K4 demethylase overexpression showed that global demethylation of H3K4 has no effect on TSA expression (32), suggesting that Aire binding to H3K4 is insufficient to drive TSA expression. Thus, additional mechanisms for regulating Aire-driven TSA expression are likely important.


Table 2 | Aire-interacting partners and their functional roles.



It should be mentioned that additional marks of a repressive chromatin state were linked with Aire. Aire targets activating ATF7ip-MBD1complex, which is associated with the histone methyltransferase ESET-SETDB1 targeting it to methylated CpG dinucleotides that are rich in inactive gene promoters. Furthermore, mTECs from MBD1-deficient mice showed decreased expression of Aire-dependent TSAs (21). Athymic nude mice that received MBD1-deficient thymus develop autoimmune diseases, indicating that thymic MBD1 may provide a protective effect against the development of autoimmune disease. Of note, the combined absence of both MBD1 and ATF7ip through shRNA in vitro led to a significant absence of Aire-dependent TSAs. These reports imply that Aire-regulated TSA expression requires these two proteins.

More detailed studies on the TSAs in mTECs from SCID mice with DNA-PK mutations versus their WT counterparts have provided new evidence that DNA-PK appeared to be critical for Aire to promote the expression of TSAs (23, 24). DNA-PK is identified as a nuclear kinase responsible for the repair of DNA double‐strand breaks (DSBs) and DNA replication. DSBs trigger histone H2AX phosphorylation at Ser-139 (γH2AX), and DNA-PK cooperates with Aire binding to γH2AX (24). Thus, DNA-PK may direct Aire to TSAs poised for transcription, as DSBs that result in DNA damage are associated with transcription initiation, which may be part of the cellular mechanism by which Aire regulates TSA expression in mTECs.

Unlike typical transcription factors, Aire promotes TSA expression through RNA elongation rather than gene transcription initiation. RNA transcripts fail to elongate in Aire-deficient mTECs, suggesting a strong induction of Aire on RNA elongation. Previous work showed that P-TEFb, as an Aire partner, favors the release of stalled RNA polymerase to elongate RNA transcripts (25). Another report identified HnRNPL as another Aire partner, which was coimmunoprecipitated with Aire and the P-TEFb components CDK9 and HEXIM1, whose deletion in mTECs inhibited the transcription of the P-TEFb components CCNT2 and CDK9, suggesting a role for HnRNPL in RNA elongation (26). 7SK snRNA is a noncoding RNA that can interact with Aire and whose presence is critical for the regulation of P-TEFb activity (26). It is now clear that the loss of HnRNPL reduces this interaction and provides a detailed mechanism of how HnRNPL promotes the interaction of Aire with P-TEFb. In addition, Peterlin et al. found that Aire can regulate precursor messenger RNA (pre-mRNA) splicing via P-TEFb or other factors (26, 33). Aire upregulates pre-mRNA splicing of heterologous minigenes through P-TEF-b and associates with multiple interacting partners (e.g., EFTUD2, SNRPB, SRSF1) (33). Overall, Aire-regulated expression of TSAs is linked to RNA elongation and pre-mRNA splicing instead of transcription initiation.

The integrity of the caspase recruitment domain (CARD) and SAND domains of Aire with transactivation ability is critical for Aire-dependent TSA expression. Aire expression is required for CBP translocation from the cytoplasm to the nucleus, which is an activity driven by a CARD-dependent interaction that accelerates the transactivation potential of Aire (27). RANKL, as a member of the tumor necrosis factor family, has been reported to promote Aire expression in mTECs by activating NF-κB2, and accumulation of Aire and CBP in anti-RANK-stimulated nuclei may drive the focal induction of TSAs (34). CBP as acetyltransferase proteins can act directly upon Aire (28). At the same time, Aire also interacts with Sirt1, a protein which plays a critical role in deacetylation of lysine on the Aire protein and regulation of Aire-dependent TSA expression (29, 30). The binding of Aire to DNA has been a source of intense study. Aire has been shown to bind specific DNA sequences in vitro (35). Several studies have identified the three-dimensional structure of the SAND domain in the Sp100b protein as well as additional related proteins, such as AIRE1, NucP41/P75 and DEAF-1. SAND domains may mediate DNA binding of these proteins in the context of transcriptional regulation (36, 37). Thus, it may be possible that the SAND structure of Aire participates in regulating TSA expression in mTECs by binding to its specific target DNA sequences.



2.2 Mechanisms of Fezf2 regulating the expression of TSAs

In 2020, Tomofuji and colleagues used RNA-Seq to examine downregulated genes in mTECs from mice lacking Fezf2 or Aire. They identified 640 genes and 1,553 genes regulated by Fezf2 and Aire, respectively (38). Among them, 123 genes that were dependent on both factors were identified (38). Bioinformatics analysis further showed that more than 60% of the TSAs in mTECs are regulated by Aire and/or Fezf2. Of note, Fezf2 is highly expressed in mTEChi cells. Consistently, mTEChi cells had higher levels of Fezf2-dependent genes than mTEClo cells (16). The repressed genes in Fezf2 -/- mTECs are reported to be associated with TSAs in autoimmune diseases or tumors. Takayanagi et al. performed a genome-wide analysis of mTECs from Fezf2-deficient mice and selected genes with more than a fourfold reduction in gene expression compared to the wild-type control. It was found that 16 Fezf2-dependent genes were TSAs, among which the expression of Krt10, Resp18, Fabp9, Maoa, and Timd2 was not regulated by Aire, that is, Aire-independent TSAs (16). Overall, Fezf2 is shown to regulate a unique subset of TSA genes independent of Aire.

Is the regulation of TSA expression by Fezf2 independent of Aire? The applications of affinity propagation clustering revealed coherent patterns of genes whose expression is gene-by-gene correlated for Aire-regulated genes (39), suggesting a high degree of coexpression at the single-cell level. However, such pattern was not observed in Fezf2-regulated genes (38). Gene expression regulated by Fezf2 is different from that of Aire- regulated genes, which is suggested by the observation that Fezf2- regulated gene expression exhibits broad patterns in mTECs rather than mosaic patterns (38). A study found that Fezf2 binds to the promoters of multiple protein-coding genes in cortical progenitor cells (40). Subsequent research applied ChIP-seq analysis and found that Fezf2 was directly bound to the promoter of Fezf2-dependent TSAs, such as Mbp, Gad1, Col2a1, and Muc1, and other autoantigens but not to the promoter of Aire-dependent TSAs in mTECs (16). In addition, data from luciferase reporter assays revealed that Fezf2 regulates the expression of additional TSAs, such as Maoa, Calb1, and Nol4 (16). Thus, these results suggest a direct role of Fezf2 on TSA expression by binding to the promoter region, which is different from the Aire-dependent manner. Furthermore, the Irla group found higher levels of trimethylated lysine 4 (an active histone mark) of histone 3 (H3K4me3) at the transcription start sites (TSSs) of Fezf2-dependent genes than on Aire-dependent genes, while the trimethylated lysine 27 (a transcriptional repressor) mark of histone 3 (H3K27me3) was more enriched on Aire-dependent gene TSS than on Fezf2-dependent genes (41). At the same time, TSSs of Fezf2-dependent genes were also more enriched for other active transcription markers, such as H3K4ac and H3K9ac, in comparison with their enrichment to Aire-dependent genes (38). Here, determination of transposase-accessible chromatin using sequencing (ATAC-Seq) showed higher signal intensity around the TSS of Fezf2-regulated genes (38). Thus, these results suggest that Fezf2-dependent TSA histone modifications are distinctly different from Aire-dependent TSAs.




3 TSA expression in mTECs regulated by Aire and Fezf2 is involved in autoimmune diseases

It is well-established that mutation of Aire results in multiple organ-specific autoimmune diseases, and mice with Fezf2 deficiency in mTECs also develop a severe autoimmune phenotype, which is thought to result from a failure of the given thymic TSA expression under the control of Aire or Fezf2. A clear link between selective single thymic TSAs and spontaneous organ-specific autoimmune disease in the mouse model has been well-reported. Here, we review some of the recent progress in our understanding of individual TSAs whose thymic expression is regulated by Aire or Fezf2, which are critical for specific autoimmune diseases.


3.1 TSA expression in mTECs regulated by Aire is involved in multiple autoimmune diseases


3.1.1 Thymic Irbp prevents autoimmune uveitis via an Aire-dependent mechanism

Approximately one-third of Aire-deficient mice with B6 genetic background develop spontaneous autoimmune uveitis between the ages of 10 and 20 weeks, the severity of which increases with age and is characterized by lymphocytic infiltration and retinal autoantibodies in the photoreception layer (42, 43). The development of the uveitic process in mice lacking Aire is directly dependent on the response to the retina-specific antigen Irbp (42, 43), whose expression within the thymus maps to mTECs, where it is induced in an Aire-dependent manner, and Irbp -deficient thymus transplantation into athymic nude mice is sufficient to induce posterior uveitis (42, 43). Taniguchia et al. investigated Aire-mediated thymic deletion of Irbp -specific T cells using a method to detect rare antigen-specific populations in polyclonal T-cell repositories (43). The function of Aire on thymic deletion of autoreactive T cells specific for a peptide epitope of amino acids 271–290 of Irbp (P2) has been confirmed by the observation that P2-specific T cells were barely detectable in Aire-sufficient mice following immunization with full-length P2 emulsified in complete Freund’s adjuvant (CFA) (43). Interestingly, in the same study, in contrast to the loss of P2-specific T cells, mice with P7-CFA immunization showed greatly expanded T cells specific for the peptide epitope of amino acids 771–790 of Irbp (P7), suggesting that P7-specific autoreactive T cells escaped Aire-mediated deletion in the thymus. Of note, a pathogenic-specific P2 epitope is critical in driving the progression of uveitis because it can induce uveitis in an adoptive transfer mouse model, and young Aire-deficient mice challenged with P2 peptides can develop uveitis at a time point before spontaneous disease (43).



3.1.2 Thymic Obp1a prevents Sjögren’s syndrome via an Aire-dependent mechanism

Sjögren’s syndrome (SS) is an autoimmune disease characterized by lymphocytic infiltration and immune-mediated destruction of the lacrimal and salivary glands. Transplantation of Aire-deficient matrix into nude mice results in retinal and salivary autoimmunity, indicating that Aire deficiency may trigger SS (44). Thus, Aire-deficient mice are likely to serve as a new tool for studying this autoimmune disease. Using an unbiased biochemical approach, Anderson et al. found that a novel autoantigen in lacrimal glands is identified as odorant binding protein 1a (Obp1a), which is a putative pheromone transporter that is part of the lipocalin family. This type of TSA is promiscuously expressed in the lacrimal gland and the vomeronasal organ, and some expression was also observed in the thymus (44). A study with Aire-regulated TSAs suggests that male mTECs have higher Obp1a than female mTECs (45). An Obp1a -GST fusion protein produced in E. coli was used to detect autoantibodies against Obp1a in the serum of Aire-deficient mice (44). The obtained results showed that the Obp1a autoantibodies in Aire-deficient mice were higher than those in age-matched controls. At the same time, infiltration of CD4+, CD8+ T cells and IgD+ B cells was detected in the lacrimal glands of mice lacking Aire, while no infiltration of these immune cells was detected in tissues from control animals. Further research found that three-quarters of Aire-deficient mice had specific T cells against Obp1a in the lacrimal gland, indicating that the increase in autoantibodies and immune infiltration in the lacrimal gland caused by Aire deficiency may be achieved by mediating the expression of Obp1a (44). Furthermore, cervical lymph node cells (LNCs) from Aire-deficient mice were stimulated with Obp1a in vitro and then transplanted into age- and sex-matched scid immunodeficient recipients with severe lacrimal duct disease (44). Taken together, Obp1a expression in mTECs may be a possible mechanism of spontaneous SS in the Aire-deficient mouse model.



3.1.3 Thymic insulin prevents T1D via an Aire-dependent mechanism

APECED is caused by mutations in Aire, with 18% of cases including T1D (46). It is well known that T1D is a metabolic disorder syndrome defined by the absolute loss of insulin secretion due to autoimmune destruction of beta cells in the pancreas. Insulin is thought to be a key TSA driving T1D development; it is promiscuously expressed in the thymus and is critical in the maintenance of central tolerance, while dysregulation of insulin in mTECs leads to T1D development in mice and humans (47, 48). Thymic insulin expression is regulated by Aire, it must first interact and bind with the insulin-variable number of tandem repeats (INS-VNTR), which contain a unique polymorphic tandem repeat sequence with the insulin basal promoter (49, 50). Lan et al. found that G228W and R257X mutations in SAND, C311fsX376 and L397fsX478 mutations in PHD1 and R433fsX502 mutations in PHD2 of Aire resulted in inhibition of INS-VNTR transcription, which may contribute to inactivity of the insulin in mTECs and subsequently induce insulin resistance or T1D (49). In addition, the expression of the pancreatic transcription factor Pdx1 in the thymus is also dependent on Aire, and this molecule is required for insulin expression in islets (51). Thus, Dooley et al. speculated whether Aire could indirectly regulate islet-specific genes by inducing thymic Pdx1 expression, which then directly activates the expression of its downstream TSAs, such as insulin (52). They used a mouse model with Pdx1 deletion to detect the expression of insulin in the thymus. The obtained results showed that the transcription of insulin in mTECs was not affected by Pdx1 deletion, suggesting that Aire is regulated independently of Pdx1 expression in the thymus, further supporting a direct transcriptional activation effect of Aire on insulin in the thymus.



3.1.4 Thymic Chrna1 prevents myasthenia gravis via an Aire-dependent mechanism

Myasthenia gravis (MG) is a chronic autoimmune disease triggered by antibodies against the acetylcholine receptor (AChR) of skeletal muscle at the neuromuscular junction, resulting in muscle weakness and fatiguability of skeletal muscles. Aire-deficient mice express lower levels of the AChR than wild-type (WT) mice and present increased susceptibility to induction of experimental autoimmune MG (53), suggesting that Aire plays a critical role in the immunopathogenesis of MS. A possible mechanism of Aire in MG development was suggested by the observation that mTECs from Aire-deficient mice express significantly decreased acetylcholine receptor subunit alpha-1 (Chrna1), a gene coding for AChR, which is also a main target of pathogenic autoantibodies in MS (54, 55). The regulation of Aire on Chrna1 has also been confirmed in human mTECs (56). Of note, there were no significant differences in the expression of Chrna1 in the muscle of Aire- deficient mice and WT mice (55), further suggesting that the reason for the susceptibility of Aire- deficient mice to MG may be associated with Chrna1 expression in the thymus rather than in their muscle.




3.2 TSA expression in mTECs regulated by Fezf2 is involved in multiple autoimmune diseases


3.2.1 Thymic Ttr prevents rheumatoid arthritis via an Fezf2-dependent mechanism

Rheumatoid arthritis (RA) is a chronic, complex autoimmune inflammatory rheumatic disease that primarily causes joint deformation and inflammation of surrounding tissues and affects approximately 0.5-1% of the population (57). In addition to clinical symptoms, autoantibody reactivity against self-antigens has gradually become the diagnostic criterion for RA. In 2014, the application of proteomic techniques observed that 71% of RA patients had significantly upregulated transthyretin (Ttr) in plasma (58). Of note, Ttr expression increases with the severity of RA (58). Therefore, Ttr can be used as a serum diagnostic marker along with other biochemical parameters and clinical symptoms for RA screening and diagnosis. Furthermore, the levels of autoantibodies against Ttr were significantly upregulated in RA patients (58), further illustrating the important role of Ttr in the pathogenesis of RA. A report found that TEC-specific Fezf2-deficient (Foxn1Cre+Fezf2fl/–) mice have autoantibodies that recognize joint tissue antigens, and approximately 30% of these mice died at 12 weeks of age (16). This means that Fezf2 deficiency can cause severe autoimmune symptoms. Of note, the sera obtained from Foxn1-Cre+Fezf2fl/– mice showed a marked increase in autoantibodies recognizing Fezf2-dependent TSAs, including Ttr (16). These results suggest that Fezf2 plays a critical role in mTECs to ensure immune tolerance to Ttr and potentially inhibit the development of autoimmune diseases such as RA.



3.2.2 Thymic Resp18 may prevent Parkinson’s disease via an Fezf2-dependent mechanism

Parkinson’s disease is a progressive neurological disorder that primarily affects dopamine-producing neurons in the substantia nigra of the brain and usually causes stiffness or slow movement. Several studies have suggested that Parkinson’s disease is partly an autoimmune disease (59, 60). The striatum and substantia nigra, two regions affected by Parkinson’s disease, abundantly express Resp18, a molecule that was recently shown to have an important role in Parkinson’s disease (61, 62). Continuous administration of the dopaminergic toxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) for 5-6 days can be used to induce wild-type mice to generate an animal model of Parkinson’s disease with symptoms such as hyperactivity, decreased motor coordination and loss of dopaminergic neurons (62). However, the application of MPTP had no effect on the activity and motor coordination of Resp18-deficient mice, and neuronal damage was significantly lower than that in wild-type mice (62). Resp18 deficiency may prevent the development of Parkinson’s disease by blocking MPTP-induced microglial activation and preserving dopamine neurons. Fezf2 is sufficient to increase dopaminergic neurons, and its defective expression may contribute to the progression of disease phenotypes such as Parkinson’s disease (63). Takayanagi et al. performed a genome-wide analysis of mRNA expressed in mTECs isolated from Fezf2-deficient mice, and the expression of Resp18, an Fezf2-dependent TSA, was significantly reduced in Fezf2-deficient mTECs (16). However, there is no evidence to prove that thymic Resp18 prevents Parkinson’s disease via an Fezf2-dependent mechanism, it will be important in future studies to investigate the possibility that Fezf2 is involved in the progression of Parkinson’s disease by affecting the expression of Resp18 in mTECs.



3.2.3 Thymic Aqp8 prevents Sjögren’s syndrome via an Fezf2-dependent mechanism

Aquaporin (Aqp) is expressed in the salivary glands, and is mostly localized in the cytoplasm of excretory ducts. Despite the presence of several antibodies against Aqps, the highest frequency of antibodies to Aqp8 has been found in the sera of patients with SS, and this type of antibody is associate with the severity of xeropthalmia (64), indicating that Aqp8 is the main actor involved in the immune mechanisms in SS. Takayanagi et al. found that Aqp8 expression is dependent on Fezf2 (38). The fact that the deficiency of Fezf2 in TECs is significantly correlated with inflammatory cell infiltration in the salivary gland supports the view that Fezf2 may have a key role in SS (16). These results suggest that Fezf2 is involved in the progression of SS by affecting the expression of Aqp8.





4 Conclusion and perspectives

TECs, especially mTECs, can promiscuously express tissue-specific autoantigens, which are important for the negative selection of autoreactive T cells, thus participating in the establishment of central tolerance. It has long been believed that thymic TSA expression is completely dependent on Aire. In the last decades, a growing body of research points to the regulation of Fezf2 on TSA expression in mTECs in an Aire-independent manner. Of note, Fezf2 and Aire mediate TSA expression with distinct mechanisms (Figure 1). Aire has no specific DNA binding domain or transcriptional activity, and it interacts with several nuclear factors, such as the ATF7ip-MBD1 protein complex and DNA-PK, or releases stalled RNA polymerase to promote TSA gene transcription. In contrast, Fezf2 directly binds to the TSA promoter to induce gene expression. Thus, two independent molecular mechanisms lead to different Fezf2- and Aire-dependent TSA expression patterns, which cause Fezf2 and Aire respectively participate in diverse autoimmune diseases (Figure 2). For example, Aire can participate in the occurrence and development of autoimmune uveitis, SS, T1D or MG by regulating the expression of Irbp, Obp1a, insulin or Chrna1 in mTECs, respectively. The expression of Ttr or Aqp8, regulated by Fezf2 in mTECs, is involved in RA or SS in mice. Fezf2 may prevent Parkinson’s disease by regulating the expression of Resp18 in mTECs.




Figure 1 | Mechanisms of Aire and Fezf2 in the transcription regulation of TSAs in mTECs. Aire preferentially targets activating ATF7ip-MBD1 which interacts with methylated DNA, causing TSA expression in mTECs. In addition, here is shown Aire’s interaction with DNA-PK which is responsible for the repair of DSBs that are associated with transcription initiation. Aire also recruits P-TEFb and HnRNPL to favor the release of stalled RNA polymerase for elongation of Aire-dependent TSAs. CBP and Sirt1 respectively acetylates and deacetylates Aire that regulate Aire-regulated TSA expression. Unlike Aire, Fezf2 regulates TSA expression in mTECs by binding to the promoters.






Figure 2 | Aire and Fezf2 in mTECs control autoimmune diseases by regulation of TSAs. Aire respectively regulates the expression of Irbp, Obp1a, insulin or Chrna1 in mTECs, participating in the development of autoimmune uveitis, Sjögren’s syndrome, type 1 diabetes or myasthenia gravis. Fezf2- dependent Ttr or Aqp8 expression in mTECs is involved in the regulation of rheumatoid arthritis or Sjögren’s syndrome phenotype in mice, Fezf2 may prevent Parkinson’s disease by regulating the expression of Resp18 in mTECs.



In addition to the autoimmune diseases mentioned above, Aire may also participate in the occurrence of other autoimmune diseases by regulating the expression of additional TSAs. The antibodies in the sera of Aire-deficient mice with experimental autoimmune prostatitis (Eap) were found to react with prostatic autoantigens, including Eapa1 and Eapa2, but RT–qPCR results showed that Eapa1 was undetectable in TECs, while Aire deletion had no effect on the expression of Eapa2 on TECs, indicating that Aire is not involved in this autoimmune disease by regulating Eap-related TSAs on TECs (65). In addition, several studies have found that Aire deletion markedly inhibited the expression of TSAs in mTECs, including Fabp2, Cyp1a2 and Ica69 (65). Whether this mechanism is involved in the development of autoantigen-related autoimmune diseases remains to be determined. Given the complexity of Fezf2 function, there are still some issues to be resolved. First, there is no genetic or pathological evidence directly linking Fezf2 defects to specific autoimmune diseases, although mice lacking Fezf2 in mTECs develop a severe autoimmune phenotype and produce autoantibodies and inflammatory cell infiltration. Second, in addition to directly binding to the TSA promoter region to induce gene expression, we wondered whether Fezf2 can also indirectly regulate the expression of TSAs in mTECs through other pathways, and what is the specific mechanism? Third, Fezf2-dependent genes include certain TSAs associated with autoimmune diseases: Amy2a is associated with autoimmune pancreatitis and fulminant T1D, and CD177 has been reported to be associated with autoimmune neutropenia. More work will be needed to determine whether the development of related autoimmune diseases can be regulated by Fezf2- dependent TSAs in mTECs.

In recent years, multiple roles for Aire beyond its functions on TSAs have been described. Tregs can suppress autoreactive cells and protect a defined set of tissues from autoimmune attack, thereby maintaining homeostasis and self-tolerance. Previous studies have shown that Aire-deficient mice have a partial reduction in Treg number (66) or the suppressive signature of recirculating Tregs from the periphery (67). However, whether these Tregs are specific for Aire- dependent TSAs is not currently known. The observations by Takahama et al. suggest that Aire may indirectly promote Treg development by regulating mTEC expression of XCL1, which is a chemokine that affects the migration of DCs into the thymus (68). Similar results were observed in TEC-specific Fezf2-deficient mice, and the percentages of Tregs were reduced in the lymph nodes (16), suggesting a role for Fezf2 in regulating Treg development. Thus, Aire and Fezf2 are likely to have a broad effect on immune tolerance through multiple effects. However, there is still much that needs to be learned about the mechanism by which these two transcription factors regulate Treg development and to what extent these effects contribute to the autoimmune phenotype observed in Aire- or Fezf2-deficient mice and APECED patients.

Above studies have expanded our knowledge of the role of Aire and Fezf2 and will help to refine any strategy aimed at restoring, promoting, or strengthening the mechanisms of central and peripheral self-tolerance. Although only a small portion of TSAs are regulated by Aire and Fezf2 at the same time, it is unclear whether these two transcription factors play a synergistic or independent role. On the other hand, the use of modern techniques, such as single-cell sequencing, may provide more information about the regulation of TSAs by Aire or Fezf2. The transcription factors regulating TSA expression may be a large family. PR domain zinc finger protein 1 (Prdm1) is another transcription factor expressed in mTECs that is reported to regulate TSA expression independently of Aire. Importantly, epithelial deletion of Prdm1 results in autoimmune diseases, such as systemic lupus erythematosus (69). It is conceivable that more members may be found in the future.



Author contributions

WY and XZ conceptualized the study. YQ drafted the manuscript. RZ and YL conducted the literature review. All authors contributed to the article and approved the submitted version.



Funding

This review was supported by grants from the National Natural Science Foundation of China (no. 81671548) and project of Health Commission of Jilin Provincial (No. 2021JL035).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



References

1. Liu, C, Lan, Y, Liu, B, Zhang, H, and Hu, H. T Cell development: Old tales retold by single-cell RNA sequencing. Trends Immunol (2021) 42:165–75. doi: 10.1016/j.it.2020.12.004

2. Sakaguchi, S, Ono, M, Setoguchi, R, Yagi, H, Hori, S, Fehervari, Z, et al. Foxp3+ CD25+ CD4+ natural regulatory T cells in dominant self-tolerance and autoimmune disease. Immunol Rev (2006) 212:8–27. doi: 10.1111/j.0105-2896.2006.00427.x

3. Griesemer, AD, Sorenson, EC, and Hardy, MA. The role of the thymus in tolerance. Transplantation (2010) 90:465–74. doi: 10.1097/TP.0b013e3181e7e54f

4. Abramson, J, and Anderson, G. Thymic epithelial cells. Annu Rev Immunol (2017) 35:85–118. doi: 10.1146/annurev-immunol-051116-052320

5. Geenen, V, Legros, JJ, Franchimont, P, Baudrihaye, M, Defresne, MP, and Boniver, J. The neuroendocrine thymus: Coexistence of oxytocin and neurophysin in the human thymus. Science (1986) 232:508–11. doi: 10.1126/science.3961493

6. Fuller, PJ, and Verity, K. Somatostatin gene expression in the thymus gland. J Immunol (1989) 143:1015–7.

7. Lopes, N, Sergé, A, Ferrier, P, and Irla, M. Thymic crosstalk coordinates medulla organization and T-cell tolerance induction. Front Immunol (2015) 6:365. doi: 10.3389/fimmu.2015.00365

8. Husebye, ES, Perheentupa, J, Rautemaa, R, and Kampe, O. Clinical manifestations and management of patients with autoimmune polyendocrine syndrome type I. J Intern Med (2009) 265:514–29. doi: 10.1111/j.1365-2796.2009.02090.x

9. De Martino, L, Capalbo, D, Improda, N, Lorello, P, Ungaro, C, Di Mase, R, et al. Novel findings into AIRE genetics and functioning: Clinical implications. Front Pediatr (2016) 4:86. doi: 10.3389/fped.2016.00086

10. Cetani, F, Barbesino, G, Borsari, S, Pardi, E, Cianferotti, L, Pinchera, A, et al. A novel mutation of the autoimmune regulator gene in an Italian kindred with autoimmune polyendocrinopathy-candidiasis-ectodermal dystrophy, acting in a dominant fashion and strongly cosegregating with hypothyroid autoimmune thyroiditis. J Clin Endocrinol Metab (2001) 86:4747–52. doi: 10.1210/jcem.86.10.7884

11. Oftedal, BE, Hellesen, A, Erichsen, MM, Bratland, E, Vardi, A, Perheentupa, J, et al. Dominant mutations in the autoimmune regulator AIRE are associated with common organ-specific autoimmune diseases. Immunity (2015) 42:1185–96. doi: 10.1016/j.immuni.2015.04.021

12. Husebye, ES, Anderson, MS, and Kämpe, O. Autoimmune polyendocrine syndromes. N Engl J Med (2018) 378:1132–41. doi: 10.1056/NEJMra1713301

13. Hubert, FX, Kinkel, SA, Davey, GM, Phipson, B, Mueller, SN, Liston, A, et al. Aire regulates the transfer of antigen from mTECs to dendritic cells for induction of thymic tolerance. Blood (2011) 118:2462–72. doi: 10.1182/blood-2010-06-286393

14. Nagamine, K, Peterson, P, Scott, HS, Kudoh, J, Minoshima, S, Heino, M, et al. Positional cloning of the APECED gene. Nat Genet (1997) 17:393–8. doi: 10.1038/ng1297-393

15. Derbinski, J, Gäbler, J, Brors, B, Tierling, S, Jonnakuty, S, Hergenhahn, M, et al. Promiscuous gene expression in thymic epithelial cells is regulated at multiple levels. J Exp Med (2005) 202:33–45. doi: 10.1084/jem.20050471

16. Takaba, H, Morishita, Y, Tomofuji, Y, Danks, L, Nitta, T, Komatsu, N, et al. Fezf2 orchestrates a thymic program of self-antigen expression for immune tolerance. Cell (2015) 163:975–87. doi: 10.1016/j.cell.2015.10.013

17. Li, D, Zhao, B, Luo, Y, Limbara, S, Zhao, B, Zou, X, et al. Transplantation of aire-overexpressing bone marrow-derived dendritic cells delays the onset of type 1 diabetes. Int Immunopharmacol (2017) 49:13–20. doi: 10.1016/j.intimp.2017.05.023

18. Poliani, PL, Kisand, K, Marrella, V, Ravanini, M, Notarangelo, LD, Villa, A, et al. Human peripheral lymphoid tissues contain autoimmune regulator-expressing dendritic cells. Am J Pathol (2010) 176:1104–12. doi: 10.2353/ajpath.2010.090956

19. Su, MA, Giang, K, Zumer, K, Jiang, H, Oven, I, Rinn, JL, et al. Mechanisms of an autoimmunity syndrome in mice caused by a dominant mutation in aire. J Clin Invest (2008) 118:1712–26. doi: 10.1172/JCI34523

20. Perniola, R. Twenty years of AIRE. Front Immunol (2018) 9:98. doi: 10.3389/fimmu.2018.00098

21. Waterfield, M, Khan, IS, Cortez, JT, Fan, U, Metzger, T, Greer, A, et al. The transcriptional regulator aire coopts the repressive ATF7ip-MBD1 complex for the induction of immunotolerance. Nat Immunol (2014) 15:258–65. doi: 10.1038/ni.2820

22. Sun, IH, Gillis-Buck, E, Mackenzie, TC, and Gardner, JM. Thymic and extrathymic aire-expressing cells in maternal-fetal tolerance. Immunol Rev (2022) 308:93–104. doi: 10.1111/imr.13082

23. Kyewski, B, and Peterson, P. Aire, master of many trades. Cell (2010) 140:24–6. doi: 10.1016/j.cell.2009.12.036

24. Zumer, K, Low, AK, Jiang, H, Saksela, K, and Peterlin, BM. Unmodified histone H3K4 and DNA dependent protein kinase recruit autoimmune regulator to target genes. Mol Cell Biol (2012) 32:1354–62. doi: 10.1128/MCB.06359-11

25. Oven, I, Brdicková, N, Kohoutek, J, Vaupotic, T, Narat, M, and Peterlin, BM. AIRE recruits p-TEFb for transcriptional elongation of target genes in medullary thymic epithelial cells. Mol Cell Biol (2007) 27:8815–23. doi: 10.1128/MCB.01085-07

26. Giraud, M, Jmari, N, Du, L, Carallis, F, Nieland, TJF, Perez-Campo, FM, et al. An RNAi screen for aire cofactors reveals a role for hnrnpl in polymerase release and aire-activated ectopic transcription. Proc Natl Acad Sci U S A (2014) 111:1491–6. doi: 10.1073/pnas.1323535111

27. Ferguson, BJ, Alexander, C, Rossi, SW, Liiv, I, Rebane, A, Worth, CL, et al. AIRE's CARD revealed, a new structure for central tolerance provokes transcriptional plasticity. J Biol Chem (2008) 283:1723–31. doi: 10.1074/jbc.M707211200

28. Saare, M, Rebane, A, Rajashekar, B, Vilo, J, and Peterson, P. Autoimmune regulator is acetylated by transcription coactivator CBP/p300. Exp Cell Res (2012) 318:1767–78. doi: 10.1016/j.yexcr.2012.04.013

29. Peterson, P. Sirt-ainly aire. Nat Immunol (2015) 16:680–1. doi: 10.1038/ni.3195

30. Chuprin, A, Avin, A, Goldfarb, Y, Herzig, Y, Levi, B, Jacob, A, et al. The deacetylase Sirt1 is an essential regulator of aire-mediated induction of central immunological tolerance. Nat Immunol (2015) 16:737–45. doi: 10.1038/ni.3194

31. Org, T, Chignola, F, Hetényi, C, Gaetani, M, Rebane, A, Liiv, I, et al. The autoimmune regulator PHD finger binds to non-methylated histone H3K4 to activate gene expression. EMBO Rep (2008) 9:370–6. doi: 10.1038/embor.2008.11

32. Koh, AS, Kingston, RE, Benoist, C, and Mathis, D. Global relevance of aire binding to hypomethylated lysine-4 of histone-3. Proc Natl Acad Sci U S A (2010) 107:13016–21. doi: 10.1073/pnas.1004436107

33. Zumer, K, Plemenitas, A, Saksela, K, and Peterlin, BM. Patient mutation in AIRE disrupts p-TEFb binding and target gene transcription. Nucleic Acids Res (2011) 39:7908–19. doi: 10.1093/nar/gkr527

34. Abramson, J, Giraud, M, Benoist, C, and Mathis, D. Aire's partners in the molecular control of immunological tolerance. Cell (2010) 140:123–35. doi: 10.1016/j.cell.2009.12.030

35. Kumar, PG, Laloraya, M, Wang, CY, Ruan, QG, Davoodi-Semiromi, A, Kao, KJ, et al. The autoimmune regulator (AIRE) is a DNA-binding protein. J Biol Chem (2001) 276:41357–64. doi: 10.1074/jbc.M104898200

36. Bottomley, MJ, Collard, MW, Huggenvik, JI, Liu, Z, Gibson, TJ, and Sattler, M. The SAND domain structure defines a novel DNA-binding fold in transcriptional regulation. Nat Struct Biol (2001) 8:626–33. doi: 10.1038/89675

37. Chakravarty, S, Zeng, L, and Zhou, MM. Structure and site-specific recognition of histone H3 by the PHD finger of human autoimmune regulator. Structure (2009) 17:670–9. doi: 10.1016/j.str.2009.02.017

38. Tomofuji, Y, Takaba, H, Suzuki, HI, Benlaribi, R, Martinez, CDP, Abe, Y, et al. Chd4 choreographs self-antigen expression for central immune tolerance. Nat Immunol (2020) 21:892–901. doi: 10.1038/s41590-020-0717-2

39. Meredith, M, Zemmour, D, Mathis, D, and Benoist, C. Aire controls gene expression in the thymic epithelium with ordered stochasticity. Nat Immunol (2015) 16:942–9. doi: 10.1038/ni.3247

40. Shimizu, T, Nakazawa, M, Kani, S, Bae, YK, Shimizu, T, Kageyama, R, et al. Zinc finger genes Fezf1 and Fezf2 control neuronal differentiation by repressing Hes5 expression in the forebrain. Development (2010) 137:1875–85. doi: 10.1242/dev.047167

41. Lopes, N, Boucherit, N, Santamaria, JC, Provin, N, Charaix, J, Ferrier, P, et al. Thymocytes trigger self-antigen-controlling pathways in immature medullary thymic epithelial stages. Elife (2022) 11:e69982. doi: 10.7554/eLife.69982

42. DeVoss, J, Hou, Y, Johannes, K, Lu, W, Liou, GI, Rinn, J, et al. Spontaneous autoimmunity prevented by thymic expression of a single self-antigen. J Exp Med (2006) 203:2727–35. doi: 10.1084/jem.20061864

43. Taniguchi, RT, DeVoss, JJ, Moon, JJ, Sidney, J, Sette, A, Jenkins, MK, et al. Detection of an autoreactive T-cell population within the polyclonal repertoire that undergoes distinct autoimmune regulator (Aire)-mediated selection. Proc Natl Acad Sci U S A (2012) 109:7847–52. doi: 10.1073/pnas.1120607109

44. DeVoss, JJ, LeClair, NP, Hou, Y, Grewal, NK, Johannes, KP, Lu, W, et al. An autoimmune response to odorant binding protein 1a is associated with dry eye in the aire-deficient mouse. J Immunol (2010) 184:4236–46. doi: 10.4049/jimmunol.0902434

45. Zhu, ML, Bakhru, P, Conley, B, Nelson, JS, Free, M, Martin, A, et al. Sex bias in CNS autoimmune disease mediated by androgen control of autoimmune regulator. Nat Commun (2016) 7:11350. doi: 10.1038/ncomms11350

46. Eisenbarth, GS, and Gottlieb, PA. Autoimmune polyendocrine syndromes. N Engl J Med (2004) 50:2068e79. doi: 10.1056/NEJMra030158

47. Cai, CQ, Zhang, T, Breslin, MB, Giraud, M, and Lan, MS. Both polymorphic variable number of tandem repeats and autoimmune regulator modulate differential expression of insulin in human thymic epithelial cells. Diabetes (2011) 60:336–44. doi: 10.2337/db10-0255

48. Fan, Y, Rudert, WA, Grupillo, M, He, J, Sisino, G, and Trucco, M. Thymus-specific deletion of insulin induces autoimmune diabetes. EMBO J (2009) 28:2812–24. doi: 10.1038/emboj.2009.212

49. Sparks, AE, Chen, C, Breslin, MB, and Lan, MS. Functional domains of autoimmune regulator (AIRE) modulate INS-VNTR transcription in human thymic epithelial cells. J Biol Chem (2016) 291:11313–22. doi: 10.1074/jbc.M116.722488

50. Durinovic-Belló, I, Wu, RP, Gersuk, VH, Sanda, S, Shilling, HG, and Nepom, GT. Insulin gene VNTR genotype associates with frequency and phenotype of the autoimmune response to proinsulin. Genes Immun (2010) 11:188–93. doi: 10.1038/gene.2009.108

51. Gillard, GO, Dooley, J, Erickson, M, Peltonen, L, and Farr, AG. Aire dependent alterations in medullary thymic epithelium indicate a role for aire in thymic epithelial differentiation. J Immunol (2007) 178:3007–15. doi: 10.4049/jimmunol.178.5.3007

52. Danso-Abeam, D, Staats, KA, Franckaert, D, Van Den Bosch, L, Liston, A, Gray, DH, et al. Aire mediates thymic expression and tolerance of pancreatic antigens via an unconventional transcriptional mechanism. Eur J Immunol (2013) 43:75–84. doi: 10.1002/eji.201242761

53. Aricha, R, Feferman, T, Berrih-Aknin, S, Fuchs, S, and Souroujon, MC. Experimental myasthenia gravis in aire-deficient mice: A link between aire and regulatory T cells. Ann N Y Acad Sci (2012) 1275:107–13. doi: 10.1111/j.1749-6632.2012.06843.x

54. Vincent, A. Unravelling the pathogenesis of myasthenia gravis. Nat Rev Immunol (2002) 2:797–804. doi: 10.1038/nri916

55. Scarpino, S, Di Napoli, A, Stoppacciaro, A, Antonelli, M, Pilozzi, E, Chiarle, R, et al. Expression of autoimmune regulator gene (AIRE) and T regulatory cells in human thymomas. Clin Exp Immunol (2007) 149:504–12. doi: 10.1111/j.1365-2249.2007.03442.x

56. Giraud, M, Taubert, R, Vandiedonck, C, Ke, X, Lévi-Strauss, M, Pagani, F, et al. An IRF8-binding promoter variant and AIRE control CHRNA1 promiscuous expression in thymus. Nature (2007) 448:934–7. doi: 10.1038/nature06066

57. Smolen, JS, and Steiner, G. Therapeutic strategies for rheumatoid arthritis. Nat Rev Drug Discov (2003) 2:473–88. doi: 10.1038/nrd1109

58. Sharma, S, Ghosh, S, Singh, LK, Sarkar, A, Malhotra, R, Garg, OP, et al. Identification of autoantibodies against transthyretin for the screening and diagnosis of rheumatoid arthritis. PloS One (2014) 9:e93905. doi: 10.1371/journal.pone.0093905

59. Jiang, T, Li, G, Xu, J, Gao, S, and Chen, X. The challenge of the pathogenesis of parkinson's disease: Is autoimmunity the culprit? Front Immunol (2018) 9:2047. doi: 10.3389/fimmu.2018.02047

60. Garretti, F, Agalliu, D, Lindestam Arlehamn, CS, Sette, A, and Sulzer, D. Autoimmunity in parkinson's disease: The role of α-Synuclein-Specific T cells. Front Immunol (2019) 10:303. doi: 10.3389/fimmu.2019.00303

61. Huang, Y, Xu, J, Liang, M, Hong, X, Suo, H, Liu, J, et al. RESP18 is involved in the cytotoxicity of dopaminergic neurotoxins in MN9D cells. Neurotox Res (2013) 24:164–75. doi: 10.1007/s12640-013-9375-6

62. Su, J, Wang, H, Yang, Y, Wang, J, Li, H, Huang, D, et al. RESP18 deficiency has protective effects in dopaminergic neurons in an MPTP mouse model of parkinson’s disease. Neurochem Int (2018) 118:195–204. doi: 10.1016/j.neuint.2018.06.010

63. Yang, N, Dong, Z, and Guo, S. Fezf2 regulates multilineage neuronal differentiation through activating basic helix-loop-helix and homeodomain genes in the zebrafish ventral forebrain. J Neurosci (2012) 32:10940–8. doi: 10.1523/JNEUROSCI.2216-12.2012

64. Tzartos, JS, Stergiou, C, Daoussis, D, Zisimopoulou, P, Andonopoulos, AP, Zolota, V, et al. Antibodies to aquaporins are frequent in patients with primary sjögren's syndrome. Rheumatol (Oxford) (2017) 56:2114–22. doi: 10.1093/rheumatology/kex328

65. Ruan, QG, Tung, K, Eisenman, D, Setiady, Y, Eckenrode, S, Yi, B, et al. The autoimmune regulator directly controls the expression of genes critical for thymic epithelial function. J Immunol (2007) 178:7173–80. doi: 10.4049/jimmunol.178.11.7173

66. Malchow, S, Leventhal, DS, Nishi, S, Fischer, BI, Shen, L, Paner, GP, et al. Aire-dependent thymic development of tumor-associated regulatory T cells. Science (2013) 339:1219–24. doi: 10.1126/science.1233913

67. Charaix, J, Borelli, A, Santamaria, JC, Chasson, L, Giraud, M, Sergé, A, et al. Recirculating Foxp3 + regulatory T cells are restimulated in the thymus under aire control. Cell Mol Life Sci (2022) 79(7):355. doi: 10.1007/s00018-022-04328-9

68. Lei, Y, Ripen, AM, Ishimaru, N, Ohigashi, I, Nagasawa, T, Jeker, LT, et al. Aire-dependent production of XCL1 mediates medullary accumulation of thymic dendritic cells and contributes to regulatory T cell development. J Exp Med (2011) 208(2):383–94. doi: 10.1084/jem.20102327

69. Roberts, NA, Adams, BD, McCarthy, NI, Tooze, RM, Parnell, SM, Anderson, G, et al. Prdm1 regulates thymic epithelial function to prevent autoimmunity. J Immunol (2017) 199:1250–60. doi: 10.4049/jimmunol.1600941



Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Qi, Zhang, Lu, Zou and Yang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Aire and Fezf2, two regulators in medullary thymic epithelial cells, control autoimmune diseases by regulating TSAs: Partner or complementer?

      

        		

          1 Introduction

        



        		

          2 Mechanisms of TSA regulation by Aire and Fezf2

        

          		

            2.1 Mechanisms by which Aire regulates the expression of TSAs

          



          		

            2.2 Mechanisms of Fezf2 regulating the expression of TSAs

          



        



        



        		

          3 TSA expression in mTECs regulated by Aire and Fezf2 is involved in autoimmune diseases

        

          		

            3.1 TSA expression in mTECs regulated by Aire is involved in multiple autoimmune diseases

          

            		

              3.1.1 Thymic Irbp prevents autoimmune uveitis via an Aire-dependent mechanism

            



            		

              3.1.2 Thymic Obp1a prevents Sjögren’s syndrome via an Aire-dependent mechanism

            



            		

              3.1.3 Thymic insulin prevents T1D via an Aire-dependent mechanism

            



            		

              3.1.4 Thymic Chrna1 prevents myasthenia gravis via an Aire-dependent mechanism

            



          



          



          		

            3.2 TSA expression in mTECs regulated by Fezf2 is involved in multiple autoimmune diseases

          

            		

              3.2.1 Thymic Ttr prevents rheumatoid arthritis via an Fezf2-dependent mechanism

            



            		

              3.2.2 Thymic Resp18 may prevent Parkinson’s disease via an Fezf2-dependent mechanism

            



            		

              3.2.3 Thymic Aqp8 prevents Sjögren’s syndrome via an Fezf2-dependent mechanism

            



          



          



        



        



        		

          4 Conclusion and perspectives

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-13-948259-g001.jpg
Aire
'DNA PKs

/

(ol G

. A
Aire 5
Ac

RNA Polymerase

TSA Transcription





OEBPS/Images/table2.jpg
Aire’s
partner

ATF7ip;
MBD1
DNA-PK;
TOP2;
PARP-1;
FACT;
Ku

P-TEFb;
HnRNPL

CBP
Sirt1

Molecular mechanisms

Methylates CpG dinucleotides

Induction and religation of single- and double-strand DNA breaks, removing and reassembling histones
around RNA polymerase

Release of stalled RNA polymerase

Acetylation of lysine
Deacetylation of lysine

Functional roles

Target specific TSA
genomic loci

Transcriptional elongation

Transcriptional elongation,
pre-mRNA splicing
Transactivation
Transcriptional activation

References

(21,22)

(23,24)

(25, 26)

(27, 28)
(29, 30)

ATF7ip, activating transcription factor 7-interacting protein; MBDI, methyl CpG-binding protein 1; DNA-PK, DNA-dependent protein kinase; TOP2, topoisomerase 2a; PARP-1, poly
(ADP-ribose) polymerase 1; FACT, facilitates chromatin transcription; Ku, Ku80; P-TEFb, positive transcription elongation factor b; CBP, CREB-binding protein; Sirtl, Sirtuin-1.





OEBPS/Images/fimmu.2022.948259_cover.jpg
’ frontiers ‘ Frontiers in Immunology

Aire and Fezf2, two regulators in
medullary thymic epithelial
cells, control autoimmune

diseases by regulating TSAs:
Partner or complementer?





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-13-948259-g002.jpg
Autoimmune uveitis Type | diabetes

, 0
Insulin /"o

Chrnal

o @)
3
CISA o
o
® 0
.;
® @
()
® ©

Sjogren's syndrome AQgp8 °o Myasthenia gravis

Rheumatoid arthritis Parkinson's disease





OEBPS/Images/table1.jpg
Gene Symbol Gene Name References

Aire Ins2 Insulin I (17)
Gad65/67 Glutamate decarboxylase 65/67 a17)
1A-2 Insulinoma-associated protein 2 (17)
Igrp Islet-specific glucose-6-phosphatase catalytic subunit-related protein (17)
Rbp3 Retinol-binding protein 3 a17)
Spt1/2 Salivary protein 1/2 (17)
Nalp5 NACHT leucine-rich-repeat protein 5 (17)
Mog Myelin-oligodendrocyte glycoprotein (17)
Cypl7al/2 Cytochrome P450c 17 A1/2 (18)
Sbp Spermine binding protein (19)
Irbp Interphotoreceptor retinoid-binding protein (19)
Hbby Hemoglobin Y (19)
Ptgds Prostaglandin D2 synthase (19)
Dcpp Demilune cell and parotid protein (19)
Gpr50 G protein-coupled receptor 50 (19)
Crabpl Cellular retinoic acid binding protein T (19)

Fezf2 Ttr Transthyretin (16)
Krt10 Keratin 10 (16)
Resp18 Regulated endocrine-specific protein 18 (16)
Fabp9 Fatty acid binding protein 9 (16)
Apoc3 Apolipoprotein C3 (16)
Csrnp3 Cysteine-serine-rich nuclear protein 3 (16)
Klk1b16 Kallikrein 1-related peptidase b16 (16)
Maoa Monoamine oxidase a (16)
Smtnll Smoothelin-like 1 (16)
Calbl Calbindin 1 (16)
Nb1 N/A (16)
Timd2 T cell immunoglobulin and mucin domain containing 2 (16)
Pckl Phosphoenolpyruvate carboxykinase 1 (16)
Nol4 Nucleolar protein 4 (16)

Bbox1 Gamma-butyrobetaine dioxygenase (16)





