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ABSTRACT 

 

T cells and B cells originate from the same common lymphoid precursor in the 

bone marrow. Unlike B cells, which complete their maturation process in the 

bone marrow, T cells leave the bone marrow and migrate to the thymus, 

where they undergo T cell linege commitment and complete their maturation. 

CD4+ and CD8+ T cells comprise two major classes of T cells.  

 

T cells recognise and respond to self- and foreign antigens using the T cell 

receptors (TCRs). In T cells, TCR signalling initiates downstream 

transcriptional mechanisms for T cell activation and differentiation. Activated T 

cells further differentiate into various effector T cell subsets, which mount a 

specific immune response towards the antigen. It is essential to control the 

magnitude of the ensuing immune response in order to prevent excessive 

inflammation and autoimmunity.  

 

Negative regulatory mechanisms exist to control the activities of effector T 

cells. Key negative regulatory mechanisms include CTLA-4 and PD-1 

signalling and Foxp3-mediated suppression of activated T cells. Foxp3-

expressing regulatory T cells (Tregs) require TCR signals for their 

suppressive function and maintenance in the periphery. It is, however, unclear 

how TCR signalling controls the transcriptional programme of Tregs. Since 

most of studies identified the transcriptional features of Tregs in comparison 

to naïve T cells, the relationship between Tregs and non-naïve T cells 



	
   4	
  

including memory-phenotype T cells (Tmem) and effector T cells (Teff) is not 

well understood.  

 

The first part of the project aimed to dissect the transcriptomes of various T 

cell subsets from independent datasets using the multidimensional analysis 

method Canonical Correspondence Analysis (CCA). Firstly, I showed that at 

the cell population level, resting Tregs share gene modules for activation with 

Tmem and Teff. Importantly, Tmem activate the distinct transcriptional 

modules for T cell activation, which are uniquely repressed in Tregs. In 

addition, I analysed the T cell subset data and Tcra KO data, and showed that 

the activation phenotype of Tregs at the transcriptomic level was dependent 

on TCR signals, and was more actively operating in activated Tregs.  

 

The second part of the project used a new CCA-based method, Single-Cell 

Combinatorial CCA (SC4A), and thereby analysed unannotated single cell 

RNA-seq data from tumour-infiltrating T cells. This analysis revealed that 

FOXP3 expression occurs predominantly in activated T cells. Further 

analyses identified FOXP3-driven and T follicular helper (Tfh)-like 

differentiation pathways in tumour microenvironments, and their bifurcation 

point, which was enriched with recently activated T cells. 

 

In conclusion, the project showed that the activation mechanisms downstream 

of TCR signals are operating in resting Tregs and activated Tregs, and also 

identified the bifurcation of Tregs and Teff differentiation and their maturation 

processes by single cell analysis



	
   5	
  

ACKNOWLEDGEMENTS 

I would like to thank Hashimoto-sensei and Nakada-sensei for the support 

throughout the duration of my PhD, and Dr Ono for the project design, 

teaching me R data analysis and the international collaboration with Imperial 

College London. I would like to thank Sasakura-sensei for teaching me 

developmental molecular biology and Ciona intestinalis biology (miniprep, 

plasmid construction, cloning, electroporation, PCR, WISH). In addition, I 

would like to thank Taniguchi-sensei for giving me opportunities to study 

innate immunity, Nishio-sensei for teaching me experimental skills for 

lymphocyte extraction and FACS analysis, Yanai-sensei for bone marrow 

extraction and dendritic cell culture and qPCR, and Negishi-sensei for helpful 

advice (for my project seminar) and support for experiments. In addition, I 

would like to thank Taniguchi-sensei for introducing me to Dr Jun Shimizu and 

Professor Tsuji at the University of Tokyo Hospital, who gave me the best 

possible medical care for my condition, which was critically important for me 

to complete my PhD. I also thank Inaba-sensei for helping me to arrange my 

transition from Shimoda to Tokyo. 

 

 



	
   6	
  

 

	
  
	
  
	
  
	
  
	
  
	
  

PUBLICATIONS 

	
  
	
  
	
  
Some of the work here has been published in the following article: 

 

Bradley A, Hashimoto T, Ono M. Elucidating T Cell Activation-Dependent 

Mechanisms for Bifurcation of Regulatory and Effector T Cell Differentiation 

by Multidimensional and Single-Cell Analysis. Front Immunol 2018; 9:1444. 

 

 

	
  

	
  

	
   	
  



	
   7	
  

TABLE OF CONTENTS 

ABSTRACT ...................................................................................................... 3	
  

ACKNOWLEDGEMENTS ................................................................................ 5	
  

PUBLICATIONS ............................................................................................... 6	
  

TABLE OF CONTENTS ................................................................................... 7	
  

LIST OF FIGURES AND TABLE ................................................................... 14	
  

TERMINOLOGY USED IN THIS THESIS: ..................................................... 18	
  

ABBREVIATIONS .......................................................................................... 20	
  

INTRODUCTION ............................................................................................ 23	
  

1. Evolutionary perspectives for adaptive immune system ......................... 23	
  

1.1 Immunity in plants and animals ......................................................... 23	
  
1.2. Evolution of variable lymphocyte receptors in jawless vertebrates .. 25	
  
1.3 Evolution of the TCR ......................................................................... 28	
  
1.4 MHC evolution ................................................................................... 30	
  

2.  Thymic T cell development .................................................................... 33	
  

2.1. T cell lineage commitment ................................................................ 35	
  
2.2. The DN stage ................................................................................... 37	
  
2.3. The DP stage .................................................................................... 40	
  
2.4. The SP stage .................................................................................... 42	
  
2.5. Directional migration of developing thymocytes within the thymus .. 42	
  
2.6. TCR gene rearrangement ................................................................. 44	
  
2.7. Positive selection and CD4/CD8 lineage choice .............................. 46	
  
2.8. The Tocky system for investigating time-dependent dynamics of 
thymic T cell development in vivo ............................................................ 49	
  
2.9. Treg selection ................................................................................... 53	
  
2.10. Negative selection .......................................................................... 57	
  

3. Mechanisms for antigen receptor signalling in T cells and T cell activation

 .................................................................................................................... 61	
  



	
   8	
  

3.1. TCR .................................................................................................. 61	
  
3.2. Antigen receptor signalling in T cells (TCR signalling) ..................... 61	
  
3.3. T cells require two signals to become fully activated: TCR signal 
(Signal 1) and co-stimulatory signal (Signal 2) ........................................ 62	
  
3.4. The positive feedback loop of IL-2 and IL-2 receptor in activated T 
cells ......................................................................................................... 63	
  
3.5 The molecular mechanisms downstream of TCR signalling in T cells
 ................................................................................................................. 65	
  

4. Adaptive immunity and immunological tolerance .................................... 69	
  

4.1 Immunological tolerance to self-antigens .......................................... 69	
  
4.1.1. Recessive and dominant tolerance ............................................ 69	
  
4.1.2. Central and Peripheral tolerance ............................................... 70	
  

4.2 Negative regulation of T cell activation by co-inhibitory receptors ..... 72	
  
4.2.1. CTLA-4 ....................................................................................... 74	
  
4.2.2. PD-1 ........................................................................................... 75	
  

4.3. Molecular mechanisms for PD1-mediated T cell suppression .......... 76	
  
5. Helper T cell (Th) subsets ....................................................................... 79	
  

5.1. The roles of Th populations and T follicular helper cells (Tfh) in 
immune responses .................................................................................. 79	
  

5.1.1. Th1 ............................................................................................. 80	
  
5.1.2. Th2 ............................................................................................. 81	
  
5.1.3. Th17 ........................................................................................... 82	
  
5.1.4. Tfh .............................................................................................. 83	
  

5.2. The roles of Tfh cells in B cell help ................................................... 84	
  
5.3. B cell activation and differentiation with T cell help .......................... 85	
  

6.  Regulatory T cells (Tregs) ...................................................................... 88	
  

6.1. The lineage model of Tregs: thymus-derived Tregs ......................... 89	
  
6.2.  Foxp3 as the lineage specification factor for Tregs ......................... 91	
  
6.3. The response of Foxp3 and CD25 to T cell activation ...................... 94	
  
6.4. Multiple modes of Treg-mediated suppression ................................. 95	
  

6.4.1. Classical evidence of Treg-mediated suppression using in vitro 
culture .................................................................................................. 96	
  
6.4.2. Roles of CTLA-4 in Treg-mediated suppression ........................ 97	
  
6.4.3. Roles of immunoregulatory cytokines in Treg-mediated 
suppression .......................................................................................... 99	
  
6.4.4. 'IL-2 sink' as the mechanism for Treg-mediated suppression .. 100	
  



	
   9	
  

6.4.5. Other less established mechanisms for Treg-mediated 
suppression ........................................................................................ 101	
  
6.4.6. The current understanding of mechanisms of Treg-mediated 
suppression ........................................................................................ 102	
  

6.5. IL-2 maintains Foxp3+ Tregs ........................................................... 103	
  
6.5.1 The evidence for IL-2 as immunoregulatory cytokine of Treg ... 103	
  
6.5.2 Roles of IL-2 in regulating Tregs and non-Treg cells ................ 105	
  
6.5.3 IL-2 as a negative feedback mechanism of T cell activation ..... 106	
  

6.6. The antigen recognition repertoire of Tregs ................................... 107	
  
6.6.1 Tregs as self-reactive T cells .................................................... 108	
  
6.6.2 Roles of molecules for TCR and co-stimulatory signals in thymic 
Treg differentiation ............................................................................. 110	
  
6.6.3 Roles of AIRE-mediated regulation of tissue-specific antigens in 
thymic Treg differentiation .................................................................. 112	
  
6.6.4. Roles of Foxp3 protein in thymic Treg differentiation ............... 113	
  

6.7. Treg cell identity by Foxp3 expression ........................................... 114	
  
6.8. TCR signals induce Foxp3 expression ........................................... 117	
  
6.9. Treg cell identity by the epigenetic mechanisms of the Foxp3 gene: 
the lineage view ..................................................................................... 117	
  
6.10. Treg subsets by the lineage view ................................................. 120	
  

6.10.1. Effector Tregs and Memory Tregs ......................................... 121	
  
6.10.2. Th-Treg subsets ..................................................................... 122	
  
6.10.3. Summary of Treg subsets from the lineage view ................... 125	
  

6.11. Peripheral generation of induced Tregs from naïve T cells .......... 125	
  
7. The feedback control model as a new model of Foxp3-mediated T cell 

regulation .................................................................................................. 128	
  

7.1. Re-visiting the evidence of the Treg lineage stability ..................... 129	
  
7.2. The self-reactive T cells: Tregs and Tmem .................................... 132	
  
7.3. Understanding T cell regulation by the feedback control model ..... 136	
  
7.4. Thymic development of Tregs and Tmem ...................................... 139	
  

8. Molecular mechanisms of Foxp3-mediated processes in Tregs ........... 142	
  

8.1. Control of Treg function by Foxp3 and its partner proteins ............ 142	
  
8.1.1. NFAT-Foxp3 interaction ........................................................... 142	
  
8.1.2. Runx1-Foxp3 interaction .......................................................... 143	
  
8.1.3. HDAC-Foxp3 interaction .......................................................... 145	
  

8.1.4. RORγt-Foxp3 interaction .......................................................... 146	
  



	
   10	
  

8.2. Foxp3 target genes ......................................................................... 146	
  
8.3. Dynamic mechanism of Foxp3 for negative feedback control of T cell 
activation processes .............................................................................. 148	
  

9. Trafficking of developed Tregs .............................................................. 153	
  

9.1. Understanding trafficking and localization of Tregs by the lineage 
perspective ............................................................................................ 153	
  

9.1.1. Chemokine receptors for trafficking and localization of Tregs . 154	
  
9.1.2. Adhesive molecules for trafficking and localization of Tregs ... 156	
  
9.1.3. Summary of Treg trafficking by chemokine receptors and 
adhesive molecules ........................................................................... 158	
  

9.2. Understanding Treg activation, trafficking and subsets by the 
feedback perspective ............................................................................. 159	
  

9.2.1. Two possible modes for the activation of Tregs during 
inflammation ....................................................................................... 159	
  
9.2.2. TCR repertoire dynamics across Tnaive, Tmem, and Tregs ... 161	
  
9.2.3. Comparisons between the lineage perspective and the feedback 
control perspective ............................................................................. 162	
  

10. Roles of T cell activation process in Tregs .......................................... 165	
  

10.1. The understanding of the roles of T cell activation in Tregs from the 
lineage perspective ................................................................................ 165	
  
10.2. Treg activation, proliferation and differentiation ............................ 166	
  
10.3. Tonic TCR signaling and Tregs .................................................... 169	
  

10.3.1. Roles of tonic TCR signals in Tregs and Tmem .................... 170	
  
10.3.2. Experimental investigations of tonic TCR signals by reporter 
mice ................................................................................................... 172	
  

10.4. Regulation of Tregs and Tmem in each antigen niche: towards the 
TCR repertoire-level understanding ...................................................... 173	
  

11. Multidimensional analysis methods ..................................................... 181	
  

11.1. Correspondence analysis (CA) ..................................................... 181	
  
11.1.1 Development of CA: a historical consideration ....................... 181	
  
11.1.2 Application of CA to genomic data .......................................... 182	
  

11.2. Canonical Correspondence Analysis (CCA) ................................. 183	
  
11.2.1 Development of CCA by ter Braak .......................................... 183	
  

11.3. CCA map ...................................................................................... 189	
  
11.3.1. Species (cell sample) and site (gene) scores ........................ 190	
  
11.3.2. Environmental variables and their visualisation on CCA map192	
  
11.3.3. CCA biplot: how to interpret ................................................... 194	
  



	
   11	
  

11.3.4. LC and WA scores ................................................................. 198	
  
11.4. Application of CA to microarray data ............................................ 198	
  

11.4.1. Multivariate analysis of gene expression data by CA ............ 199	
  
11.4.2. Comparison of CA and PCA .................................................. 201	
  

11.5. Adaptation of CCA to gene expression analysis .......................... 202	
  
11.6. Overview of CCA adaptation to gene expression analysis ........... 204	
  

11.6.1. Data pre-processing ............................................................... 206	
  
11.6.2. CCA ....................................................................................... 207	
  
11.6.3. Decomposition of variance by CCA ....................................... 209	
  
11.6.4. Visualisation ........................................................................... 210	
  
11.6.5. Differentiation variable for CCA ............................................. 212	
  
11.6.6. Implementation of hypothesis-driven approach in CCA ......... 213	
  
11.6.7. The issue of weighted average (wa) scores in CCA .............. 214	
  

11.7. Comparison of transcriptome data analysis by CCA and CA ....... 215	
  
11.8. Mathematical explanation of CCA ................................................ 215	
  
11.9. Practical issues in the application of CCA to gene expression data
 ............................................................................................................... 220	
  

11.9.1. Main dataset preparation for CCA ......................................... 220	
  
11.9.2. Explanatory dataset preparation for CCA .............................. 221	
  
11.9.3. The two coordinates (spaces) of CCA results ........................ 221	
  
11.9.4. Other technical considerations ............................................... 222	
  

11.10 Single Cell Combinatorial CCA (SCCCCA = SC4A) ................... 225	
  

MATERIALS AND METHODS ..................................................................... 230	
  

1. Conventional CCA (Gene-oriented analysis) ........................................ 230	
  

2. Explanatory Variables for Conventional CCA ....................................... 235	
  

3. Single-Cell Data Pre-Processing for CCA and SC4A ........................... 236	
  

4. Single-Cell Combinatorial CCA ............................................................. 237	
  

5. Preliminary Analysis .............................................................................. 238	
  

6. Combinatorial CCA ............................................................................... 238	
  

7. Single-Cell Combinatorial CCA ............................................................. 239	
  

8. Choice of Explanatory Variables by SC4A ............................................ 240	
  

9. Data Pre-Processing and Other Statistical Methods ............................. 241	
  



	
   12	
  

10. Pathway analysis ................................................................................ 242	
  

11. Introduction to vegan ........................................................................... 243	
  

RESULTS ..................................................................................................... 248	
  

1. Preliminary exploration of candidate datasets by CCA ......................... 248	
  

1.1. The activated status of Tregs in visceral adipose tissue (VAT) is 
PPARγ signal independent/Tregs are more activated than conventional T 
cells in VAT ............................................................................................ 252	
  
1.2. Foxp3 is upregulated in activated T cells ....................................... 258	
  
1.4. CNS2 is dispensable for Treg activation ........................................ 263	
  
1.5. Transcription factor Myb contributes to the activated status of naïve 
Treg ....................................................................................................... 268	
  
1.6. Activated Tregs are more activated than conventional activated T 
cells ....................................................................................................... 270	
  

2. Identification of the Foxp3-Independent Activation Signature in Tregs and 

Memory-Phenotype T Cells ....................................................................... 272	
  

3. The Treg Transcriptome Is Characterised by the Repression of a Part of 

the Activation Genes for Tmem ................................................................. 281	
  

4. The Activated Status of Tregs Is TCR Signal Dependent ..................... 291	
  

5. FOXP3 Expression More Frequently Occurs in Activated T Cells Than 

Resting Cells by Single-Cell CCA ............................................................. 297	
  

6. Identification of Tfh-Like Differentiation and Foxp3-Driven Processes and 

the Common Activation Process in Tumor-Infiltrating T Cells ................... 305	
  

7. Identification of the Bifurcation Point of Activated T Cells That Leads to 

Tfh-Like and Treg Differentiation in Tumor-Infiltrating T Cells .................. 316	
  

8. Identification of Markers for the Differential Regulation of Tfh-Like and 

Treg Differentiation in Activated T Cells .................................................... 320	
  

Appendix 1 (Results): In silico sorting of CD4+ CD3+ T cells ................... 324	
  

X.1. In silico sorting of CD4+ T cells ........................................................... 324	
  

X.2. PCA to exclude outliers: analysis of the expression of key lineage 

genes using PCA ...................................................................................... 327	
  



	
   13	
  

X.3. PCA to exclude outliers: analysis of cell size in the PCA space ........ 330	
  

X.4. Computational clustering of PCA result using k-means clustering to 

identify outliers .......................................................................................... 332	
  

X.5. Validation of in silico sorting .............................................................. 334	
  

X.6.  CCA of FOXP3+ and FOXP3− CD4+ T cells to determine their levels of 

activation ................................................................................................... 336	
  

X.7. FOXP3 expression level in each CD4+ T cell in the CCA solution ..... 338	
  

X.8. The expression of key immunological genes in the activated and 

resting FOXP3+ and FOXP3− populations .................................................. 339	
  

X.9. SC4A ................................................................................................. 344	
  

DISCUSSION ............................................................................................... 347	
  

1. The activation status of resting Tregs and effector Tregs ..................... 347	
  

2. CNS2-dependent dynamic regulation of Foxp3 .................................... 350	
  

3. Time-dependent dynamic (動的な) regulation of FOXP3 expression in 

vivo ............................................................................................................ 356	
  

4. Induction of Foxp3 expression in Tmem ............................................... 359	
  

5. Roles of CTLA-4 in Tregs and activated T cells .................................... 361	
  

6. Roles of PD-1 in activated effector T cells ............................................ 362	
  

7. Roles of RUNX1 in Treg differentiation ................................................. 363	
  

8. The meaning of IL-2 expression in activated T cells ............................. 364	
  

9. Time-dependent dynamics (動的な) of Foxp3 expression in vivo ......... 369	
  

10. IL-10 in FOXP3+ T cells in the tumour microenvironments .................. 373	
  

11. The significane of SC4A and CCA approaches for understanding 

immunological genomic data ..................................................................... 374	
  

REFERENCES ............................................................................................. 377	
  

  



	
   14	
  

LIST OF FIGURES AND TABLE 

Figure A.1. Thymic T cell development. ......................................................... 33	
  

Figure A.2. Current working model for thymic Treg cell differentiation. .......... 54	
  

Figure A.3. Model for the influence of TCR signaling dynamics on thymic Treg 

cell differentiation. ........................................................................................... 57	
  

Figure A.4. T cells require two signals to become fully activated: TCR signal 

(Signal 1) and co-stimulatory signal (Signal 2). .............................................. 63	
  

Figure A.5. Feedback control perspective of T cell regulation during primary T 

cell response to a new antigen. .................................................................... 137	
  

Figure A.6. The feedback control model as a new model of Foxp3-mediated T 

cell regulation. ............................................................................................... 139	
  

Figure A.7. Workflow of CCA analysis: visualisation and variance analysis. 206	
  

Figure A.8. Graphical representation of the mathematical algorithm for CCA.

 ...................................................................................................................... 220	
  

Figure A.9. Overview of SC4A. ..................................................................... 225	
  

Figure A.10. SC4A to identify the top-ranked genes for the putative 

differentiation and activation processes ........................................................ 226	
  

Figure A.11. SC4A_example-1: test the combination of PDCD1 and CCR7.

 ...................................................................................................................... 228	
  

Figure A.12. SC4A_example-2: test the combination of BCL6 and CCR4. .. 229	
  

Figure 1. Conventional canonical correspondence analysis (CCA) and single-

cell combinatorial CCA (SC4A). .................................................................... 231	
  



	
   15	
  

Figure P.1. Identification of the activation signature, and the effects of Foxp3 

and Runx1 in visceral adipose tissue (VAT) Tregs and conventional CD4+ T 

cells by canonical correspondence analysis (CCA) of T cell populations. .... 255	
  

Figure P.2. Foxp3 upregulation in activated T cells is dependent on the TCR 

signal. Foxp3 is upregulated upon TCR signaling. ....................................... 259	
  

Figure P.3. Canonical correspondence analysis (CCA) of tumour-infiltrating 

Tregs determines the activation status of cell populations from various sites.

 ...................................................................................................................... 262	
  

Figure P.4. Identification of the activation signature, and the effects of Foxp3 

and Runx1 in WT and CNS2-/- Tregs by canonical correspondence analysis 

(CCA) of Treg populations. ........................................................................... 265	
  

Figure P.5. Identification of the activation signature in WT and Myb-/- Tregs by 

canonical correspondence analysis (CCA) of T cell populations. ................. 269	
  

Figure P.6. Identification of the activation signature in Tregs and conventional 

T cells at various states of activation by canonical correspondence analysis 

(CCA). ........................................................................................................... 270	
  

Table 1. Datasets used in this study. ............................................................ 274	
  

Figure 2. Identification of the activation signature in Tregs and Tmem by 

canonical correspondence analysis (CCA) of T cell populations. ................. 277	
  

Figure 3. Identification of the Foxp3-independent activation signature in Tregs 

by canonical correspondence analysis (CCA) of T cell populations. ............ 279	
  

Figure 4. Differential regulations of transcriptional modules for activation in 

Tregs and Tmem by Foxp3 and Runx1. ....................................................... 283	
  



	
   16	
  

Figure S1. Heatmap analysis of differentially expressed genes. .................. 287	
  

Figure 5. A model for the differential regulation of activation genes in Tregs 

and Tmem. .................................................................................................... 290	
  

Figure 6. The activation signature of Tregs is dependent on TCR signaling.

 ...................................................................................................................... 292	
  

Figure 7. The comparative analysis of Tmem-specific and Treg-Tmem shared 

activation genes and TCR-dependent and activated Treg (aTreg)-specific 

genes. ........................................................................................................... 296	
  

Figure 8. Single-cell canonical correspondence analysis (CCA) of melanoma-

infiltrating T cells determines the activation status of individual T cells and 

identifies a putative T follicular helper-like process. ..................................... 301	
  

Figure S2. SC4A analysis for choosing explanatory variables. .................... 308	
  

Figure 9. Single-cell combinatorial CCA (SC4A) identifies the bifurcation point 

of activated T cells that leads to T follicular helper (Tfh)-like and Treg 

differentiation in tumor-infiltrating T cells. ..................................................... 310	
  

Figure S3. Principal component Analysis (PCA) and t-Distributed Stochastic 

Neighbor Embedding (t-SNE) analysis of the melanoma dataset. ............... 312	
  

Figure 10. Identification of the conserved genes for the differential regulation 

of T follicular helper (Tfh)-like and Treg differentiation in activated T cells. .. 321	
  

Figure X.1. The expression of CD4 and CD3E in the single cell data. ......... 325	
  

Figure X.2. PCA plots using the key lineage genes. ..................................... 328	
  

Figure X.3. Visualisation of the mean expression of mRNA in the PCA space.

 ...................................................................................................................... 331	
  



	
   17	
  

Figure X.4. Visualisation of the kmeans clustering of cells in the PCA space.

 ...................................................................................................................... 333	
  

Figure X.6. Conventional CCA of the CD4 selected samples. ...................... 337	
  

Figure X.7. Visualisation of the Foxp3 expression level in the CCA space. . 338	
  

Figure X.9. Barplots summarizing the results of SC4A. ................................ 346	
  

Figure X.10. Molecular mechanisms for the initial induction of Foxp3 

transcription. ................................................................................................. 352	
  

Figure X.11. Molecular mechanisms for sustained transcription of the Foxp3 

through autoregulatory loop. ......................................................................... 353	
  

	
    




