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A cartoon representation of FOXP2, shown as ribbon drawings, bound to DNA, which is shown as a wire frame. 

H1 to H5 are alpha-helices and S1 to S3 form a three-stranded antiparallel β-sheet. Figure from Stroud et al., 

2006 1. 
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I. Introduction 
The Forkhead Box transcription factor FoxP3 (Forkhead Box P3) is exclusively expressed in regulatory 

T cells 2, 3. Clinical consequences of mutations that abrogate FoxP3 function are severe, reflecting 

both its pivotal role in regulatory T cells (Tregs) and the importance of these cells in providing 

peripheral immune tolerance 4, 5. Although the amount of research on Treg and FoxP3 has greatly 

expanded in the last decade, several questions about these topics still remain unanswered. 

Relatively little is known about FoxP3 regulation at the molecular level and although a wide range of 

molecules that influence FoxP3 expression and activity have been identified and characterized, the 

contribution of the individual molecules to FoxP3 expression and activity in vivo is still under debate. 

This thesis will describe the role of FoxP3 in regulatory T cells, the features of the FoxP3 gene and 

protein, the downstream targets of FoxP3 and finally the regulation of FoxP3. The focus will be 

strongly on the regulation of FoxP3; especially the different signal transduction pathways involved in 

regulation of FoxP3 expression and epigenetic regulation of FoxP3 expression as little is known 

about the post-transcriptional levels. Both murine FoxP3 and human FoxP3 will be denoted in this 

thesis as FoxP3, when specifically discussing one of the two species, the species will be mentioned. 

Central tolerance is established in the thymus and bone marrow where progenitor lymphocytes are 

deleted upon reacting to self-antigens (Figure 1). However, some developing lymphocytes escape 

this selection and progress to become mature immune cells capable of mounting an autoimmune 

response (reviewed by Starr et al., 2003) 6. Several possible fates await these cells when 

encountering their specific antigens, depending on co-signalling from antigen presenting cells (APCs), 

the environment and the strength and duration of the T cell receptor (TCR). One possibility is that 

they become activated and initiate an immune response to their self-antigens. Another option is that 

they enter an anergic state and become functionally impaired or undergo apoptosis or cell-mediated 

death; the tolerance to auto-antigens established in this fashion is called peripheral tolerance 

(Figure 1) 6. Regulatory T cells (Tregs), either directly derived from the thymus or induced from naive 

T cells, are capable of suppressing other immune cells and are therefore pivotal for establishing 

peripheral tolerance (reviewed by Piccirillo et al., 2004) 7.  

 

Figure 1. Mechanisms preventing auto-immune responses. Central tolerance is established in the thymus where 

immature lymphocytes recognizing self-antigens are either deleted or edited. Self-reactive lymphocytes 

escaping this mechanism are deleted or inactivated in the periphery in response to co-stimulatory signals 

provided by antigen presenting cells. Figure from Molecular Biology of the Cell. 4th edition. Alberts B, Johnson 

A, Lewis J, et al. New York: Garland Science; 2002. 
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The importance of correctly functioning FoxP3 for these Tregs and thus for the immune tolerance is 

illustrated by loss-of-function mutations in mice that lead to a phenotype called scurfy 8. These 

mutations were first located to the FoxP3 gene in 2001 by Brunkow et al. 4. The FoxP3 gene is X-

linked and as the mutation is recessive it solely affects hemizygous males. Hallmarks of the scurfy 

mice are overproliferation of CD4+CD8- T-cells, multi-organ infiltration and elevated cytokine levels, 

cumulating in death at 2-3 weeks of age. Lymphadenopathy, hypergammaglobulinemia and dermal 

inflammatory cell infiltration are common phenotypes in scurfy mice. All these features result from a 

failure to regulate CD4+CD8- T-cells activity, due to a lack of regulatory T-cells (Tregs) 9-12. Very similar 

to scurfy mice, FoxP3 mutations in humans cause the immune disorder IPEX (immunodysregulation 

polyendocrinopathy enteropathy X-linked syndrome) (Figure 2) 5. This disorder was first described in 

1982 and the precise incidence of this rare disease is still unknown 13. The disease affects very 

young, male children and common symptoms are: dermatitis, cachexia, growth retardation, type 1 

diabetes mellitus and enteropathy, the latter resulting in severe diarrhea. IPEX syndrome can lead to 

thyroiditis, hypothyroidism, haemolytic anemia, recurrent infections and is lethal in the first two 

years of life if left untreated; all symptoms caused by a Treg deficiency 14-16. Therapy consists of bone 

marrow transplantation or potent immunosuppressive drugs; both have severe side effects and low 

efficacy, demonstrating the need for new therapeutic agents 13. While FoxP3 is the master regulator 

of Tregs, continuous expression is required to confer suppressive phenotype to T cells (Figure 4). This 

is illustrated by the transient expression of FoxP3 in activated naive T cells (Tnaive) that do not gain 

suppressive capacities 2, 17, 18. In addition, loss of FoxP3 expression abrogates the suppressive 

capacities of T cells 19-21. These findings show FoxP3 mediated regulation dictates T cell phenotype 

and is therefore an interesting target for clinical intervention in T cell-associated diseases.  

 

Figure 2. Location of the various mutations in the human FoxP3 gene causing IPEX in relation to the different 

conserved domains. Figure from Van der Vliet et al., 2007  22. 

 

In short, two mechanisms control FoxP3 gene expression: epigenetic markers, modulating 

availability of the regulatory regions of the gene for the transcriptional machinery; and signal 

transduction pathways, ultimately affecting recruitment of the transcription machinery. In addition, 

FoxP3 mRNA (messenger RNA) stability and FoxP3 protein activity and stability are directly regulated 
23, 24. These mechanisms will be described in this thesis with the emphasis on the signal transduction 

pathways as these are studied most extensively. In addition to the different pathways, emphasis will 

be placed on the mediators of crosstalk between the different pathways as these could prove 

suitable targets for clinical intervention. The goal of this thesis is to provide an overview of what is 

known about FoxP3 regulation, and to describe which areas require further investigation. Ultimately, 

further research into the regulation of FoxP3 may lead to more insight in which molecules and 

mechanisms are critical in the regulation of FoxP3 and therefore in the function of regulatory T cells. 

Identifying those pivotal molecules will provide targets for intervention in cases where there is 
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dysfunctional FoxP3 regulation. These targets can subsequently be investigated for feasibility in 

treating diseases associated with dysfunctional Treg biology, such as IPEX, transplantation tolerance, 

cancer and viral infections. This might provide better therapeutic options than universally 

suppressing the immune system, which has severe side effects. 

II. FoxP3 is the master regulator of Treg development and function 
Peripheral tolerance is established by T cells outside the thymus and supplements the central 

tolerance to self-antigens created in the thymus (Figure 1). Tregs play a pivotal role in creating 

peripheral tolerance. This was first shown by performing neonatal thymectomy in mice or adult 

thymectomy followed by x-ray irradiation in rats, both leading to autoimmune disease. Transferring 

CD4+ T cells from normal animals could prevent onset of autoimmune disease. These findings 

suggested that the thymus produces CD4+ T cells that prevent autoimmunity 25. Tregs have the 

ability to suppress the activation, proliferation and effector functions of several immune cells, 

including natural killer (NK) and NKT cells, B cells and antigen-presenting cells (APCs) 26  27. Numerous 

different ways in which Tregs suppress effector T cells (Teff) have been described, including cell-

mediated cell death, cytokine signalling and induction of apoptosis (Figure 3), reviewed by Vignali et 

al., 2008 28. How Tregs exert their effect and their role in different diseases is still under intense 

investigation. Tregs are also implied in transplantation tolerance 29, clearance of viral infections 30 

and cancer (reviewed by Mougiakakos et al.) 31. In cancer high levels of Tregs frequently accumulate 

in the tumour, disrupting Teff function and providing protection for the tumour 31. In contrast, in 

several autoimmune diseases the functionality or number of Tregs is impaired, leading to an 

aberrant immune response to auto-antigens 29.  
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Figure 3. Regulatory T cells suppress effector T cells through a variety of mechanisms, including (A) signalling 

through inhibitory cytokines, (B) cytotoxic mechanisms, (C) competition for cytokines and (D) inhibiting APC 

function. Figure from Vignali et al., 2008 28. 

There are two major types of FoxP3+ Tregs; both are characterized by the expression of CD4, CD25 

and FoxP3, while CD4+CD25- T cells do not have a suppressive phenotype. The two FoxP3+ Treg types 

are natural Tregs and induced Tregs. Thymus-derived Tregs are termed natural Tregs (nTregs) and 

have an antigenic specificity as broad as that of Tnaive 32. In addition to these natural Tregs, naive T 

cells can also differentiate into antigen-specific Tregs upon chronic stimulation with an antigen, the 

so-called induced Tregs (iTregs). Differentiation into Tregs requires TGF-β and is facilitated by 

dendritic cell-delivered retinoic acid (RA) 33. While these natural and induced Tregs differ in 

epigenetic markers (discussed later, Figure 7) and comprise two distinct cell populations, there is not 

yet a single marker distinguishing between them 34. Several other Treg populations have been 

defined (Table 1); characterizing them is difficult due to heterogeneity in gene expression profile, 

phenotype and suppressive capacity. As research is still ongoing, the division made here is still 

subject to change 35-37. Importantly, not all Treg populations express FoxP3; nonetheless, its pivotal 

role in inducing peripheral tolerance and preventing autoimmune disease is illustrated by IPEX 

patients and scurfy mice.  

Treg population Express FoxP3 
CD4+CD25+ Foxp3+ cells  + 

Interleukin 10 (IL-10)–producing ‘Tr1’ cells 38 - 

Transforming growth factor-β (TGF-β)–producing 
T helper type 3 cells 39 

-  
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CD8+ T suppressor cells 40 + 41 

Natural killer T cells 42  - 43 

CD4–CD8–T cells 44 - 45 

γδ T cells 46 - 47 
 

Table 1. The different Treg populations and expression of FoxP3 by these different populations. 

 

FoxP3 is essential for development and functional maintenance of Tregs 
Foxp3 was described as a master control gene for mouse Treg development and function with 

expression of FoxP3 being both necessary and sufficient for the development for regulatory T cells 3, 

48, 49. When naive mouse T cells are transduced with FoxP3 they start to upregulate the expression of 

other Treg markers, while the production of molecules associated with Teff is repressed. These 

downstream molecules of FoxP3 will be discussed in more detail later (Figure 5). In addition, FoxP3 

inhibits the differentiation of naive T-cells to Th17-cells (T helper 17), a pro-inflammatory T cell 

closely linked to Tregs 50. The fact that ectopic expression of FoxP3 induces Treg development and 

function, combined with the consequences of the loss-of-function mutations, implies FoxP3 

expression in mouse CD4+ T cells is sufficient to mark these T-cells as regulatory T cells in mice 51. 

While in mice FoxP3 expression is restricted to Tregs, stimulation of the T cell receptor (TCR) induces 

FoxP3 expression in human CD4+CD25- effector T cells. In several studies it was shown that this 

expression does not lead to anergy or suppressive properties 2, 17, 18. Importantly, this expression is 

transient and FoxP3 is expressed at lower levels compared to natural Treg cells (Figure 4) 52, 53. The 

biological reason for this transient upregulation is currently unknown but one hypothesis is that it 

may function as an intrinsic brake to regulate activation of Teff cells 54. Prolonged FoxP3 expression 

can confer regulatory competence to activated T-cells 18, 55-57. The precise regulation of transient 

versus constitutive expression is not yet known but epigenetic markers are likely involved 58. The 

epigenetic regulation of FoxP3 will be discussed in more detail later. Loss of FoxP3 expression 

impairs the suppressive capacities of Tregs, showing constitutive expression of FoxP3 is required to 

maintain a regulatory T cell phenotype 19-21. Thus, tight regulation of FoxP3 dictates T cell phenotype, 

making it an interesting subject for clinical interference in T cell-associated diseases. While FoxP3 

regulation has been extensively studied, the contribution of the individual molecules to the 

regulation of FoxP3 is still unclear.  
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Figure 4. Continued high level of FoxP3 is required to confer suppressive properties to CD4+ T cells. A. Low levels 

of FoxP3 expression does not lead to suppressive capacity in T cells. B. Transient expression of FoxP3 after TCR 

activation in low amounts compared to that observed in Tregs does not confer suppressive properties to these 

cells. C. Continued high level of FoxP3 leads to suppressive capacity. D. Loss of FoxP3 expression in a regulatory 

T cell leads to loss of suppressive potential 

III. Treg program coordination by the transcription factor FoxP3  
When naive mouse T cells are transduced with FoxP3 they upregulate the expression of Treg 

markers, including CD25, cytotoxic T-cell associated antigen-4 (CTLA-4) and glucocorticoid-induced 

TNF receptor family-related gene/protein (GITR). In contrast, production of pro-inflammatory 

cytokines such as IL-2, IFN-γ and IL-4 is repressed 49. FoxP3 achieves this by forming transcriptional 

complexes with nuclear factor of activated T cells (NFAT), acute myeloid leukemia-1 /runt-related 

transcription factor 1 (AML1/Runx1) and HDACs 54. From this we may conclude that FoxP3 is the 

transcription factor controlling the regulatory T cell program. 

An experimental model in which green fluorescent protein (GFP) was inserted in the mouse FoxP3 

gene was created by Gavin et al., 2007 53 As this mutation was introduced in female mice, only half 

of the T cells contained this mutation due to random inactivation of the X-chromosome. This was 

required as full deletion of FoxP3 leads to a scurfy phenotype followed by death, seen in hemizygous 

males 4. This model allowed dissection of the FoxP3 dependent from the FoxP3 independent 

features in Tregs. Their data suggests that FoxP3 both amplifies and stabilizes expression of several 

proteins that negatively regulate T-cell activation in conventional T cells upon TCR stimulation. These 

molecules include: Fibrinogen-like protein 2 (Fgl2), CD73, CD39 and CTLA-4. FoxP3 also represses 

pro-inflammatory cytokines including IL-4, IFN-γ, tumour necrosis factor α (TNF-α), IL-17 and IL-21. 

Moreover, FoxP3 modulates signalling and surface molecules in order to change the response to 

environmental cues and promote Treg stability. Downregulation of phosphodiesterase 3b, cGMP-

inhibited (PDE3b) by binding of FoxP3 to a conserved intronic region in the PDE3B gene is crucial in 

this 53. 
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Three genome wide studies investigating FoxP3 have been conducted, all combining chromatin 

immunoprecipitation (ChIP) with expression profiling using microarrays. The study by Marson et al. 

in 2007 59 used a mouse cell-line hybridoma, the second study used mouse Tregs 60 and the most 

recent study made use of human Tregs 61. Of the 3836 genes associated with FoxP3 bound regions in 

humans and the 1977 genes associated with FoxP3 bound regions in mice, 888 genes are shared 

between the two species. Thus, 23% of the genes that are FoxP3 targets in humans are also FoxP3 

targets in at least one of the mouse studies, with 107 genes that are common to all three data sets 
59-61. 

The study using hybridomas showed that most promoters bound by FoxP3 in stimulated cells were 

also occupied in unstimulated cells. Furthermore, unstimulated FoxP3+ and FoxP3- T cells had only 

few differentially expressed genes. However, upon stimulation with PMA/ionomycin significant 

differences in expression in almost 1% of mouse genes was found between FoxP3+ and FoxP3- cells, 

showing FoxP3 might exert most of its effects after stimulation 59. Of the FoxP3-dependent genes 

approximately 10% is directly regulated by FoxP3. Importantly, FoxP3 transactivates genes of other 

transcription factors and miRNAs, indirectly influencing mRNA and protein levels (Figure 5). Among 

transcription factors upregulated by FoxP3 are PR domain zinc finger protein 1 (Prdm1), IRF-4, IRF-6, 

Helios, STAT5, Blimp1 and cAMP-responsive element modulator (Crem). These transcription factors 

target several FoxP3-dependent genes that are not directly occupied by FoxP3 and are Treg-

associated molecules, including Fibrinogen-like protein 2 (Fgl2), IL-10 and Epstein-Barr virus induced 

gene 3 (Ebi3) 60. Of the FoxP3-bound genes approximately 35% and 6% were upregulated in Tregs in 

the thymus and in the periphery respectively. A smaller proportion was downregulated in both the 

thymus and periphery 60. The observation that only a small part of the FoxP3 bound genes are 

differentially regulated could be due to cofactors that are recruited by FoxP3 and that are required 

for expression. This is illustrated by the enrichment in the FoxP3 bound genes for the presence of a 

NFAT DNA sequence motif neighbouring the FoxP3 binding sites 59. 

 

Figure 5. Representation of direct targets of FoxP3, consisting of transcription factors, microRNA, surface 

molecules and signalling pathways. 6-10% of the genes regulated by FoxP3 are regulated directly, while the 

majority is regulated indirectly. PDE3b = phosphodiesterase 3B, cGMP-inhibited. miR-155 = microRNA-155. 

Crem = cAMP-responsive element modulator Figure from Lu & Rudensky, 2008 158 
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Cluster analysis of the genes bound by FoxP3 shows these genes are enriched in genes that are 

implicated in TCR signalling, cell communication (CD25, Ctla4, neuropilin 1 (Nrp1) and Icos) and 

transcriptional regulation (Mitogen-activated protein kinase (MAPK) and PDE3b) 59-61. Additionally, 

analysis of the differentially expressed genes in the thymus that were occupied by FoxP3 showed a 

group of genes involved in chromatin modifications and controlling gene expression 60. Also, 

enrichment in genes involved in proliferation, activation and cell death in T cells in normal immune 

responses as well as inflammatory and autoimmune conditions was observed 61. In the 888 FoxP3 

target genes conserved between species a significant higher proportion of differentially expressed 

genes existed 61. Among these conserved targets, genes encoding for the TCR signalling pathway 

(TCR and CD28), CTLA4 signalling and MAPK signalling were enriched 61. As TCR signalling controls 

FoxP3 expression, this creates a feedback loop in which FoxP3 protein influences the expression of 

its own gene.  

IV. Forkhead box protein P3 (FoxP3) 
FoxP3 belongs to the family of Forkhead box transcription factors that contain an evolutionarily 

conserved 110 amino acid DNA binding domain called winged helix or forkhead domain 62. FoxP3 

belongs to the FoxP subfamily of this family of Fox proteins, characterized by a leucine zipper and 

classical zinc finger motif 63. Other members of this subfamily are FoxP1, FoxP2 and FoxP4 64. While 

FoxP3 expression is restricted to the adaptive immune system 3, the other FoxP subfamily members 

are involved in a wide range of processes. FoxP1 is an important regulator of heart, brain, lung, 

kidney, testis, gut, macrophage and B-cell development in mice 65-69. FoxP2 is involved in the 

development of the heart, lung and gut 68, 70, while FoxP4 regulates gut and pulmonary development 
71.  

Both the FoxP3 gene and protein have been well characterized and consist of several domains well 

conserved throughout evolution (Figure 6) 4, 72. The gene encoding FoxP3 consists of eleven coding 

and three non-coding exons 4. Two non-coding exons (-2a and -2b), which are separated by 640 base 

pairs (bps), are conserved at the extreme 5’-end. They splice to another non-coding exon (-1) 5000 

bps further downstream 4. These exons contain important regulatory elements that will be discussed 

in more detail later. N-terminally, a proline-rich repressor domain (PRR) exists that has an inhibitory 

effect on the NFAT (nuclear factor of activated T cells) mediated transcription of genes 26, 72. The 

leucine zipper domain is essential for homodimerization of FoxP3, which in turn is essential for 

FoxP3 function 72. This can be explained by the requirement of FoxP3 to form at least a homodimer 

in order for the forkhead domain to bind DNA with high affinity 73. However, independently of the 

leucine zipper domain, FoxP3 can heterodimerize with the transcription factors NFAT, NF-kB (nuclear 

factor kappa B) and AML1/Runx1 (acute myeloid leukemia-1 /runt-related transcription factor 1) to 

regulate Treg functionality. The forkhead domain (FHD), encoded by exons 9, 10 and 11, has both a 

DNA binding function and a repressor function. This repressor function is dependent on interaction 

with other transcription factors such as NFAT 54. Additionally, both ends of the FHD are involved in 

targeting of FoxP3 to the nucleus 72. Zinc finger domains generally function as DNA binding domains, 

found in 3% of the human genes 4, 73, 74. However no specific functions have been ascribed to the zinc 

finger domain in FoxP3 and although the domain is conserved in the FoxP subfamily, mutations in 

this domain are not associated with IPEX 63, 72, 73. Of all IPEX patients, 60% have missense mutations 
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in the FKH domain, with other mutations being distributed throughout the gene, demonstrating the 

importance of the FKH domain for FoxP3 function (Figure 2) 75. 

 

FoxP3 isoforms 
While in mice only one FoxP3 isoform is expressed, three different FoxP3 splice variants exist in 

humans. In addition to the full length variant, one splice variant misses exon 2 55, FoxP32, and the 

third variant misses both exons 2 and 7, FoxP327 76. Exon 2 encodes a protein interaction domain, 

which is required for binding to the retinoic acid receptor-related orphan receptors-α and t (RORα 

and RORt) (Figure 6) 77 78. This splice variant of FoxP3 also lacks N-terminal residues 67-198, which 

mediate the interaction with, and repression of, NFAT protein 72. A histone deacetylator (HDAC) 

binding domain, which will be described in detail later, is also present in this region 26, 72, 79. The 

splicing variant of FoxP3 lacking exon 7, which codes for part of the leucine zipper domain, shows 

this domain is required for FoxP3 suppressor function. The biological roles of both splice variants 

remain to be clarified, but the FoxP327 possibly exhibits a dominant negative effect over the full-

length version 26, 80, 81.  The FoxP32 splice variant can induce a Treg phenotype and most of its 

effects are either redundant or additive to the FoxP3 full length splice variant effects 58, 80, 82, 83. 

However, unlike the full length splice variant, the FoxP32 splice variant seems unable to repress 

Th17 differentiation through binding RORt 82.  

 

 

Figure 6. The conserved domains and regions of FoxP3. A. The exons of the FoxP3 gene showing the domains 

they code for as well as the non-translated regions (yellow) and splice variants (red). Only exons are depicted 

here. The two splice variants of FoxP3 miss exons 2, or 2 and 7 respectively, affecting the RBM and PRR or the 

RBM, PRR and LZD. B. FoxP3 protein with its conserved domains, the domains affected by the splice variants 

are again depicted in red. IE = intronic enhancer. RBM = ROR binding motif. PRR = proline-rich region. HI = 

HDAC interacting region. ZFD = zinc finger domain. LZD = leucine zipper domain. NT = region required for 

nuclear translocation. FHD = forkhead domain 

 

 



12 
 

IV. Mechanisms regulating FoxP3 expression levels 
As described previously, tight regulation of FoxP3 expression levels and transcriptional activity is 

critical for correct development and functioning of Tregs. It is therefore not surprising that FoxP3 

expression is regulated at different levels. An array of molecules influences transcription of the 

FoxP3 gene. Furthermore, decay of FoxP3 mRNA is controlled and post translational modifications 

(PTMs) influence FoxP3 protein stability and protein activity 23, 24, 84. Regulation of FoxP3 gene 

transcription occurs through two main mechanisms. One mechanism consists of binding of 

transcription factors to the promoter or other regulatory elements of the gene, followed by 

recruitment of transcriptional complexes that either promote or inhibit gene transcription. 

Immediately upstream of the transcription start site is a FoxP3 region promoting transcription of the 

FoxP3 gene, called the proximal promoter 85. Several features characteristic of eukaryotic promoters, 

including TATA, GC, and CAAT boxes, consensus sequences that help recruit the transcriptional 

machinery, are found in this region. Additionally, several important transcription factor-binding sites 

(activator protein-1 (AP-1), NFAT) are located in this region 86. Two well described regulatory 

elements are located in introns between -2b and -1, and upstream of the promoter called enhancer I 

and the upstream enhancer respectively 85. In general, pro-inflammatory cytokines such as IL-4 and 

IL-6 have a negative effect on FoxP3 expression through mechanisms that will be explained in more 

detail later 87, 88. IFN-γ (interferon-γ) however, exhibits complexity since it can both upregulate and 

downregulate FoxP3 expression through mechanisms discussed later 89.  Other molecules that have 

both a positive and a negative regulating effect in FoxP3 regulation are Notch and FoxP3 protein 

itself 90-93. This mechanism and the most thoroughly studied molecules involved will be described in 

more detail. The second mechanism of regulation, discussed in the following section, is the 

generation of stable epigenetic markers on the FoxP3 gene that change nucleosome structure to 

either allow or prevent the transcriptional complexes to access the FoxP3 gene (Figure 7). A 

nucleosome consists of DNA wound around a complex of eight proteins, called histones.  

 

Epigenetic: regulation of FoxP3 gene transcription 
Epigenetics describes the heritable regulation of gene expression without altering the underlying 

nucleotide sequence. Several epigenetic markers have been reported for the FoxP3 gene, including 

histone modifications and methylation of the cytosine residue at CpG dinucleotides. Modifications 

on the tails of these histones influence chromatin structure and therefore transcription (Figure 7). 

The review by Lal & Bromberg, 2009 describes epigenetic mechanisms affecting FoxP3 transcription 

in more detail 85. 

Approximately 60% of all human CpG dinucleotides are methylated and three DNA 

methyltransferases (DNMTs), DNMT1, DNMT3a, and DNMT3b, control DNA methylation of these 

CpG residues 94. The first is involved in maintenance of methylation during cell division while the 

latter two are responsible for de novo methylation 94, 95. Methylated CpG dinucleotides recruit 

histone deacetylases (HDACs) which remove the acetyl group from histone tails, increasing their 

positive charge. These positively charged histones then bind more strongly to the negatively charged 

nucleic acids, preventing transcription 96. Conversely, acetylation of the histone tails, by histone 

acetyl transferases (HATs), introduces a negative charge on them, preventing histone binding to 

nucleic acids, making the DNA accessible to the transcription machinery (Figure 7). Other post-

translation modifications (PTMs) that are common for histones are: phosphorylation, poly-ADP 
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(adenosine-di-phosphate) ribosylation, ubiquitination, and methylation affecting initiation, pausing 

and elongation of transcription 97. Several studies have reported epigenetic markers on the FoxP3 

gene 85. Addition of the methylation inhibitor 5-azacytidine (5-Aza) or knocking down Dnmt1 induces 

FoxP3 expression (Figure 5). HDAC inhibitors increase expression of FoxP3 in both CD4+ CD25- and 

CD4+ CD25+ T cells, indicating HDACs directly regulate FoxP3 expression and Treg development and 

function 98 

 

Figure 7. Epigenetic mechanisms regulating gene transcription. DNMTs methylate cytosine residues from CpG 

dinucleotides which leads to recruitment of HDACS that remove acetyl groups from histone tails. This leads to a 

“closed conformation” that prevents DNA transcription. In contrast, acetylated histone tails mediate an “open 

conformation” which allows transcription. DNMTs = DNA methyltransferases. Me = methyl-group. Ac = acetyl-

group. HATs = histone acetyl transferases. HDACS = histone deacetylases.  Adapted from Korzus et al., 2010 99.   

 

CpG methylation 

Most CpG dinucleotides in the proximal promoter of the FoxP3 gene are demethylated in natural 

Tregs while only partial demethylation is observed in naive or effector T cells 100. TGF-β (transforming 

growth factor-β) signalling, which induces expression of FoxP3, was found to induce demethylation 

of the FoxP3 promoter and of the first CpG-containing conserved intronic region 101. Demethylation 

of the latter region increases availability for cyclic-AMP response element–binding protein 

(CREB)/activating transcription factor (ATF). CREB/ATF acts downstream of the TCR and induces 

increased FoxP3 expression 101. TGF-β signalling also leads to reduced DNMT expression through the 

inhibition of ERK (Extracellular signal-regulated kinases); this decreased DNMT expression leads to a 

lowered level of methylation of the FoxP3 promoter and thereby to upregulation of FoxP3 

transcription 88, 101-103. That inhibition of ERK is followed by decreased methylation has been 

previously observed in colon cancer cells 104. IL-6 signalling induces methylation of the upstream 
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enhancer of FoxP3 by DNMT1, leading to repression of FoxP3 in natural Tregs. STAT3-/- mice showed 

that this repression of FoxP3 and induced methylation occurs in a STAT3 (Signal Transducer and 

Activator of Transcription 3)-dependent manner, as STAT3 induces transcription of DNMT1 88.  

 

Histone modifications 

Di- and tri-methylation of histone H3 at lysine 4 (H3K4me2 and -3) are common modifications in 

regulatory regions of active genes. Indeed, in cells expressing FoxP3 and cells capable of turning on 

FoxP3 expression, these modifications are found near the transcription start site (TSS) and in the 5′ 

untranslated region (UTR) of the FoxP3 gene. Continued activation of the TCR induces demethylation 

of H3K4, providing a possible explanation for the observation that prolonged TCR signalling 

abrogates FoxP3 inducibility 105.  

Another histone modification, H4 acetylation, is also associated with transcriptionally active genes. 

Retinoic acid (RA) is able to induce histone H4 acetylation, thereby inducing FoxP3 expression 106. 

HDAC7 has been shown to deacetylate histones in the FoxP3 promoter can and in this way suppress 

transcription 107.  

 

Signaling pathways regulating FoxP3 expression  
Several distinct signal transduction pathways have been implied in the regulation of FoxP3 

expression levels and the pathways that have been studied most extensively will be discussed here. 

The extensive crosstalk between the different pathways complicates the mechanisms by which they 

regulate FoxP3 expression. Additionally, environmental conditions, such as presence of certain pro-

inflammatory interleukin, can alter the effect of a pathway on FoxP3 expression. Cis-regulatory 

feedback also exists as FoxP3 inhibits its own proximal promoter 93. In general, signalling by other 

immune cells through ubiquitously expressed receptors or through binding of antigens to the TCR 

will initiate a cascade of intracellular events. Second messengers, such as cAMP (cyclic adenosine-

mono-phosphate), will transduce the extracellular signal to an intracellular response, integrating and 

modulating extracellular signals. Intracellular proteins such as kinases and phosphatases transduce 

the signal, ultimately leading to the modulation of factors effecting gene expression, including 

transcription factors, HATs and HDACs.  

 

TCR/IL-2 

A two-step model in which first a TCR signal results in the upregulation of CD25 (IL-2R α-chain) in a 

precursor Treg was suggested by Burchill et al. 108. This upregulation of CD25, mediated by protein 

kinase C (PKC), primes the precursor cell to receive an IL-2 signal inducing FoxP3 expression via 

STAT5 108, 109. This model is used to artificially induce Treg differentiation from a CD4+ population by, 

stimulating naïve CD4+ cells with anti-CD3 (antibody against TCR), anti-CD28 (antibody against the 

coreceptor of TCR) and IL-2 110. However, these in vitro induced Tregs are unstable compared to 

natural Tregs originating from the thymus as they can convert to Teff upon stimulation with pro-

inflammatory cytokines, such as IL-6 and IL-1β. This conversion is mediated by repressed FoxP3 

levels and addition of all trans-RA to these cells provides resistance to this effect 111.  
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In addition to CD25 mediated upregulation of FoxP3 levels, downstream of the TCR several 

transcription factors can directly regulate transcription of the FoxP3 gene. These factors, including 

NFAT, AP1, CREB/ATF and NF-κB, bind to the FoxP3 promoter region or an intronic element 

proposed to serve as an enhancer 86, 101. NFAT-AP1 binding possibly enhances the binding of Smad3 

to the intronic enhancer 112. The strength of the Major histocompatibility complex (MHC) ligand 

interacting together with the density and duration of TCR interactions determine whether FoxP3 

expression will be induced 113. TCR-induced proliferation may recruit cell-cycle dependent 

maintenance of DNMT resulting in a silenced state of the Foxp3 locus, which could explain this 

phenomenon 114. Alternatively, the TCR downstream transcription factors NFAT and NF-κB 

upregulate GATA (transcription factor that binds to the GATA sequence) expression, which represses 

FoxP3 transcription 115, 116. A third explanation is that prolonged TCR signalling induces protein kinase 

B (PKB) signalling, discussed later, which in turn suppresses FoxP3 expression 105. 

IL-2 was shown to be essential for the development of natural Tregs in the thymus and IL-2 signalling 

has also been associated with the survival, expansion and function of Tregs in the periphery 117-121. 

Knock-out models have shown that IL-15 and IL-7 can compensate for IL-2 loss in Treg development 
122. It was therefore proposed that common γ-chain (γc) signalling rather than IL-2 signalling per se is 

crucial to Treg development since this receptor subunit is common to the receptors of all three 

interleukins. Indeed, mice lacking the γc show a complete lack of FoxP3+ Tregs 123-125. STAT5, a 

transcription factor phosphorylated and activated by Jak (Janus kinase), is a downstream target of γc 

cytokine signalling 126-128. Two STAT5-binding sites are located in both the promoter and the 

conserved region inside the first intron of the FoxP3 gene. The binding of phosphorylated STAT5 to 

these sites mediates upregulation of FoxP3 expression (Figure 8) 127, 129. Furthermore, a constitutively 

active form of STAT5 rescues Treg generation in absence of IL-2 and leads to expansion of CD4+CD25+ 

Tregs 108. Another member of the STAT family, STAT1, is phosphorylated after IL-27 and IFN-γ 

stimulation of Th1 cells and directly interacts with the FoxP3 proximal promoter, resulting in 

increased FoxP3 expression 130. Two other STATs downregulate the expression of FoxP3 (Figure 8); 

STAT3 binds and inactivates an enhancer located in the second intron of the FoxP3 gene after it is 

activated by IL-6, IL-21 and IL-27 signalling 112, 131-133. This inhibits binding of Smad3 to the enhancer 

in the first intron and STAT3 thereby downregulates FoxP3 expression. The second STAT 

downregulating FoxP3 expression is STAT6, which binds the FoxP3 promoter and inhibits FoxP3 

expression induced by TGF-β 134, 135. STAT6 phosphorylation is mediated by phosphorylated JAK3, 

which is phosphorylated itself after IL-4 binds to its receptor. IL-4, expressed by Th2 cells, in this way 

inhibits FoxP3 expression 134, 135. Retinoic acid in the presence of TGF-β can inhibit the binding of 

STAT6 to the Foxp3 promoter and enhance histone acetylation, counteracting the effect of IL-4 135. In 

complex with NFAT and NF-κB, STAT6 also induces the expression of GATA3, which binds directly to 

the FoxP3 promoter and represses FoxP3 expression (Figure 8) 115, 116. 
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Figure 8. STAT signalling in the induction of FoxP3 expression. STAT5 can bind to the promoter region after phosphorylation 

and directly regulate FoxP3 transcription. STAT6 plays an important inhibitory role, both directly and through the induction 

of GATA3. Retinoic acid can partially revert the inhibitory effect of STAT6 by preventing its binding to the promoter region of 

FoxP3. STAT3, after activation by IL-6, IL-21 or IL-27 signalling can bind to the second intronic region of the FoxP3 gene 

which downregulates FoxP3 expression indirectly. STAT = Signal Transducer and Activator of Transcription. JAK = Janus 

kinase. NFAT = nuclear factor of activated T cells. NF-κB = nuclear factor κB.  Figure is adapted from Shen et al., 2009 123. 

 

TGF-β/Smad 

TGF-β regulates diverse cellular functions, playing an important role in cell fate, development and 

carcinogenesis. TGF-β signalling is primarily mediated by Smad proteins, although TGF-β can also 

activate Smad-independent pathways. After phosphorylation of the Smad proteins by the TGF- 

receptor, they translocate to the nucleus where they regulate transcription after recruiting 

additional transcription factors 136. TGF-β has been implicated in regulation of FoxP3 expression in 

both peripheral T cells and developing thymocytes 23, 110, 137, 138. Membrane-bound TGF-β induces 

Smad3 phosphorylation which forms a complex with phosphorylated Smad4 and NFAT 139. This 

complex binds to a conserved enhancer region in the intron between exon -2b and exon -1 140 and 

this binding is facilitated by retinoic acid (Figure 9) 112. Activity of this enhancer is required for the 

development of induced Tregs and Smad3 thus plays a pivotal role in the induction of FoxP3 

expression in the thymus as well as in the periphery 140, 141. The Smad3/Smad4 axis is inhibited by 
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Smad7, activated by IL-6R signalling, which in turn is downregulated by FoxP3. This leads to a 

positive feedback loop in which FoxP3 expression leads to more susceptibility to TGF-β signalling 

through the Smad3/Smad4 axis (Figure 9) 92. Smad3 can also be directly recruited to a promoter site 

of FoxP3 in a so-called enhanceosome with c-reticuloendotheliosis (c-Rel), protein 65 (p65), NFAT 

and CREB that also induces FoxP3 expression (Figure 9) 142. RA can bind to the nuclear receptors 

Retinoid A receptor (RAR) and Retinoid X receptor (RXR) which then bind to two sites in the 

enhancer in the first intronic region and in the FoxP3 promoter respectively 143. This leads to 

increased acetylation of histones near the Smad3 binding site on the FoxP3 gene, leading to an 

increased binding of Smad3 to the FoxP3 promoter and consequently to increased FoxP3 expression 

(Figure 9) 112, 140. Deletion of the RAR binding site in the enhancer greatly reduces the upregulating 

activity of RA on FoxP3 expression and deletion of both sites leads to an almost complete loss of RA 

activity 112 

 

Figure 9. The TGF-β/Smad axis. TGF-β induces Smad3 that forms a complex with Smad4 and NFAT to induce 

FoxP3 transcription which in its turn releaves the inhibiting role of Smad7. The so-called enhanceosome 

complex consists of Smad3, c-Rel, NFAT, p65 and CREB. RA acetylates histones in the FoxP3 promoter and 

thereby induces Smad3 binding to the promoter. TGF-β = Transforming growth factor β, NFAT = nuclear factor 

of activated T cells. c-Rel = c-reticuloendotheliosis. NFAT = nuclear factor of activated T cells. p65 = protein 65. 

CREB = cAMP response element-binding. RA = retinoic acid 

 

PKB/mTOR axis 

The Phosphatidylinositol 3 kinase (PI-3K)/protein kinase B (PKB/c-Akt) signalling pathway plays an 

important role in cell growth and proliferation. In T cells the PI-3K/PKB/mTOR/FoxO axis is required 

for regulation of activation through the TCR 139. Mammalian target of rapamycin (mTOR) is a kinase 

that regulates cell size, growth, proliferation, survival and metabolism; in the immune system mTOR 
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is involved in cell function in both the adaptive and innate immunity and regulates T cell 

proliferation and differentiation 144. mTOR can form two different complexes with disparate 

functions: mTORC1 and mTORC2 respectively; while mTORC1 can be inhibited by rapamycin, 

mTORC2 is rapamycin-insensitive 145. Four different FoxO transcription factor isoforms have been 

described, regulating a broad range of cellular processes including differentiation, survival, cell-cycle 

arrest, metabolism, stress resistance and tumour suppression 146. 

PKB, under control of PI-3K, which is controlled by TCR signalling 105, as well as mTORC2, 

phosphorylates FoxO transcription factors, resulting in their exclusion from the nucleus. Since FoxO 

binding to regulatory elements in the FoxP3 promoter induces FoxP3 transcription, activation of this 

PKB pathway inhibits FoxP3 expression by preventing FoxO-mediated transcription (Figure 10) 147-149. 

A FoxO-binding motif is located in the promoter and several consensus sequences are found in the 

FoxP3 locus 148, 149. It was shown that proteins inhibiting PI3K, such as Casitas B-lineage lymphoma-b 

(Cbl-b), are required for efficient FoxP3 expression, while constitutively active PKB prevents FoxP3 

induction 105, 150, 151. Inhibition of mTORC2, which activates PKB, also leads to induction of FoxP3 

expression 152. The effect of inhibition of PI3K or mTOR on FoxP3 expression can be overcome by 

prolonged TCR signalling, possibly through epigenetic regulation 105, 153. Knock-out experiments by 

Ouyang et al., 2010 149 showed two redundant FoxO transcription factors, FoxO1 and FoxO3a are 

important for this pathway. Deletion of both these transcription factors prevents induction, but 

probably not maintenance, of FoxP3 transcription 147, 149.  

The PKB/mTOR axis possibly employs other mechanisms to inhibit Treg induction as PKB plays a role 

in the IL-6R signalling pathway, which has been shown to block FoxP3 induction and drive 

differentiation of naive CD4+ T cells towards Th17 cells 50, 151, 154, 155. Moreover, TGF-β signalling 

downregulates mTORC1 through impairing Extracellular-signal-regulated kinases (ERK) 156. mTORC1 

has been found to inhibit TGF-β induced FoxP3 expression, showing the mTORC1 complex is not only 

regulated by TGF-β but is also involved in the downstream signalling of TGF-β 151. This gives an 

indication of the complexity of the PKB/mTOR pathway that consists of several feedback loops and 

different mTOR-containing complexes 153.  
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Figure 10. Signalling through mTOR/PKB axis. Upregulation of Akt (PKB) by PI-3K and mTOR inhibits Foxo-
induced transcription of FoxP3. Foxo transcription factors are involved in inducing expression of FoxP3 at both 
the FoxP3 promoter and the second conserved intronic region. Both IL-2R and TCR signalling activate PI-3K and 
therefore prevent Foxo-induced FoxP3 expression. PI-3K = Phosphatidylinositol 3 kinase. PKB = protein kinase B. 
mTORC2 = mammalian target of rapamycin complex 2. FoxO = Forkhead box O. AP1 = Activator protein 1. SP1 = 
Specificity protein 1. Runx = Runt-related transcription factor. CREB = cAMP response element-binding. ATF = 
Activating transcription factor. TSS = transcription start site. Figure from Merkenschlager et al., 2010 147 

 

Notch  

Notch signalling is an evolutionary conserved mechanism for dictating cell fate which has also been 

implicated in regulating T cell maturation 157. The membrane receptor family Notch consists of four 

receptors (Notch-1,-2,-3 and -4) and are receptors for Delta-like-1,-3 and -4 and Jagged-1 and -2 158. 

Membrane-bound TGF-β, which has been described to be involved in regulation of FoxP3 expression, 

can act through the Notch pathway 159, 160. This was shown by blocking Notch cleavage, and 

therefore Notch intracellular domain (NICD) release, with γ-secretase inhibitor (GSI). Addition of GSI 

blocks TGF-β-induced FoxP3 expression, upregulation of genes downstream of FoxP3 and the 

suppressive capacities of Tregs 91. Notch was later shown to have a dual role in the regulation of 

FoxP3 expression dependent on the level of Notch activity. Notch regulates FoxP3 via the NICD, 

cleaved after Notch activation. NICD exerts its effects on FoxP3 via the transcription factors CSL 

(CBF1/RBP-Jκ/Suppressor of Hairless/LAG-1) and Hairy and enhancer of split 1 (HES1) 91. Binding of 

the NICD to CSL on a highly conserved CSL-binding site in the FoxP3 promoter induces recruitment of 

co-activators and the dislocation of repressors. HES1 can bind to a HES-binding site near the FoxP3 

transcription start site. The first has a positive regulating effect, and dominates at low levels of 

Notch signalling, while the latter has a negative effect on transcription and is more important at 

higher levels. NICD alternatively interacts with Smad3 and CSL to activate the transcription of Hes1, 

showing TGF-β signalling can modulate Notch signalling 159 91. Importantly, binding of NICD/RBP-J to 
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the FoxP3 promoter also occurs in CD4+CD25- T cells showing Notch signalling might not be sufficient 

for Treg development 90.  

 

IFN-γ/IRF 

The cytokine Interferon-γ (IFN-γ) is a central player in regulation of immune responses. It is involved 

in anti-microbial responses, antigen processing, inflammation, growth suppression, cell death, 

tumour immunity and autoimmunity. IFN-γ can signal through the JAK/STAT pathway, leading to 

binding of STAT1 to Gamma Activating Sequences (GAS) in the promoters of target genes and 

regulation of various immune functions 161. IFN-γ signalling also activates the Interferon regulatory 

factor 1 (IRF-1) which specifically represses FoxP3 transcription. It achieves this by binding a 

conserved IRF consensus element sequence (IRF-E) in the FoxP3 promoter, thereby downregulating 

the activity of the promoter 162. Fragale et al., 2008 have stated IRF-1 binding to the IRF-E might 

result in downregulation of FoxP3 by competition with c-Myb for an overlapping consensus 

sequence on the FoxP3 promoter 162. A study by Feng et al. in 2008 showed that addition of 

exogenous IFN-γ to Th2 cells resulted in suppression of IL-4, induction of Suppressor of cytokine 

signalling-1 (SOCS1) and upregulation of FoxP3 89. The former is mediated by IRF1 and IRF2, while 

the latter is mediated by the transcription factor SP2 163, 164. This shows IFN-γ signalling can play a 

dual role in the regulation of FoxP3. IFN-γ signalling, through IRF-1 and an IRF-E in the promoter of 

inducible nitric oxide synthase (iNOS), might lead to the upregulation of iNOS and thereby to the 

increased generation of nitric oxide (NO) 165. NO can activate the STAT1 pathway, however the 

mechanism through which it achieves this has not yet been clarified 166. Inhibition of NOS impairs 

FoxP3 transcription and supplying a NO donor in absence of IFN-γ partly mimics the positive effect of 

IFN-γ. Precisely how NO induces FoxP3 expression has not yet been clarified 166. Another IRF, IRF-4, 

also represses FoxP3 expression; whether it directly binds to the IRF-E in the FoxP3 promoter is 

unclear 87, 139. IRF-4 specifically enhances activation of the IL-4 promoter by interacting with STAT6 

and this may be the mechanism by which IRF-4 represses FoxP3 expression 167, 168. IRF-4 itself is also 

upregulated by IL-4 signalling, at least in B cells and upon costimulation with CD40, indicating a 

positive feedback loop between IRF-4 and IL-4 may exist 168. IRF-4 is also an important factor in the 

differentiation towards a Th17 cell fate as it positively regulates the level of Retinoid orphan 

receptor γt (RORγt), which is a marker and regulator of Th17 cells 87.  

 

cAMP/PKA 

Prostaglandin E (PGE2) exposure induces FoxP3 expression in CD4+CD25- T cells and upregulates 

FoxP3 in CD4+CD25+ Tregs 169. In the absence of the E-prostanoid (EP) receptor or in the presence of 

cAMP inhibitors, this induction in FoxP3 expression is diminished 170, 171. This indicates the 

cAMP/protein kinase A (PKA) inhibitory pathway is probably involved 172, 173. cAMP is an ubiquitous 

second messenger involved in numerous signalling pathways, including TCR signalling in T cells. PKA 

can phosphorylate CREB, NFAT, NF-kB, Ras and ERK and thereby modulate their activity. The 

phosphorylation of the transcription factors CREB, NFAT and NF-κB occurs within their nuclear 

localization signal, increasing nuclear transport where they can exert their effect on transcription 173. 

All substrates have been implicated in FoxP3 regulation through one of the pathways described 

earlier. Additionally, PKA phosphorylation of c-Src tyrosine kinase (Csk) increases its activity; Csk 
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directly inhibits TCR signalling by phosphorylating Lck and Fyn on their C-terminal end. This 

suppresses the activity Lck and Fyn, which are involved in TCR-signalling 173. Whether this is 

detrimental or beneficial for FoxP3 expression is unclear as TCR signalling can both up- and 

downregulate FoxP3, depending on the intensity and duration of the signal. PGE2 mediated 

induction of FoxP3 expression has primarily been observed in tumours that secrete high levels of 

COX-2. COX-2 generates PGE2, leading to the differentiation of T cells into Tregs, providing 

immunotolerance for the tumour 169, 171. Interestingly, LPS-activated monocytes can induce FoxP3 

expression in resting CD4+CD25- T cells via this pathway, modulating the immune response to 

pathogens 171.  

 

To summarize, different signalling pathways regulate expression of FoxP3 using similar mechanisms. 

In general, a signal is received by a receptor, after which this signal is transduced intracellularly via 

second messengers. Ultimately, this leads to the recruitment of transcription factors or placement of 

epigenetic markers to the regulatory parts of the gene, influencing transcription activity. Important 

pathways including TCR, TGF-β, Notch, PKB/mTOR and cAMP/PKA signalling are involved, with 

extensive crosstalk going on between the different pathways and environmental cues affecting the 

activity of the different signalling cascades (Figure 11). Although these pathways have been 

extensively studied, especially the TCR and TGF-β signalling pathways, the understanding of how 

their combined signalling regulates FoxP3 expression remains incomplete. Additionally, other 

molecules that have not been studied so extensively with regard to this area are implicated in the 

regulation of FoxP3 expression; e.g. 17-β-estradiol (E2) 174 and N- and K-Ras 175.  

 

Post transcriptional regulation of FoxP3  
In contrast to the regulation of FoxP3 transcription, little is known concerning the regulation of 

FoxP3 mRNA. One regulator of FoxP3 mRNA has been described thus far: trichostatin A (TSA). This 

HDAC inhibitor can both enhance the activity of the FoxP3 promoter but at the same time increases 

the degradation of FoxP3 mRNA 23. It is known however, that Dicer facilitates FoxP3 expression as 

well as the development of Tregs in the thymus. Dicer is involved in the generation of miRNAs which 

affect mRNA degradation and these miRNAs thus likely play a role, either directly on FoxP3 mRNA or 

indirectly, in the expression of FoxP3 84. The miRNAs miR-22 and miR-155 have been shown to 

influence the FoxP3-regulating PKB and IL-2 pathways respectively 176, 177. miR-22 downregulates 

expression of PTEN, which results in an upregulation of PKB. Active PKB, as described earlier, 

suppresses the expression of FoxP3 176. miR-155 inhibits SOCS1 (suppressor of cytokine signalling 1) 

expression and this inhibition leads to increased IL-2R signalling, possibly through direct binding to 

the IL-2R 178. In this way miR-155 increases the expression of FoxP3 177. Interestingly, miR-155, and 

likely miR-22 as well, is upregulated by FoxP3 itself, showing potential for creating feedback loops 61. 

Thus, although regulation of FoxP3 mRNA probably contributes to FoxP3 expression levels, only one 

direct regulator is currently known and additional research is required to gain more insight in this 

field.  
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Post-translational modifications of the FoxP3 protein 
Similar to mRNA regulation, little is known about the regulation of FoxP3 protein. FoxP3 can be 

acetylated and this modification is reciprocally regulated by the HAT p300 and the HDAC Silent 

information regulator two-like 1 (SIRT1) 24, as well as by other HDACs/HATs 98. Adding HDAC 

inhibitors results in the acetylation of lysine residues in the forkhead domain of FoxP3 and 

upregulation of the Treg numbers 98. This acetylation leads to increased binding to the promoters of 

FoxP3 target genes and substituting the lysine residues in the forkhead domain abrogates the ability 

of FoxP3 to bind these promoters 98. TGF- treatment increases the acetylation of FoxP3 and 

increases its association with chromatin 179. TGF- together with IL-6, which negatively regulates 

Treg numbers and function, leads to decreased association with chromatin. This decreased 

association can be abrogated by the addition of HDAC inhibitors 179. Samanta et al., 2008 showed 

also that FoxP3 can be phosphorylated; however, the function of this phosphorylation has not been 

clarified yet 179. The phosphorylation of FoxO can promote both FoxO nuclear localization and 

removal from the nucleus dependent on the residue which is phosphorylated 146. This might possibly 

provide insight in the role of this phosphorylation for FoxP3. It was recently shown that 

hyperacetylation of the FoxP3 protein prevents proteasomal degradation by blocking sites of 

polyubiquitination, which leads to increased stability of FoxP3 protein 24; showing another 

mechanism in which FoxP3 can be regulated by acetylation.  

VI. Discussion 
FoxP3+ Tregs are indispensible for normal immune function, which is illustrated by IPEX patients and 

scurfy mice, and maintenance of FoxP3 expression is required for the development and function of 

these cells 4, 5. The transcription factor FoxP3 is part of the Forkhead box family of proteins and is the 

key controller of Treg differentiation and maintenance. The tight regulation of FoxP3 expression and 

activity is required as transient expression of FoxP3 upon TCR stimulation is not sufficient to initiate 

differentiation of CD4+ CD25- T cells into the regulatory T cell lineage 52, 53. In addition, loss of FoxP3 

in Tregs leads to loss of regulatory capacities of these cells (Figure 4) 19, 21, 57. Thus, insight in the 

regulation of FoxP3 can provide opportunities to affect regulatory T cell numbers and function in the 

clinic. As Tregs are implied not only in autoimmune disease but also in transplantation tolerance 29, 

clearance of viral infections 30 and cancer 31, this is an important subject of study. As discussed in this 

thesis, FoxP3 is regulated on many different levels; transcription of the FoxP3 gene is regulated by 

epigenetic modulation as well as the recruitment or inhibition of the transcriptional machinery 

through different signalling pathways. In addition, FoxP3 mRNA regulation and post-translational 

modifications of the FoxP3 protein are very likely to affect FoxP3 levels and function 23, 24, 84. 
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Figure 11. Interactions between the different signalling pathways regulating transcription of FoxP3. The 

molecules mediating the crosstalk between the different pathways are depicted here. Red arrows depict an 

inhibiting function, while green arrows indicate a stimulatory role. Thicker arrows are the result from longer, or 

higher concentrations of, signalling. The location of the arrows does not represent location of signalling.  The 

intracellular domain of Notch, NICD, also binds Smad3 and this NICD/Smad3 complex interacts with the FoxP3 

promoter in a transcriptional complex 91, thus Notch and TGF-β signalling interact to promote FoxP3 

transcription. Membrane-bound TGF-β in its turn promotes Notch signalling 135, 139, 159. TGF-β signalling also 

cooperates with the TCR pathway via several molecules to induce FoxP3 transcription. TCR, through PKC, 

upregulates CD25, which enables IL-2R signalling 109. IFN-γ signalling suppresses IL-2R and TGF-β signalling by 

inducing SOCS1 and inhibiting IL-4 respectively 166. The induction of SOS1 is mediated by SP2 and the inhibition 

of IL-4 signalling is mediated by IRF1 and IRF2 163, 164. Prolonged TCR signalling activates the PKB/mTOR axis 

through PI-3K which inhibits FoxP3 transcription 105. PKA, downstream of PGE2, also interacts with TCR 

signalling through various molecules 173. In addition to the interactions between these pathways several 

molecules affect these pathways without directly influencing FoxP3 expression. IL-6 signalling leads to STAT3 

binding to, and inactivation of, the enhancer in the second intron of FoxP3; this prevents TGF-β signalling by 

inhibiting the binding of pSmad3 to the enhancer in the first intron 112, 134, 135. STAT6, which is activated after IL-

4 signalling inhibits TGF-β signalling and promotes the inhibitory signalling via the TCR pathway 115, 116. This IL-4 

signalling can be inhibited by RA, which also directly facilitates the transcription through the Smad pathway 112, 

135. 1. RA binding to the enhancer of the first intronic region of FoxP3 leads to acetylation of histones near the 

Smad3 binding site, followed by increased Smad3 binding to the FoxP3 promoter 112, 140. 2. RA can, in the 

presence of TGF-β, prevent binding of STAT6 to the FoxP3 promoter, counteracting the effect of IL-4 on TCR 

signalling 135. 3. SOCS1 can directly bind to, and inhibit, the IL-2R 178. SOCS1 = suppressor of cytokine signalling 

1. IL = interleukin. IFN-γ = interferon-γ. PKA = protein kinase A. TCR = T cell receptor. PKB = protein kinase B. RA 

= retinoic acid. TGF-β = Transforming growth factor-β. PKC = protein kinase C. CSk = C-src tyrosine kinase. NFAT 

= nuclear factor of activated T cells. NF-B = nuclear factor kappa-light-chain-enhancer of activated B cells. 

CREB/ATF = cAMP response element-binding/ activating transcription factor-1. AP1 = activator protein 1. STAT 

= Signal Transducers and Activators of Transcription protein. PI-3K = Phosphatidylinositol 3-kinases. FoxO = 

Forkhead box protein O. NICD = Notch intracellular domain. HES1 = Hairy and enhancer of split 1. Csl = 

CBF1/RBP-Jκ/Suppressor of Hairless/LAG-1 

Many different signalling pathways, to which a myriad of functions has been ascribed, have been 

demonstrated to directly regulate Foxp3 expression. Crosstalk between these different pathways is 

very common and some of the direct interactions between the different pathways are highlighted in 
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Figure 11. The interactions shown there are only the direct interactions existing between the major 

different pathways. Competition for binding sites, as well as for cofactors, and indirect interactions 

also link these different pathways. In addition, epigenetic markers placed by one molecule, affect 

the availability of binding sites and accessibility of the gene to the transcriptional machinery for all 

pathways. Moreover, FoxP3 also employs several feedback loops, both stimulatory and inhibitory, 

regulating its own expression. FoxP3 mRNA stability has been shown to be regulated and FoxP3 

protein is subject to post-translational modifications altering protein stability and transcriptional 

activity 23, 24, 84. However, compared to regulation of transcription, these fields are understudied. 

Post-translational modifications for the FoxP3 family member FoxO have been investigated and 

proven to be pivotal for its function 146. Therefore, it is very likely that research into the PTMs, and 

mRNA regulation as well, will provide valuable information regarding FoxP3 regulation.  

Pathways that have been studied thoroughly are: TCR/IL-2, Notch and TGF-β/Smad. Much is known 

about the role of Retinoic acid and IFN-γ/IRF also. In contrast, relatively little is known about 

PKB/mTOR and cAMP/PKA. Furthermore, the information about the involvement of the latter two 

pathways is fragmentated. A possible explanation for this lies in the specificity of the different 

pathways. While TCR signalling is implicitly limited to T cells; PI3K, PKB, mTOR, cAMP and PKA are 

ubiquitous and perform many different roles that extend the field of immunology. The last group of 

molecules involved in FoxP3 regulation are those about which almost nothing is known in this 

regard, including Ras and 17-β-estradiol 174, 175.  

Concluding, although much is known about the regulation of FoxP3 already, much more is to be 

discovered. There are a few regions of the FoxP3 field which are especially open for further 

investigation. First, the role of the understudied pathways mTOR/PKB and cAMP/PKA has to be 

elucidated further. In addition, the crosstalk between the different pathways and which molecules 

exert this crosstalk also needs clarification; this could reveal which targets affect multiple ways of 

FoxP3 expression and are possibly good candidates for clinical intervention. Finally, the post-

transcriptional levels, mRNA regulation as well as PTMs of the FoxP3 protein, of FoxP3 expression 

and activity regulation remain understudied. Increased insight in the regulation of FoxP3 may lead to 

new targets for intervention as the identification of critical processes, such as FoxP3 acetylation, and 

molecules pivotal for the regulation of FoxP3 expression and function, might be used as a target for 

intervention in diseases associated with dysfunctional Tregs. For example, as acetylation of FoxP3 

enhances its function 23, 24, 179, leading to an increase in Treg function and numbers, inducing this 

acetylation could be a therapeutic strategy to obtain greater number of functional Tregs. These 

interventional strategies are potentially more specific for FoxP3 and Tregs than general 

immunosuppressive drugs which are currently widely used in the clinic. This could reduce side 

effects of treatment and lead to better clinical perspectives for people suffering from the many 

diseases associated with regulatory T cells, including: IPEX, multiple forms of cancer and 

transplantation tolerance 29, 31. In cancer, Tregs are associated with poor prognosis as they provide 

tolerance for the tumour and impairing Treg functionality or numbers could be used as 

immunotherapy here 31. As it is important to specifically lower Treg numbers while not affecting Teff 

cells, targeting FoxP3 is a promising strategy in cancer therapy. In several autoimmune diseases, 

including IPEX, an aberrant Treg response is observed. Improving this response by intervening in the 

FoxP3 pathway is an alternative to immunosuppressive drugs that make the patient more 

susceptible to infectious diseases and cancer 29. After transplantation, true tolerance to the graft 

could potentially be achieved through inducing Tregs specific for the donor tissue 180. This would 
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alleviate the need for continued administration of immunosuppressive drugs. These three situations: 

cancer, autoimmune diseases and transplantations, require treatment that specifically affects Tregs. 

Altering FoxP3 expression or functionality through targeting one of the key molecules regulating 

FoxP3, described in this thesis, would be an excellent strategy to achieve this given the essential role 

of FoxP3 in Treg biology 
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