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Abstract 

 

Nature regulatory T cells (Tregs) are a group of CD4+Foxp3+ T cells that develop in the 

thymus, and they are crucial in maintaining the peripheral tolerance. Although it has 

been shown that IL-2/IL-2R mediated cytokine signaling is essential for Treg 

homeostasis, it is still controversial whether IL-2/IL-2R is required for Treg 

development, or how IL-2R-mediated signaling events govern Treg development. To 

answer these questions, I examined Foxp3+ Treg populations from 2 - 4 weeks old IL-

2R!-/- mice, and my data showed that Tregs were largely absent even in young and 

disease-free IL-2R!-/- mice, indicating that IL-2R! is required for Treg development. 

To investigate how IL-2R! mediated cytokine signaling governs Treg development, I 

examined Treg development in STAT5ab"N/"N and CD4Cre x STAT5
fl/fl mice. My 

data suggested that STAT5 activation is the major signaling event downstream of IL-

2R! that promotes Treg development. This conclusion was further corroborated by the 

observation that a restored Treg population was present in STAT5bCA x IL2R!-/- mice. 

Furthermore, reconstitution of IL-2R!-/- bone marrow with an IL2R! mutant that 

selectively activates STAT5 restored CD4+Foxp3+ Treg development and prevented T 

cell activation. These data collectively suggests that STAT5 activation downstream of 

IL-2R! is both necessary and sufficient to drive CD4+Foxp3+ Treg development. 

 

To study how cytokine signals cooperate with TCR signals in shaping Treg 

development, or any other factors involved in this process, I compared Treg progenitor 
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(CD4+CD25+CD8-Foxp3-) and mature Treg populations (CD4+CD8-Foxp3+) in the 

thymus from several mouse strains that have either reduced or enhanced TCR signaling 

or STAT5-dependent signaling, including STAT5bCA, IL-2R"-/-, and CD28-/- mice. 

Our data suggest that TCR/CD28 signaling is crucial in generating Treg progenitor 

cells, while cytokine signaling is essential in converting Treg progenitor T cells into 

mature Tregs in the thymus. My further studies also indicate that Carma1 is a major 

effector molecule downstream of TCR/CD28 signaling pathways in governing Treg 

progenitor cell development; likewise, STAT5 is a crucial factor downstream of IL-2R! 

that converts Treg progenitor cells into mature Tregs, possibly by enhancing DNA 

methylation in the Foxp3 locus.  
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Chapter 1 . Introduction 

 

1.1 Background 

 

The immune system has developed both cell intrinsic and extrinsic mechanisms to 

control immune responses to self-antigens, and therefore maintain self-tolerance. The 

cell intrinsic mechanisms include deletion, such as negative selection to eliminate 

autoreactive T cells in thymus during development, as well as anergy and ignorance in 

the periphery, in which autoreactive T cells are present, but are not able to attack self-

antigens. The cell extrinsic mechanism involves the function of regulatory T cells, 

which has elicited a great deal of interest over the last three decades. As early as 1970, 

it was suggested that a subset of T cells are potentially immunosuppressive (1). Based 

on this initial study, many researchers began to identifying this subset. Despite a great 

effort trying to identify these suppressive cells, the early studies generated a range of 

rather confusing and contradictory results, and people started to believe that these 

“immune suppressive cells” did not exist.  A major breakthrough occurred in 1995 

when a subset of T cells, namely CD4+CD25+ regulatory T cells, was identified to be 

able to control the onset of autoimmune disease (2) (3). This breakthrough led to great 

interest in the characteristics of these cells as well as the molecular mechanisms 

involved in their development, homeostasis and function. However, the study of these 

cells was practically difficult because the commonly used regulatory T cell marker – 

CD25 is also expressed on a population of activated T cells.  In 2003, the Sakaguchi, 
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Ramsdell and Rudensky groups identified a regulatory T cell specific marker – a 

transcription factor called Foxp3. In mice, Foxp3 is exclusively expressed in regulatory 

T cells, and the expression is tightly associated with regulatory T cell suppressive 

function (4) (5). However, because Foxp3 is not a cell surface marker, it is difficult to 

directly stain regulatory T cells using this marker. Therefore, some of these early 

regulatory T cell studies are inconclusive due to the possible contamination with 

conventional T cells. In 2005, Ebioscience developed an intracellular staining antibody 

to Foxp3, thus allowing these cells to be directly visualized by flow cytometry. This, 

along with the development of Foxp3GFP reporter mice, were major breakthroughs that 

greatly facilitated our studies of these cells. The advance of this technology allowed for 

a reassessment of regulatory T cells that continues today. Nowadays, regulatory T cells 

are implicated in modulating immune responses related to a variety of diseases, such as 

organ specific autoimmune disease, Graft versus Host disease (GVHD), neoplastic 

disease, and infectious disease. In this chapter, I will first introduce the general biology 

of regulatory T cells, and then focus on discussing our current knowledge of regulatory 

T cell development. 

 

1.2 General Biology of Natural Regulatory T Cells 

 

Regulatory T cell subsets 

 

Regulatory T cells, by definition, are groups of T cells that are generated either in the 

thymus during thymic selection or in the periphery after antigen stimulation that control  
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Figure 1.1. Subsets of Regulatory T Cells. Regulatory T cells are present in CD4+ T 

cells, CD8+ T cells, #$ T cells and NKT cells. They all develop from the same ETP 

(early T cell precusor) in the thymus. In the CD4+ subset, natural regulatory T cells 

(Tregs) are Foxp3+ T cells that are directly generated in the thymus, while Tr1 and Th3 

regultory T cells are generated in the periphery after antigenic stimulation. Likewise, 

some CD8+ regulatory T cells are generated in the thymus, and others are differentiated 

in the periphery by antigenic stimulation. Regulatory T cells in NKT cell and #$ T cell 

subsets are mainly generated by antigenic stimulation in the periphery.
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immune responses to both self and non-self antigens, thus maintaining immune 

tolerance and limiting self-destruction after infections. These are cells present in CD4+ 

T cells, CD8+ T cells, #$ T cells and NKT cells (figure 1). CD4 regulatory T cells can 

be further divided into CD4+Foxp3+ natural regulatory T cells (Tregs or nTregs) that 

develop in the thymus, and induced regulatory T cells that are generated in the 

periphery, including Foxp3+ inducible Tregs (iTregs) as well as Foxp3- inducible Tregs 

– Tr1 and TH3 cells. Similar to CD4 regulatory T cells, CD8 regulatory T cells are also 

divided into natural CD8 regulatory T cells and induced CD8 regulatory T cells. 

However, CD8+ regulatory T cells are poorly defined due to the lack of a specific 

marker. Among all of these regulatory T cell subsets, the best characterized is the 

CD4+Foxp3+ natural regulatory T cells, also called Tregs or nTregs. Unlike Tregs, 

which inhibit the activation of effector T cells by multiple mechanisms, all the other 

types of regulatory T cells exert immune suppressive functions mainly through 

secretion of inhibitory cytokines, such as IL-10 or/and TGF-!. In this thesis, I will only 

focus on murine natural regulatory T cells, denoted as Tregs. 

 

Phenotype of Tregs 

 

Tregs constitute about 5-10% of peripheral CD4+ T cells in both mice and human. They 

express high levels of CD25, CD122, CD62L, CTLA4, GITR, and a lineage specific 

marker Foxp3. Except for Foxp3, a nucleus localized transcription factor, all the other 
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markers are expressed on the cell surface; thus, the combination of these surface 

markers are often utilized to isolate these cells for ex-vivo studies.  

 

Tregs uniformly express the marker CD4, a coreceptor for TCR, although the 

expression level of CD4 is slightly lower than on conventional T cells (figure 2). This 

repressed CD4 expression likely occurs during Treg development in the thymus, 

possibly due to over-expression of specific transcriptional repressors, such as Foxp3 or 

Runx1 (6). Nevertheless, studies so far have not suggested any physiological role of this 

reduced CD4 expression on Tregs or whether it is associated Treg suppressor function. 

 

Both CD25 and CD122 are components of the IL-2 receptor. CD25, a widely used 

marker for isolating Tregs, is the IL-2 receptor % chain, and CD122 is the IL-2 receptor 

! chain. Tregs express all three components (the %, ! and common # chain) of the IL-2 

receptor. Unlike activated T cells, which transiently express CD25 (7), Tregs 

constitutively express high levels of CD25 (8). On Tregs, the increased level of CD25 

allows IL-2 to bind to its receptor with high affinity, which recapitulates the importance 

of IL-2/IL-2R in Treg biology. It has been shown by a large body of literature that IL-

2/IL-2R signaling is important in Treg development, homeostasis and function. For 

example, mice genetically deficient in CD122 develop lethal autoimmunity due to the 

lack of Tregs in the thymus and periphery (9-12). Alternatively, anti-IL-2 treatment can 

block Treg homeostasis and their function in the periphery of neonatal or adult mice 

(13) (14). It is noteworthy that not all Tregs are CD25 positive (15).  In mice, there are  
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Figure 1.2. CD4 Expression Is Repressed On Tregs. Expression of CD4 on Tregs 

were demonstrated by using Foxp3GFP reporter mice. Shown are gated CD4+ T cells in 

the spleen, and Tregs are shown as either CD25+ or Foxp3+. MFI: Mean Fluorescence 

Intensity. Numbers reflect MFI for CD4. 
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Figure 1.3. Foxp3
+
 Tregs Have both CD25

+
 and CD25

-
 Subsets. Shown are gated 

Foxp3+CD4+ T cells in the thymus and the spleen from foxp3GFP reporter mice.
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both CD25+Foxp3+ and CD25-Foxp3+ populations in the thymus and the periphery. 

Indeed, the CD25-Foxp3+ Treg subset is not a minor population. It consists of 20% to 

30% of the entire Foxp3+ Treg population in the thymus or the spleen [(15) and figure 

3]. CD25+Foxp3+ T cells are the Tregs that have been widely studied over the last 

decade (over 90% of the CD25+ Tregs studied in a majority of early studies were also 

Foxp3+ as shown by later studies using Foxp3GFP reporter mice), whereas little is 

known about the biology of CD25-Foxp3+ T cells. It is interesting that in young (4-6 

wks) CD25-/- or IL-2-/- mice, a normal number of Foxp3+ T cells are present, although 

they lack CD25 expression (8, 16). Since CD25-/- or IL-2-/- mice still develop lethal 

autoimmunity, it is unlikely that these CD25-Foxp3+ T cells are suppressive in vivo. 

Hence, the speculation was that Tregs need IL-2 to activate them or maintain their 

suppressive function. Indeed, in vivo administration of anti-CD25 antibody to block IL-

2 signaling ultimately results in the loss of CD25+Foxp3+ Tregs; the remaining CD25-

Foxp3+ T cells appear not to be suppressive in vivo because mice treated in this way 

developed multi-organ autoimmune disease (17). Contrary to these findings, in 

Foxp3GFP knockin mice, the isolated CD25-Foxp3+ T cells are competent to inhibit 

conventional T cell proliferation in vitro just as well as their CD25+Foxp3+ 

counterparts, indicating that Foxp3+ T cells are functionally suppressive in vitro even in 

the absence of CD25 expression (15). The caveat to this experiment is that the in vitro 

co-culture (Tregs cultured with non-Tregs) is a relatively a short term assay and does 

not require expansion of Tregs. Importantly, or most likely, the activated T cells in the 

co-culture system produce IL-2 that may upregulate CD25 expression on CD25-Foxp3+ 

T cells, which could then render them functionally active. Nevertheless, in vivo, IL-2 



 12 

signaling is essential for Treg peripheral proliferation and function. Without IL-2 

signaling, the CD25-Foxp3+ T cells in CD25-/- or IL-2-/- mice probably cannot keep up 

the pace as autoreactive T cells proliferate, and eventually fail to maintain immune 

tolerance.  

 

CD62L, also called L-selectin, is a cell adhesion molecule highly expressed on naïve T 

cells. It functions as a homing receptor for naïve T cells to migrate to secondary 

lymphoid organs. Although direct evidence is lacking, the elevated expression of 

CD62L on Tregs probably allows them to constantly check and inactivate autoreactive 

T cells in the secondary lymphoid tissues, and thereby maintain self-tolerance. It is also 

likely that Tregs need to regularly enter the secondary lymphoid tissues to interact with 

autoreactive T cells or dendritic cells in order to maintain their suppressor functions. To 

support this idea, Szanya et al suggested that the CD4+CD25+CD62L+ T cells could 

delay the onset of autoimmune diabetes better than the CD4+CD25+CD62L- subset (18). 

Similar studies by Blazar and colleagues also suggested that CD4+CD25+CD62L+ T 

cells were better suppressors in a murine GVHD model (19). 

 

GITR, abbreviated from Glucocorticoid-Induced Tumor necrosis factor Receptor, is a 

member of the TNFR superfamily. GITR was first identified from murine T cell 

hybridoma (3DO) cells, and it is exclusively expressed on T cells (20). Tregs 

constitutively express a high level of GITR. Besides Tregs, activated T cells also 

upregulate GITR upon TCR activation, albeit at a level lower than on Tregs. GITR is a 

type I transmembrane protein with three cysteine pseudorepeats in the extracellular 
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domain. The structure of GITR is similar to two TNFRSF members: CD27 and 4-

1BB. Since CD27 and 4-1BB are co-stimulatory molecules for T cells, it is possible that 

GITR functions as a co-stimulatory molecule facilitating Treg activation and the 

subsequent suppressive function. Therefore a lot of studies were focused on the role of 

GITR in Treg functions. So far, it is still controversial whether GITR is important for 

Treg functions. Using either murine or human Tregs for in vitro suppression assays, 

several groups have shown that Treg suppressor functions were abrogated upon addition 

of anti-GITR antibodies (21) (22). However, when comparing suppressor function of 

Tregs from GITR-/- or GITR+/+ mice, Ronchetti et al demonstrated that both of them 

could equally suppress the proliferation of effector cells (23). In addition to maintaining 

Treg function, GITR is also involved in Treg homeostasis. For example, in GITR-/- 

mice, Treg numbers were reduced 33% in the periphery, while no change was seen in 

the thymus (24). 

 

CTLA-4, also called Cytotoxic T-lymphocyte-associated Antigen-4, is a receptor for 

B7.1/2. It is a homologue of CD28, and its expression is upregulated in activated T cells 

upon TCR stimulation. The upregulated CTLA-4 on activated T cells competes with 

CD28 for binding to its receptor B7.1/2, and thereby inhibits further T cell activation 

and proliferation. The ligation of CTLA-4 with B7.1/2 also shuts down the production 

of IL-2 by activated T cells. Thus, CTLA-4 is a negative regulator that controls immune 

responses by limiting the scope of T cell proliferation and activation. Both human and 

murine Tregs have been shown to constitutively express high levels of CTLA-4 (25) 

(26). Similar to GITR, it was speculated that CTLA-4 was involved in Treg suppressor 
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function. However, a number of studies generated very perplexing results. In vitro 

administration of CTLA-4 antibodies to the co-culture of murine Tregs and effector 

cells has been shown to totally abrogate Treg suppressor function (28). Moreover, in a 

murine inflammatory bowel disease (IBD) model, in vivo injection of the CTLA 

antibody totally abolished the suppressor function of Tregs (27). In contrast, although 

CTLA4-/- mice develop multi-organ lymphoproliferative disease, mainly due to the 

hyper-activation and proliferation of autoreactive T cells, Tregs from CTLA4-/- mice 

appear to have competent suppressive functions in vitro (28).  Nonetheless, the results 

from CTLA-4 antibody injection or CTLA-4-/- mice are hard to interpret in part due to 

the essential role of CTLA-4 in limiting naïve T cell activation. In order to directly test 

the role of CTLA-4 in Tregs, Wing et al made a conditional CTLA-4 knockout mouse 

strain in which CTLA-4 is selectively deleted in Treg lineage. Unlike CTLA-4-/- mice, 

which develop multi-organ lymphoproliferative diseases at an early age, these 

conditional CTLA-4-/- mice remained healthy until 7 weeks of age, after which they 

rapidly developed autoimmune disease (29). These elegant experiments directly 

demonstrate that CTLA-4 is indeed crucial for Treg suppressive functions in vivo. 

Unlike GITR, which can regulate both Treg function and homeostasis, CTLA-4 is not 

involved in Treg homeostasis because both CTLA-4+/+ and CTLA-4-/- Tregs can 

undergo homeostatic proliferation in nude mice (29). 

 

Foxp3 is a member of the forkhead-winged helix transcription factor family. Like T-bet 

or GATA-3, master regulators for Th1 and Th2 cells respectively, Foxp3 is a lineage 

specific transcription factor for Tregs. Foxp3 was initially characterized from patients 
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suffering from a rare autoimmune disease called IPEX syndrome (Immune 

dysregulation, Polyendocrinopathy, Enteropathy, X-linked) and from scurfy mice that 

had a similar disease (30) (31). Shortly thereafter, several groups discovered that Foxp3 

expression was restricted to Tregs (at least in mice). Mutations in the foxp3 gene result 

in a lack of Tregs, which is the underlying cause of IPEX syndrome in humans and the 

scurfy phenotype in mice. In addition, these studies showed that forced expression of 

Foxp3 in non-Treg cells converted these cells into suppressor cells (4, 32). Collectively, 

these results demonstrate that Foxp3 is a key regulator that not only programs Treg 

development, but also initiates Treg suppressor function.  

 

In addition to the molecules discussed above, Tregs also express several other 

molecules, such as CD103, TLR4, PD-1, CCR4, CCR8 and LAG-3. The exact function 

of these molecules in Tregs is still not well understood, although they have been 

suggested to play roles in Treg migration, homeostasis and suppressor function.  

 

1.3 Function of Tregs 

 

Although our knowledge about Treg development and homeostasis has exploded in the 

last two decades, our understanding about Treg suppressor function is still limited. This 

is in part due to the different systems utilized when evaluating Treg function. 

Alternatively, Tregs may utilize multiple ways to exert their suppressor function under 

different circumstances. It has been well established that Tregs can inhibit proliferation 

of effector T cells directly by associating with them, or indirectly, by secreting 
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inhibitory cytokines, such as IL-10 or TGF-!. Interestingly, although Tregs belong to 

the CD4 lineage, their suppressor function is not lineage specific. Tregs can equally 

suppress proliferation of both CD4 and CD8 T cells (33). 

 

Cell contact dependent mechanism 

 

In a transwell culture system, when Tregs were separated from effector cells by a 

transwell membrane, Treg suppressor activity was totally blocked. This indicates that 

Treg suppressive function is cell-contact dependent in vitro (34). In this particular 

study, the authors also showed that although Tregs secret IL-10 and TGF-! as 

demonstrated by RT-PCR, none of these cytokines are responsible for Treg suppressor 

function because addition of neutralizing antibodies to IL-10 or TGF-! could not block 

Treg suppressor function (39). After associating with effector cells, Tregs can use 

multiple mechanisms to limit the proliferation of effector cells. First, Tregs can directly 

inhibit IL-2 production by CD4+CD25- T cells (39). Second, Tregs can directly kill 

effector cells using perforin-dependent, but granzyme-independent mechanism (35). 

Third, Tregs can use Fas-FasL mechanism to eliminate effector cells (36), especially 

during tumor cell immune evasion (37). Last, recent data suggest that Tregs are able to 

down-regulate B71/2 costimulatory molecules on dendritic cells by directly binding to 

them, thus interfering with dendritic cell maturation and subsequent activation of naïve 

T cells (47).  
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Cell contact independent mechanism 

 

Tregs secret the cytokine IL-10 and TGF-!. Both of these cytokines have been shown to 

have immunosuppressive effects. Contrary to the in vitro data mentioned above, in vivo, 

TGF-! is crucial for Treg suppressor function in certain disease conditions. In a murine 

colitis model, Powrie et al suggested that administration of an anti-TGF! antibody 

could abrogate Treg suppressor activity (38). However, in a murine AIG (autoimmune 

gastritis) model, Tregs from TGF!1-/- mice had normal suppressor function (39).  

Similar to TGF-!, Tregs use IL-10 to suppress immune responses only in selected 

disease settings, such as in helicobacter hepaticus-induced colitis, or in leishmania 

induced colitis (40) (41). Both cytokines have been shown to regulate immune 

responses at multiple levels; they can directly inhibit T cell activation by down-

regulating T cell cytokine production or indirectly inhibit T cell activation by interfering 

with dendritic cell maturation.  

 

In addition to secreting cytokines, Tregs utilize the high affinity IL-2 receptor to 

sequester and consume IL-2 secreted by activated T cells (42) (43). Tregs can not 

secrete IL-2 by themselves, so paracrine uptake of IL-2 is important for Treg function in 

two regards: first, Tregs inhibit effector T cell proliferation by limiting their access to 

IL-2; second, and the most importantly, Tregs need IL-2 to activate their suppressive 

function. 
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1.4 The Mechanisms of Treg Development 

 

Tregs originate in the thymus. Using intrathymic FITC labeling, Papiernik et al 

demonstrate that peripheral Tregs are indeed thymic immigrants (44). In mice, Tregs 

start to develop and migrate to the periphery 3 days after birth. Once in the periphery, 

they are able to proliferate and self-renew for the live of the animal. This is evidenced 

by the observation that neonatal but not adult mice thymectomized at day 3 after birth 

readily develop autoimmune disease due to the absence of Tregs (3). Tregs that develop 

in the thymus come from the same precursor cells as conventional CD4 T cells. 

However, it is still not clear what role positive or negative selection play in their 

development.  Nevertheless, it is well established that there are three major signaling 

pathways that contribute to Treg development in the thymus: the (i) TCR/CD28, (ii) 

Foxp3 and (iii) cytokine IL-2 signaling pathways. 

 

TCR and CD28 signaling in Treg development 

 

Tregs constitutively express the IL-2R% chain, a marker for activated T cells, 

suggesting that Tregs are primed with antigens during development. In the thymus, the 

majority of Tregs are localized in the medulla, wherein most thymocytes are already at 

the CD4+ or CD8+ single positive stage (45). It has therefore been proposed that Tregs 

originate in thymus during positive or negative selection when their TCR interacts with 

self-antigen with high affinity, but not high enough to be eliminated due to negative 

selection. This hypothesis was supported by examining Treg development in double 
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transgenic mice that expressed both a high affinity TCR to HA (influenza-virus 

haemaglutinin) and the haemaglutinin antigen S1. In double transgenic mice, 

CD4+CD25+ Treg cells were increased to 50% in the periphery. In contrast, only 13% of 

the peripheral CD4 T cells were Tregs in S1 single transgenic mice. Furthermore, when 

crossing S1-transgenic mice with mice expressing a lower affinity TCR to HA, Treg 

numbers remained the same as in S1-transgenice mice (46).  

 

Besides TCR affinity, TCR repertoires also play an essential role for Treg development. 

Using MBP (Myelin basic protein)-specific TCR transgenic mice, Hori et al observed 

that CD25+ Tregs in the transgenic mice preferentially used endogenous % chains to pair 

with the transgenic ! chain to form T cell receptors, while CD25- naive T cells utilized 

the transgenic % and ! chains. When MBP-TCR transgenic mice were bred to the Rag1 

deficient background, which prevented T cells expressing endogenous % chains during 

development, the authors observed a block in Treg development, thereby rendering 

these mice susceptible to EAE (experimental autoimmune encephalomyelitis) (47). 

Similar results were observed in DO11.10 mice (expressing a TCR specific for chicken 

egg OVA) and DO11.10 x Rag2 -/- mice. However, in Ld-nOVA x DO11.10 mice, 

which systemically express a nuclear localized form of OVA protein in addition to an 

OVA specific TCR, Tregs exclusively express the transgenic % and ! chain while non-

Tregs express endogenous % chains paired with the transgenic ! chain (non-Treg cell 

that express transgenic % and ! chain are self-reactive to nOVA, therefore they are 

deleted by negative selection during develelopment) (48). This suggests that TCR 
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repertoire selection process of Tregs is different from conventional T cells during 

thymic development. In fact, analysis of TCR% chain usage in TCR! transgenic mice 

suggests that TCR repertoires of Tregs are more diverse than conventional T cells, and 

show limited overlap with the TCR repertoires of conventional T cells (49) (117). 

 

In addition to TCR signals, CD28/B7 costimulatory signals are crucial for Treg 

development. In the absence of CD28, the Treg population is substantially reduced in 

the thymus as well as in the periphery (50). Because activated T cells require CD28/B7 

costimulatory signals for optimal IL-2 production, it was speculated that the reduced 

number of Tregs in CD28-/- mice was due to decreased IL-2 production by 

conventional T cells. However, a recent study suggested that the defect of Treg 

generation and differentiation in CD28-/- mice is at least paritially IL-2 independent.  

Moreover, the authors of that study demonstrated that the LCK-binding motif in the 

CD28 cytosolic tail is required for Treg differentiation (51). Therefore, it is possible 

that CD28/B7 costimulatory signals contribute to Treg development by modulating the 

strength of TCR signal or by facilitating TCR induced Foxp3 expression.  

 

During development, Tregs with high affinity TCRs to MHC-peptide complexes could 

be selected due to the strong TCR signals induced by MHC II-peptide complexes during 

positive selection, or they could be driven into the Treg lineage because of their 

enhanced resistance to apoptosis during the negative selection. Alternatively, they could 

be preferentially selected during positive selection because of the high affinity TCR to 

the MHC and self-peptide complex, and then driven into Treg lineage by negative 
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selection only if the affinity of the TCR to the MHC and self-peptide complex is not 

so high as to result in their subsequent deletion during negative selection. Thus, the 

process that results in Treg development, and the relative roles played by positive and 

negative selection, remains to be clearly defined.  

 

During T cell development, positive and negative selection signals are delivered by 

thymic accessory cells, including dendritic cells and epithelial cells. These cells are 

distributed both in the cortex and medulla of the thymus and exert different functions 

for T cell development. Because TCR signals required for the development of Tregs are 

different from those for conventional T cells, many groups have tried to elucidate the 

accessory cells that are crucial for Treg development by focusing on revealing the 

anatomic locations of Treg development. Interestingly, these studies indicate that Treg 

development can happen in either the thymic cortex or medulla when using different 

genetic mouse systems (52) (53). Although these results are controversial, it is likely 

that Tregs can be generated in multiple locations within the thymus.  

 

Cytokine IL-2 signaling and Treg development 

 

IL-2 plays a crucial role in regulating homeostasis of activated T cells. On the one hand, 

it functions as the growth factor for these cells; on the other hand, it provides the self-

limiting signals that prevent the over-expansion of these cells. This latter process is 

commonly referred to as activation-induced cell death (AICD). IL-2 regulates immune  
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Figure 1.4. IL-2 Receptor ! Chain-Mediated Signaling Pathways. The IL-2R! 

chain contains three regions: The S-region, the A-region and the H-region. The S-region 

is responsible for interacting with JAK1. Tyrosine 341 in the A-region activates SHC-

mediated signaling pathways: PI3K and MAPK pathways. Tyrosine 395 and 498 in the 

H-region activates the STAT5 signaling pathway. It has been shown that tyrosine 341 in 

the A-region is able to weakly activate STAT5. Upon IL-2 stimulation, PI3K, MAPK 

and STAT5 signaling pathways downstream of IL-2R! synergistically function together 

to promote cell survival, proliferation and immune regulation. 



 24 

responses by binding to its receptor – IL-2R, which consists of the % chain (CD25), ! 

chain (CD122) and common # chain (CD135). The IL-2R! chain is the major signal 

transduction component, and IL-2R! deficiency results in complete block of IL-2 

receptor signaling. The IL-2R! chain is also shared by the IL-15 receptor complex. 

Likewise, the common # chain is a subunit of IL-4, IL-7, IL-9, IL-15 and IL-21 

receptors. The IL-2 receptor ! chain contains three regions: the S-region (Serine-rich 

region), A-region (Acidic region) and H-region (Proline-rich region). The S-region is 

responsible for binding Janus kinase 1(JAK1). JAK1 activation is necessary for 

phosphorylation of several tyrosines in the cytoplasmic tail of the IL-2R! chain, thereby 

providing docking sites for multiple signaling pathway components. Subsequently, 

three major signaling pathways are activated by tyrosines from different regions: the 

MAPK, PI3K, and STAT5 pathways (Figure 4). Tyrosine 341 in the A-region activates 

both the MAPK and PI3-K pathways through the adaptor molecule SHC. It is 

noteworthy that this tyrosine also activates the STAT pathway, although with reduced 

efficiency (54, 55). Activation of both MAPK and PI3K leads to the upregualtion of 

Bcl-2 and Bcl-XL and several cell cycle molecules involved in cell cycle progression, 

hence promoting cell survival and proliferation (56). Two tyrosines in the H-region, 

namely tyrosine 395 and 498, are responsible for STAT5 activation. Once activated, 

STAT5 translocates to the nucleus and initiates the transcription of downstream target 

genes including the IL-2R% (57) and FasL (58). 
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Tregs express all the components of the IL-2 receptor. The notion that IL-2 signals 

are critical in promoting Treg development comes from genetic studies of IL-2 or IL-

2R! deficient mice, which develop lethal autoimmunity due to the expansion and 

activation of autoreactive T cell (12) (10). Early studies postulated that this was due to a 

defect of negative selection or AICD in the absence of IL-2 effector function. The 

former idea is unlikely since negative selection is unperturbed in the absence of IL-2 

signals (9). Although it is still controversial whether there is a defect in AICD in the 

absence of IL-2 signals, some recent studies indicate that the hyperproliferation of T 

lymphocytes that occurs in the absence of IL-2 is not cell intrinsic; rather, it is due to a 

defect in Tregs. This possibility is supported by a key experiment demonstrating that the 

abnormality of IL-2 or IL-2R!! deficient mice can be rescued by administration of Tregs 

(59) (9).  

 

In the absence of IL-2, IL-2R%, or IL-2R! chain, mice develop lethal autoimmune 

disease (10) (11) (12). These findings initially suggested that IL-2 signals were 

necessary either for Treg development in thymus or to support their survival and 

expansion in periphery. Evidence supporting a role for the IL-2R in Tregs development 

in the thymus rather than in the periphery came from the studies using IL-2R! 

transgenic mice. Thymic specific expression of the IL-2R! chain in IL-2R!-/- mice 

restored a Treg population and prevented the onset of autoimmunity. Furthermore, the 

transgenic Tregs survived and functioned well in the periphery although they did not 

express IL-2R! (9). Contrary to these findings, other studies suggested that there are a 
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substantial number of Tregs present in the periphery of IL-2-/- mice, and that these 

cells are fully functional when adoptively transferred into an IL-2 competent 

environment (60). Thus, it was concluded that IL-2 was dispensable for Treg 

development in the thymus, but it was necessary to support Treg expansion and function 

in the periphery. Similarly, using GFP-Foxp3 knockin mice, Fontenot et al reported that 

there were a substantial number of Foxp3+ Treg cells in the thymi of IL-2-/- or IL-2R#-

/- mice (about half of that in WT mice), albeit they were CD25 negative (8). Although 

these studies suggested that Tregs developed in the absence of IL-2 signaling, the 

possibility that Treg precursor cells are reduced in the absence of IL-2 could not be 

ruled out. More recently, our group provided the further evidence confirming the role of 

IL-2 signaling in Treg development. In these studies, we observed similar results, 

namely that Foxp3+CD25- Tregs were present in young (6 weeks old) IL-2-/- mice. In 

contrast, we found that Foxp3+CD25- Tregs were substantially decreased in age-

matched IL-2R!-/- mice (16). One explanation for this discrepancy could be that in the 

absence of IL-2, another IL-2R! dependent cytokine – IL-15, partially substituted for 

IL-2 to support Foxp3+ Treg development in the thymus. An alternative explanation 

could be that Foxp3+ Tregs developed normally during early lives of both IL-2R!-/- and 

IL-2-/- mice, but because of lacking the ability to bind either IL-2 or IL-15, IL-2R!-/- 

mice lost their Foxp3+ Treg population more rapidly than IL-2-/- mice, which were still 

able to maintain this population through the function of IL-15. Which one of these 

explanations is true for Tregs, or whether the IL-2R!-mediated cytokine signaling is 

required for Treg development, is still a perplexing question. This is also one of the 
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questions that will be addressed in this thesis. Nevertheless, these studies collectively 

suggest that although IL-2 is redundant for Treg development, IL-2R! mediated 

cytokine signals play an important role in Treg biology. It is likely that IL-2R! 

dependent signals are involved in Treg biology at several steps including its 

development, maintenance and function.  

 

In order to better address the role of IL-2R! in Treg development, it is imperative to 

find the effector molecules downstream of the IL-2R that could be involved in Treg 

development. It has been highlighted recently that STAT5 activation downstream of IL-

2R is important for Treg development or homeostasis. In STAT5ab"N/"N mice (these 

mice express a truncated, partially active form of STAT5), there is a decreased number 

of CD25+ Tregs. These mice suffer from relatively mild autoimmune diseases due to the 

infiltration of activated T cells in multiple organs. The absence of CD25+ Tregs in 

STAT5ab"N/"N mice correlates with reduced expression of Foxp3 (16). Consistent 

with those studies, adoptive transfer of Tregs into neonatal STAT5ab-/- mice could 

prevent autoimmunity (61). In contrast, in STAT5bCA transgenic mice, which express a 

constitutively activated form of STAT5, there is a greatly increased compartment of 

Tregs (16). Furthermore, retroviral driven expression of an inducible form of STAT5 in 

IL-2-/- mice could rescue the CD25+ Treg population, suggesting that STAT5 activation 

is sufficient to overcome the IL-2 deficiency for Treg development or homeostasis (61). 

However, whether STAT5 is essential for Treg development or homeostasis or both is 

still not well understood. 



 28 

 

Upon activation, STAT5 translocates to the nucleus and initiates transcription of a set of 

genes. This led to the suggestion that STAT5 may upregulate expression of Foxp3. 

Indeed, ChIP assays demonstrate that STAT5 is able to associate with three binding 

sites within the promoter and the intron 1 of the foxp3 gene. Furthermore, when the 

STAT5a/b genes are entirely deleted, over 98% of STAT5
null mice are embryonic lethal. 

The few survived STAT5
null mice are devoid of Foxp3+ Tregs (62). Therefore, the 

studies so far, have suggested that STAT5 signaling is involved in shaping Tregs, 

possibly by turning on the essential transcription factor Foxp3 in Tregs. However, it is 

still remains largely unknown if STAT5 is the major effector downstream of IL-2R! in 

regulating Treg development.  

 

Foxp3 and Treg development 

 

Foxp3 is a transcription factor that belongs to forkhead family of transcription factors. It 

is a commonly used marker to differentiate Tregs from activated T cells, not only 

because its expression is tightly associated with Tregs, but most importantly, because 

Foxp3 expression programs Treg development and function. 

 

The crucial role of Foxp3 in Treg development is established based on several studies. 

Early studies suggest that in humans, mutations in foxp3 gene correlate with IPEX 

syndrome (Immunodysregualtion, Polyendocrinopathy, Enteropathy, and X-linked 

inheritance) (30). In mice, mutations in foxp3 have been shown to underlie the defects 
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in scufy mice, a strain that suffers from a multi-organ lymph-infiltration disease very 

much like IPEX syndrome in humans (63). In both cases, the mutation-based 

inactivation of foxp3 leads to the absence of Tregs, which results in the uncontrolled 

activation of autoreactive T cells. Further mixed bone marrow chimera experiments 

showed that foxp3 sufficient bone marrow progenitor cells were able to rescue the 

autoimmunity caused by foxp3 deficient bone marrow cells, i.e. the deficiency of Tregs, 

suggesting that Foxp3 is crucial for Treg generation (64). Secondly, Foxp3 is expressed 

exclusively in Tregs (at least in mice). Additional TCR stimulation, or Th1/Th2 

differentiation cytokines, could not induce foxp3 expression in non-Treg cells (4). In the 

thymus, a small population of Foxp3+ T cells can be detected as early as the CD4+CD8+ 

double positive stage. Experiments using Foxp3-GFP knockin mice suggested that 

these Foxp3+CD4+CD8+ cells were able to rapidly become Foxp3+CD4+ Tregs in the 

thymus (65). Although it is still unknown if these Foxp3+CD4+CD8+ T cells are the 

progenitors for CD4+CD8-Foxp3+ mature Tregs, this study demonstrates that Foxp3 

expression has already decided these cells’ fate to become Tregs. Thirdly, Foxp3 

expression is necessary to enable Treg progenitor cells to develop into a functionally 

suppressive lineage. This has been shown by two studies. The first study was done by 

ectopicly expressing Foxp3 in conventional T cells. Retroviral driven expression of 

Foxp3 in peripheral CD4+CD25- T cells converted them into functional Tregs (4), 

suggesting that Foxp3 is tightly connected to the suppressive function of Tregs. In the 

second study, a truncated foxp3 plus EGFP cassette was engineered into the foxp3 locus. 

The truncated foxp3 lost the ability to localize in the nucleus and bind with DNA and 

other transcription factors, such as NFAT. The resultant mice had a similar number of 
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GFP+ “Treg” cells compared to WT mice. However, the GFP+ “Treg” cells were not 

functionally suppressive (66).  

 

Similar to other forkhead family members, Foxp3 has a C2H2 zinc finger, a leucine 

zipper, and a highly conserved FKH (forkhead) DNA binding domain. Studies from 

IPEX patients suggest that the FKH domain is important for Foxp3 function (67) (68). 

Since the FKH domain is located in the C-terminus, it was speculated that Foxp3 

functions mainly as a repressor. However, more recent findings suggest that Foxp3 is 

likely to function as both a repressor and an activator to regulate gene expression that is 

required for Treg development or function. For example, studies from murine CD4+ T 

cells transduced with FLAG-tagged Foxp3 suggest that Foxp3 binds to the IL-2 

promoter to repress IL-2 transcription through the activation of histone H3 

deacetylation (67). It is noteworthy that the binding of Foxp3 to the IL-2 promoter is 

dependent on TCR stimulation, hence this could be the major mechanism that renders 

Tregs incapable of making IL-2 (69). Conversely, Foxp3 is able to bind to the 

promoters of CD25, GITR and CTLA-4, and function as an activator to facilitate gene 

transcription by increasing histone H3 acetylation (69). In addition to direct binding to, 

and modulating target gene expression, Foxp3 is able to indirectly regulate gene 

expression by inhibiting or activating other transcription factors. Given that Foxp3 

regulates a broad spectrum of genes, but directly binds to only a relatively small number 

of them, the transcriptional regulation mechanism of Foxp3 is largely depend on the 

indirect regulation of other transcription factors (70). Consistent with this idea, it has 
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been shown that Foxp3 can regulate the function of several transcription factors, such 

as NFAT, NF-&B and Runx1 (71) (72) (73).  

 

NFAT is a transcription factor activated downstream of the TCR signaling pathway, and 

it is important to for T cell activation and anergy induction. Upon TCR stimulation, 

NFAT forms complexes with another transcription factor AP-1 to initiate the 

transcription of genes that are required for T cell activation or proliferation, including 

IL-2. In contrast, Foxp3 is able to form a heterodimeric complex with NFAT to 

specifically repress IL-2, and upregulate CTLA-4 and CD25 in Tregs. In addition, the 

association of Foxp3 with NFAT is required for Treg suppressor function. 

Consequently, a mutation in foxp3 that interferes with the NFAT binding surface does 

not only inhibit expression of CTLA-4 and CD25, but also blocks Treg suppressor 

function (72). It is of interest that in this study, the Foxp3-NFAT complexes were able 

to associate with the regulatory regions in the IL-2 and IL-2R# promoters, indirectly 

inhibiting or activating IL-2 or IL-2R# transcription, respectively. Although these 

findings partially agree with the previous study in which Foxp3 was shown to directly 

bind to the IL-2 or IL-2R# gene, it is possible that Foxp3 regulates expression of one 

gene in several pathways. In addition to NFAT, a recent genome-wide study of Foxp3 

target genes suggests that in thymus, Foxp3 regulates expression of several other 

transcription factors, such as Hif1a, STAT4, Irf6 and CREM (70). Whether these 

transcription factors regulate Treg development, and how they cooperate with Foxp3 

function, still remains to be elucidated.  
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1.5 Concluding Remarks 

 

In the past five years, our knowledge about Treg development has advanced rapidly. 

However, there are still many questions that need to be addressed. For example, how do 

IL-2 signaling pathways mediate Treg differentiation in the thymus? Is STAT5 the only 

transcription factor downstream of the IL-2R that facilitates Foxp3 transcription? How 

do TCR and cytokine signaling cooperate to mediate Treg development? These 

fundamental questions are important if we want to identify new theraputic targets to 

expand regulatory T cells in autoimmune disease patients or to prevent unwanted Treg 

expansion in cancer patients.  

 

The work presented in this thesis is focused on how IL-2R! mediated cytokine 

signaling regulates Treg development at cellular and molecular levels. Using various 

mouse models and retroviral transduction systems, I demonstrate that: 1. STAT5 is 

crucial for IL-2R! mediated Treg development in the thymus; 2. PI3K and MAPK 

signaling pathways downstream of IL-2R! are dispensable for Treg development; and 

3. STAT5-mediated cytokine signaling cooperates with TCR signaling to govern Treg 

development in the thymus.
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Chapter 2 . Transcription Factor STAT5 Is Indispensable for IL-2R!  Mediated 

Regulatory T Cell Development 

 

2.1 Introduction 

 

The role of natural regulatory T cells (Tregs) in maintaining immune tolerance and 

preventing autoimmunity has made tremendous advances in the last few years due to 

the discovery of a Treg specific marker-Foxp3, as well as the ability to identify these 

cells via intercellular staining for Foxp3. However, the molecular factors that govern 

Treg development, homeostasis and function remain largely unknown. It has been 

characterized that in the absence of the IL-2R! chain, there is a substantially decreased 

number of Tregs in both the thymus and periphery (10). This suggests that IL-2R! 

mediated signaling is required for Treg development and/or homeostasis. There are 

several signaling pathways activated downstream of the IL-2R, including PI3K, MAPK 

and STAT5 pathways. Among them, the STAT5 signaling pathway has elicited 

particular interest in Treg biology because it is essential for IL-2 mediated T cell 

activation, proliferation and survival. 

 

STAT5 (Signal Transducer and Activator of Transcription 5) belongs to the STAT 

family of transcription factors that transduce signals from the cell membrane to the 

nucleus to initiate gene transcription. There are two isoforms of STAT5, namely 

STAT5a and STAT5b. Both of them are activated by various cytokines, including IL-2, 

IL-3, IL-7, IL-9, IL-15 (74), erythropoietin (75) and prolactin (76). STAT5a and 
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STAT5b are highly homologous and share over 90% similarity in amino acid 

sequence. Upon ligation of the cytokine with its receptor, receptor oligomerization leads 

to the activation of JAK kinases, which then phosphorylate specific tyrosines in the 

cytoplasmic domain of the receptor. The phosphorylated tyrosines allow STAT5 to bind 

to, and then become phosphorylated in turn by the receptor-associated JAK Kinases. 

Phosphorylated STAT5a and STAT5b form either a homodimer or a heterodimer, and 

then translocate to the nucleus where they initiate target gene transcription, such as IL-

2R" (57), FasL (58) and Bcl-2 (77). STAT5a and STAT5b are highly homologous and 

are thought to be functionally interchangeable. In fact, it has been shown that STAT5a 

and STAT5b are functionally redundant in cytokine-mediated immune responses (78). 

However, additional research suggests that each of them may possess an exclusive role 

in certain cell types, for example in regulating growth hormone - dependent effects 

(stat5b) and prolactin mediated signaling pathways (stat5a) (79).  

 

The role of STAT5 is implicated in Treg development and homeostasis. Using 

STAT5ab$N/$N mice, Snow et al indicated that the number of CD4+CD25+ Tregs was 

reduced in the periphery of these mice, and the remaining CD4+CD25+ Tregs in 

STAT5ab$N/$N mice were prone to apoptosis due to decreased Bcl-2 expression (80). 

Conversely, in STAT5b transgenic mice (also called STAT5bCA), the CD4+CD25+ Treg 

population was greatly increased in the thymus and periphery (81). In addition, transient 

expression of an inducible form of STAT5 in IL-2-/- mice ultimately increased the 

proportion of CD4+CD25+ Tregs (61). Interestingly, a recent study indicates that Tregs 
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preferentially activate the JAK/STAT5 signaling pathway, but not the 

phosphatidylinositol 3-kinase (PI3K) pathway upon IL-2 stimulation. This is 

significantly different from newly activated T cells, which activate both signaling 

pathways upon IL-2/IL-2R ligation (82).  

 

These studies collectively implied an essential and sufficient role for STAT5 signaling 

in Treg biology. However, they failed to elucidate if STAT5 activation was necessary 

only for Treg development or for both Treg development and homeostasis. 

Additionally, the conclusions of these studies were based on CD25 as a marker for 

Tregs. This is not the best marker because it is also expressed on activated T cells, and 

possible contamination of activated T cells could influence the observed results. 

Moreover, in the studies of Snow et al, the STAT5ab$N/$N mouse strain they used was 

engineered by targeting deletion of the first coding exon of the STAT5a and STAT5b 

genes. Later studies demonstrated that the deletion created a truncated STAT5a and 

STAT5b protein that was partially active (83) (84), thus complicating the interpretation 

of these early studies of STAT5 in Treg biology.  

 

Although a large body of literature has already indicated that IL-2/IL-2R is central for 

Treg biology, it is still controversial if IL-2/IL-2R is critical for Treg development. 

Early studies expressing an IL-2R!  transgene in the thymocytes of IL-2R!-/- mice 

suggested that IL-2R! was only needed for Treg development, not for peripheral 

homeostasis. The conclusion was based on the observation that these transgenic mice 
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had a normal Treg population in the thymus and periphery, while the transgene was 

only expressed in the thymus, but not in the periphery (9). In contrast, other studies 

demonstrated that there were a substantial number of Foxp3+ Tregs present in IL-2-/- or 

IL-2R#-/- mice, but they were not functional without IL-2 activation (8). Hence it was 

concluded that IL-2 was only necessary for Treg peripheral maintenance and function, 

not for Treg development.   

 

Herein, we revisited the role of IL-2/IL-2R as well as downstream STAT5 activation in 

Treg development by labeling Tregs directly using Foxp3 intracellular staining. We 

observed that in adult or young IL-2R!-/- mice, Foxp3+ Tregs were largely absent in the 

thymus and the periphery, suggesting that IL-2R! mediated signals were required for 

Treg development. In the aforementioned STAT5ab$N/$N mice, the percentage of 

Foxp3+ Tregs in the thymus and periphery was about half of that in WT mice (thymus 

and periphery), most likely due to the residual STAT5 activity. In addition, using a 

conditional STAT5 knockout mouse strain, we observed a reduced number of Foxp3+ 

Tregs in the thymus and the periphery. Importantly, the remaining Tregs were those that 

still preserved functional STAT5 protein as shown by intracellular phospho-STAT5 (p-

STAT5) staining, suggesting that the thymic selection pressure preferentially expanded 

Tregs that still possessed functional STAT5 protein during Treg development. Lastly, 

by expressing a constitutively activated transgene of STAT5b (STAT5bCA) in IL-2R!-

/- mice, we detected a restoration of a Treg population that is largely absent in IL-2R!-/- 
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mice. These findings demonstrate that IL-2R!-dependent STAT5 activation is 

indispensable for Treg development.  

 

2.2 Materials and Methods 

 

Mice 

 

IL-2R!-/- mice were purchased from the Jackson Laboratory and maintained in our 

breeding colony. STAT5bCA x IL-2R!-/- mice were generated by crossing STAT5bCA x 

IL-2R! +/- mice with IL-2R!-/- x Rag2-/- mice. STAT5ab$N/$N mice were provided by 

Dr. Ihle (Memphis, TN). STAT5bCA mice were generated on the B6 background as 

described previously (16). STAT5ab
fl/fl mice and CD4Cre mice were provided by Dr. 

Hennighausen (NIH, Bethesda,MD) and Dr. Hoquist (University of Minnesota, 

Minneapolis, MN), respectively. STAT5ab
fl/fl mice were in B6/129 background and 

CD4Cre mice were in B6 background. Mice used for experiments were 6-8 weeks old 

unless otherwise noted. All the mice were maintained in specific pathogen free animal 

facilities at the University of Minnesota under Institutional Animal Care and Use 

Committee guidelines. 

 

FACS Analysis 

 

Spleen, thymus and lymph nodes were harvested and single cell suspensions were 

generated by disruption with ground glass slides. Before staining, red blood cells were 
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removed from spleen preparations by ACK lysis buffer. After cell preparation, 2x 106 

cells were suspended in 50ul staining buffer (Balance salt solution supplemented with 

2% heat-inactivated FBS) for staining. Fc-blocker (2.4G2, generated in house) was 

added in cells suspension for 10 minutes following by surface antibodies for additional 

20 minutes. Antibodies for the following surface markers were purchased from the 

eBioscience: CD4(L3T4), CD8(Ly-2), CD25(PC61), GITR(DTA-1), CD62L(MEL-14), 

CD69(H1.2F3), CD44(IM7). Expression of cell markers was analyzed on a LSRII flow 

cytometer (BD Biosciences). Analysis of flow cytometry data was conducted using the 

FlowJo software (Tree Star). 

 

Intracellular Staining 

 

Following the surface staining, samples for intracellular foxp3 staining were fixed and 

permeabilized according to the manufacture’s instruction (Foxp3 staining kit, 

eBioscience). The next day, cells were washed and stained with anti-mouse Foxp3 

(FJK-16s) for 30 minutes. After staining, cells were washed twice with 1x perm buffer 

and resuspended in 300ul of FACS buffer for analysis. 

 

For intracellular p-STAT5 staining, cells were stimulated with 1000u/ml IL-2 (NIH 

provided) and 50ng/ml IL-7 (PeproTech, Rocky Hill, NJ) for 30 minutes after surface 

staining. Cells then fixed with formaldehyde-containing reagent (Cat#GAS001S, Caltag 

laboratories, Burlingame, CA) for 15 minutes at 37°C, and permeabilized with 1ml of 
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100% ice-cold methanol overnight at 4°C. The next day, cells were washed 3 times 

with staining buffer and then stained with PE conjugated p-STAT5 antibody (BD 

Biosciences, San Jose, CA) for 60 minutes in the dark. After staining, cells were then 

washed twice with FACS buffer and resuspended in 300ul of FACS buffer for analysis. 

 

2.3 Results 

 

Signals through IL-2R! are critical for Treg development 

 

It has been suggested that Tregs are absent in IL-2R!-/- mice (9) (59). However, these 

results were obtained by using CD25 as the Treg marker, which is not Treg specific and 

is, in fact not expressed on about 30% of Foxp3+ Tregs in WT mice. To assess the 

requirement of IL-2R# mediated signaling in Treg development and homeostasis, we re-

evaluated Treg populations in IL-2R!-/- mice using both CD25 and a newly available 

antibody to Foxp3 that allows for intracellular staining. First, we compared CD25 

expression in IL-2R!-/- mice with WT mice. In accord with prior reports (9), in 4-6 

week old IL-2R!-/- mice, the CD25+ Tregs were reduced 3 fold in the thymus, 20 fold 

in the spleen and 10 fold in the lymph nodes relative to WT control mice (figure 2.1.A). 

However, the CD25 expression level in CD25+ cells of IL-2R!-/- mice was lower than 

in WT counterparts in the thymus, spleen and lymph nodes, making it hard to 

distinguish them from activated T cells that were abundant in IL-2R!-/- mice. Indeed, 

when we examined the Foxp3+ fraction in gated CD25+ cells, we observed that almost 

96% of these cells were Foxp3+ in WT mice, while only 20% of them were Foxp3+ in  
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Figure 2.1 
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Figure 2.1. Foxp3
+
 Tregs Are Largely Absent in the Thymus and Spleen of IL-

2R!-/- Mice. A. Flow cytometry of the expression of CD25 on CD4+ SP T cells  from 

the thymus, spleen and lymph nodes (LN) of WT and IL-2R!-/- mice. Shown are cells 

gated on CD4+ SP population (left panel), or gated CD4+CD25+ T cells that are shown 

in the left panel (right panel). B. Expression of Foxp3 on CD4+ SP T cells from the 

thymus, spleen and lymph nodes (LN) of WT and IL-2R!-/- mice. C. Absolute number 

of Foxp3+ Tregs in the thymus, spleen and lymph nodes (LN) of WT and IL-2R!-/- 

mice. P-values are the comparison of WT and IL-2R!-/- mice, and determined by a two-

tailed student’s T test. Error bars: SEM (standard error of the mean). D. Histogram 

comparison of GITR expression on Foxp3+ and Foxp3- CD4+ SP T cells from the 

thymus and spleen of WT and IL-2R!-/- mice. Mice used were 4-6 weeks old. Data are 

representative of three or more independent experiments using between two to five mice 

per group.  

 

 

 

 

 

 

 

 

 



 42 

IL-2R!-/- mice (figure 2.1.A). This finding indicates that CD25 is not an optimal 

marker for Tregs, especially when T cells are largely activated, such as in IL-2R!-/- 

mice. Since Treg development and suppressor function are controlled by a lineage 

specific transcription factor – Foxp3, we then examined Foxp3 expression in IL-2R!-/- 

mice. Intracellular staining with the Foxp3 antibody revealed that in IL-2R!-/- mice, the 

Foxp3+ Tregs could be detected in the thymus and periphery although at a much lower 

level than in WT mice (figure 2.1.A-B). Specifically, in IL-2R!-/- mice, the percentage 

as well as the absolute number of Tregs was reduced 4 fold in the thymus and lymph 

nodes, and over 10 fold in the spleen (figure 2.1.B-C) relative to WT mice. Although 

the Foxp3+ Treg population (in both percentage and the absolute number) that we 

observed in the thymus of IL-2R!-/- mice is relatively more compared with than that in 

the spleen, most of these Foxp3+ cells in the thymus, but not in the spleen, expressed a 

decreased level of Foxp3 (figure 2.1.B). Furthermore, in thymic Foxp3+ Tregs, another 

Treg marker GITR was also expressed at a lower level in IL-2R!-/- mice than in WT 

control mice (figure 2.1.D). In contrast, in the spleen of IL-2R!-/- mice, GITR 

expression in Foxp3+ Tregs was equivalent or even higher than in WT Foxp3+ Tregs 

(figure 2.1.D).  These data collectively suggest that although there are relatively more 

Foxp3+ T cells in the thymus of IL-2R!-/- mice than in the spleen, majority of these 

thymic Foxp3+ T cells are not bona fide Tregs in that they expressed lower levels of 

Treg components, including Foxp3, CD25 and GITR. Consequently, after migrating to 

the periphery, these “imperfect” Foxp3+ Treg cells either are deleted or readily lose 

their Treg phenotypes. Only a small fraction of Foxp3+ Tregs generated in the thymus 
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of IL-2R!-/- mice that express high levels of GITR and Foxp3 are selectively 

maintained in the periphery, likely through the cytokine IL-7 (89). In CD4+Foxp3- T 

cells, we observed an increased expression level of GITR in the spleen of IL-2R!-/- 

mice when compared to WT mice (figure 2.1.D), corresponding to an activated 

phenotype in the periphery (10). These data further corroborate the idea that the 

resultant autoimmunity in the absence of IL-2R signaling is not cell intrinsic, but due to 

the lack of Tregs that maintain the peripheral tolerance.  

 

We consistantly observed that as IL-2R!-/- mice get older (therefore sicker), the Treg 

populations were decreased dramatically. For example, in 8 week old IL-2R!-/- mice, 

we could only detect less than 0.5% of Foxp3+ Tregs in CD4 populations in both the 

thymus and the periphery (data not shown). It is likely that the reduced number of Tregs 

we observed in the thymus and the periphery of adult IL-2R!-/- mice is either due to the 

inability to generate functional Tregs in the thymus, or due to a defect in Treg 

homeostasis in the periphery. In order to eliminate the possibility that the changed 

ontogeny of Tregs in IL-2R!-/- mice was mainly due to a defect in peripheral 

homeostatic proliferation rather than thymic development, we examined the Treg 

population in young IL-2R!-/- mice. As described by Suzuki et al, IL-2R!-/- mice have 

normal thymic profile until 3 weeks after birth (10). After 4 weeks of age, mice 

gradually develop splenomegaly and lymphoadenopathy, and eventually become 

moribund by 9-12 weeks of age. Therefore, we selected IL-2R!-/- mice at about 2 

weeks old to evaluate Treg numbers and phenotype in the thymus and periphery. At this 

age, the mice were phenotypically normal and demonstrated no visible sign of disease. 
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Figure 2.2. Foxp3
+
 Treg Population Is Largely Reduced in Two Weeks Old IL-

2R!-/- Mice. A. Left panel: flow cytometry to identify Treg populations in the thymus 

of WT and IL-2R!-/- mice. Shown are cells gated on CD4+ SP population. Right panel: 

histogram comparison of GITR expression on Foxp3+ and Foxp3- T cells in the spleen 

of WT and IL-2R!-/- mice. B. Left panel: flow cytometry to identify the Treg 

population in the spleen of WT and IL-2R!-/- mice. Shown are cells gated on CD4+ T 

cells. Right panel: histogram comparison of GITR expression on Foxp3+ and Foxp3- T 

cells in the spleen of WT and IL-2R!-/- mice. Mice used were 2 weeks old. Data are 

representative of two independent experiments using between two to three mice per 

group. 
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Similar to the results we observed in adult IL-2R!-/- mice, in young IL-2R!-/- mice, 

there were decreased percentages of Foxp3+ and CD25+ Tregs in both the thymus and 

the spleen with a more profound reduction in the spleen (figure 2.2.A-B). In the thymus 

of young IL-2R!-/- mice, both Foxp3 and GITR expressed on Foxp3+ Tregs were lower 

than in WT mice (figure 2.2.A). Similarly, in the spleen of young IL-2R!-/- mice, 

although there were relatively more Foxp3+ Tregs compared with adult IL-2R!-/- mice, 

most of these cells exhibited a lower level of GITR staining (figure 2.2.B), suggesting a 

thymic origin of these cells. Taken together, these data indicate that in the absence of 

IL-2R#-mediated cytokine signaling, Tregs are essentially absent primarily due to the 

defect in thymic production, and partially due to the lack of peripheral Treg survival 

signals.  

 

STAT5 activation is crucial for Treg development 

 

Having demonstrated that IL-2R! signaling is indispensable for Treg development, I 

decided to investigate the downstream signaling processes that lead to Treg 

development. Using CD25 as the Treg marker, several previous studies (80-81) had 

demonstrated that STAT5 activation was important for Treg development because 

Tregs were significantly reduced in STAT5ab"N/"N mice, and increased in STAT5bCA 

mice. We therefore examined whether Treg development as well as homeostasis were 

altered in STAT5ab"N/"N mice by using Foxp3 as the Treg marker. Consistent with  
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Figure 2.3
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Figure 2.3. Treg Populations Are Reduced in The Spleen and Thymus of 

STAT5"N/"N Mice. A. Top: flow cytometry to identify the Treg population in the 

thymus of WT and STAT5"N/"N mice. Bottom: histogram comparison of GITR 

expression in Foxp3+ (white panel) and Foxp3- (grey panel) CD4+ SP T cells in the 

thymus of WT and STAT5"N/"N mice. B. Top: flow cytometry to identify the Treg 

population in the spleen of WT and STAT5"N/"N mice. Bottom: histogram 

comparison of GITR expression in Foxp3+ (white panel) and Foxp3- (grey panel) CD4+ 

T cells in the spleen of WT and STAT5"N/"N mice. C. Expression of CD25 in gated 

Foxp3+ T cells in the thymus (shown in A) of WT and STAT5"N/"N mice. D. 

Expression of CD25 in gated Foxp3+ T cells in the spleen (shown in B) of WT and 

STAT5"N/"N mice. Mice used were 4-6 weeks old. Data are representative of two or 

more independent experiments using between two to three mice per group. 
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previous observations, in STAT5ab"N/"N mice, we found that the frequency of 

CD25+ cells were reduced 3 fold in the thymus, 10 fold in the spleen compared with 

those in WT mice (figure 2.3.A-B). However, Foxp3+ Tregs were only decreased 2 fold 

in the thymus and the spleen of STAT5ab"N/"N mice. In addition, unlike IL-2R!-/- 

mice, in STAT5ab-/- mice, both Foxp3 and GITR expression on Foxp3+ Tregs were 

equivalent to their WT counterparts in the thymus and spleen (figure 2.3.A-B), although 

most of these Foxp3+ Tregs were CD25 negative (figure 2.3.C-D).  These findings 

indicate that the Foxp3+ Tregs present in STAT5ab"N/"N mice phenotypically 

resemble Tregs that are found in WT mice except that few of them expressed CD25. 

Even though STAT5ab"N/"N mice had a sizeable Treg population, they still developed 

autoimmunity, although the disease was less profound than in IL-2R!-/- mice because 

STAT5ab"N/"N mice, on average, had a significantly longer lifespan than IL-2R!-/- 

mice (78). The existence of autoimmunity in STAT5ab"N/"N mice could be due to (i) 

the relatively low number of Tregs in relation to the autoreactive T cells, (ii) a defect in 

Treg suppressor activity because of the lack of an intact STAT5 protein, (iii) the 

absence of survival signals through the IL-2R to maintain Tregs that are required 

because of lower CD25 expression. 

 

The presence of Foxp3+ Tregs in STAT5ab"N/"N mice implied that STAT5 was not 

essential for Treg development. However, the caveat is that these STAT5ab"N/"N mice 

are generated by targeting deletion of the exon 1 of STAT5a and STAT5b genes. 

Importantly, the N-terminally truncated STAT5a and STAT5b proteins are partially 
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active as the STAT5ab"N/"N mice are viable, while the STAT5ab
null (total deletion of 

STAT5a and STAT5b) mice are almost always embryonically lethal due to the absence 

of normal hematopoiesis (83-84). It was very likely that in STAT5ab"N/"N mice, the 

residual function of the truncated STAT5a and STAT5b protein was enough to promote 

partial Foxp3+ Treg development, which would otherwise be totally absent in 

STAT5abnull mice. Nevertheless, these findings indicate that intact STAT5 activation is 

required for upregulating CD25 expression, which is essential for the peripheral 

maintenance of Foxp3+ Tregs through IL-2 signaling.  

 

The best animal model to address the role of STAT5 in Treg development is a mouse 

strain that lacks the functional STAT5 protein, such as STAT5null mice. However, the 

embryonic lethality of STAT5null mice makes it hard to study Treg ontogeny because 

Treg development does not occur until several days after birth. To circumvent this 

problem, we utilized STAT5ab
fl/fl mice that were generated by Hennighausen and 

colleagues (85), in which the entire STAT5a and STAT5b genes were flanked by loxP 

sites. By breeding these mice with CD4Cre mice, the entire STAT5a and STAT5b genes 

were deleted selectively in the CD4 and CD8 lineages because the Cre gene was turned 

on at the same time as the CD4 gene starting at the DP stage during thymic 

development. Thus, because of preserved STAT5 function in hematopoiesis, these mice 

were completely viable during embryonic development. While the CD4Cre x 

STAT5ab
fl/fl mice developed normally at an early age, they started to grow more slowly  
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Figure 2.4. Foxp3
+
 Tregs Are Reduced in CD4Cre x STAT5

fl/fl
 Mice. A. Flow 

cytometry analysis demonstration of CD4/CD8 profiles in total CD3+ thymocytes (left 

panel), expression of CD25 (middle panel) and expression of Foxp3 (right panel) in the 

gated CD4+ SP thymocytes from LMC (littermate control) and CD4Cre x STAT5
fl/fl 

Mice. B. Flow cytometry analysis demonstration of CD4/CD8 profiles (left panel), 

expression of CD25 (middle panel) and expression of Foxp3 (right panel) in the gated 

CD4+ splenocytes from LMC (littermate control) and CD4Cre x STAT5
fl/fl Mice. C. 

Absolute number of Foxp3+ Tregs in the thymus and spleen of LMC (littermate 

control) and CD4Cre x STAT5
fl/fl Mice. Error bar: SEM. P-values are calculated using a 

two-tailed student’s T test.  D. Expression of CD62L and CD69 in gated CD4+Foxp3- 

non-Tregs in the spleen of LMC (littermate control) and CD4Cre x STAT5
fl/fl Mice. 

Mice used were 6-8 weeks old. Shown is a representative example of three or more 

experiments with 3-4 mice for each group.  
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than WT mice after they reached 2 months old, and some of them died from the 

autoimmune disease as early as 10-12 weeks of age. Rarely, some of the mice survived 

to 4-months old. We examined both CD4 and CD8 T cell populations in 4-6 weeks old 

CD4Cre x STAT5ab
fl/fl mice when these mice were still phenotypically normal. In 

agreement with a previous study from STAT5
null mice (83), we observed a decreased 

percentage of SP CD8 T cells in the thymus and the periphery of CD4Cre x STAT5ab
fl/fl 

mice with a more profound reduction in the periphery, suggesting that STAT5 is 

important for CD8 T cell development and/or survival (2.4.A-B). In the thymus of 

CD4Cre x STAT5ab
fl/fl mice, both CD25+ and Foxp3+ Treg populations were reduced at 

the same degree compared with WT control mice (2.4.A). In the spleen of CD4Cre x 

STAT5ab
fl/fl mice, the CD25+ Tregs were reduced almost 4 fold relative to WT control 

mice, while the Foxp3+ Tregs were only reduced 2 fold, suggesting that some of these 

Foxp3+ Tregs were CD25 negative (2.4.B). In the absence of STAT5, the signaling 

during thymic T cell development generates relatively more CD4 SP T cells, but less 

CD8 SP. Therefore one explanation for the reduced percentage of Tregs that we 

observed in CD4Cre x STAT5ab
fl/fl mice could be due to the expanded CD4+ SP non-

Treg population while the Treg absolute number still remained the same. However, this 

is unlikely because Foxp3+ Treg absolute numbers were also reduced in the thymus and 

periphery of CD4Cre x STAT5ab
fl/fl mice and the P-value was more significant in the 

thymus than in the spleen (2.4.C). Because of the reduced number of Tregs, CD4Cre x 

STAT5ab
fl/fl mice exhibited enlarged spleen and lymph nodes. Consistent with this, the 

conventional T cells in CD4Cre x STAT5ab
fl/fl mice demonstrated an activated 
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phenotype as they expressed high levels of CD69 and low levels of CD62L (figure 

2.4.D).  

 

Similar to STAT5ab"N/"N mice, CD4Cre x STAT5ab
fl/fl mice had a substantial number 

of Foxp3+ Tregs in the thymus and spleen. However, unlike STAT5ab-/- mice or IL-

2R!-/- mice, in CD4Cre x STAT5ab
fl/fl mice, the CD25 expression level in Tregs was 

comparable to WT control mice (figure 2.4.A-B). This led us to speculate that normal 

STAT5 function was preserved in the Tregs of CD4Cre x STAT5ab
fl/fl mice. To test this 

possibility, we examined intracellular levels of phospho-STAT5 in the T cells of 

CD4Cre x STAT5ab
fl/fl and WT mice after IL-2 (1000u/ml) plus IL-7 (50ng/ml) 

stimulation. The IL-2 amount used for ex-vivo stimulation was ten fold more than the 

regular concentration, which was to ensure that the cells with low affinity of IL-2 

receptor could be stimulated. We examined intracellular phospho-STAT5 (p-STAT5) 

instead of total STAT5 for two reasons: first, p-STAT5, but not total STAT5 can be 

detected by intracellular staining via flow cytometry and, second, p-STAT5 correlates 

with STAT5 function, so that a reduced p-STAT5 level would directly suggest a defect 

in this signaling pathway. In this particular experiment, we had to use CD25 as a 

surrogate marker for Tregs since Foxp3 intracellular staining could not be performed 

together with p-STAT5 staining. After IL-2 and IL-7 stimulation, over 78% of thymic 

Tregs expressed p-STAT5 in CD4Cre x STAT5ab
fl/fl mice. In contrast, only 10% of 

CD4+CD25- non-Tregs were p-STAT5 positive in CD4Cre x STAT5ab
fl/fl mice (figure 

2.5.A). In the spleen, while p-STAT5 positive non-Treg cells were reduced about 20 

fold in CD4Cre x STAT5ab
fl/fl mice relative to WT mice, almost all of the Tregs from 
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Figure 2.5. A Functional STAT5 Protein Is Preserved in The Foxp3
+
 Tregs From 

CD4Cre x STAT5ab
fl/fl

 Mice. Intracellular phospho-STAT5 staining of thymocytes (A) 

or splenocytes (B) in LMC (littermate control) and CD4Cre x STAT5ab
fl/fl mice. Cells 

were stimulated with 1000U/ml IL-2 and 50ng/ml IL-7 for 30 minutes and then stained 

with antibodies to CD4, CD8, and CD25. Cells were then fixed, permeabilized, and 

stained for the phospho-STAT5 antibody. Shown are gated either on CD4+ T cells (left 

panels in A and B) or CD8+ T cells (right panels in A and B). This is a representative 

example of three or more experiments.  
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CD4Cre x STAT5ab
fl/fl mice still preserved p-STAT5 (figure 2.5.B). In sharp contrast 

to Tregs, although CD8 T cell numbers were reduced in CD4Cre x STAT5ab
fl/fl mice, p-

STAT5 positive CD8 T cells were only about 18.4% in the thymus and 24.3% in the 

spleen after IL-2 and IL-7 stimulation, implying that STAT5 in CD8 SP development 

was not as essential as in Treg development (figure 2.5.A-B). These data collectively 

indicate that in CD4Cre x STAT5ab
fl/fl mice, the few Tregs that escaped STAT5 deletion 

are preferentially retained, thus underscoring a crucial role for STAT5 in Treg 

development. The decreased level of p-STAT5 positive cells in thymic Tregs (78%) 

compared to the peripheral Tregs (90.4%) in CD4Cre x STAT5ab
fl/fl mice could be due 

to relatively higher non-Treg cell contamination in the thymic Treg pool when using 

CD25 as a surrogate marker (figure 2.4.A-B). Alternatively, it may reflect deletion of 

STAT5 that occurred after selection into the Treg lineage. 

 

STAT5 activation rescues Foxp3
+
 Treg development in IL-2R!-/- mice 

 

Having demonstrated that STAT5 signaling pathways are crucial for Treg development 

and homeostasis, I next wanted to evaluate whether STAT5 activation was the primary 

pathway downstream of the IL-2R! chain required for Treg development. To test that, 

we bred IL-2R!-/- mice with STAT5bCA mice. As described previously (86), 

STAT5bCA mice expressed a constitutively activated STAT5b transgene, which was 

constructed by mutating histidine 298 and serine 715 to arginine and phenylalanine, 

respectively. Expression of STAT5bCA transgene is driven by a compound promoter 
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cassette consisting the lck proximal promoter and the Eµ Enhancer; therefore this 

transgene is restricted to the T and B cell lineage. As demonstrated in our previous 

studies (81), in T cells, the expression of STAT5bCA transgene started at double 

negative stage in the thymus and continued to be expressed in mature T cells.  

 

As shown in figure 2.7, in the thymus, STAT5bCA mice had about a 5-fold increase in 

Treg percentage compared with WT mice, while IL-2R!-/- mice had almost a 5-fold 

reduction in Tregs when using CD25 or Foxp3 as a surrogate Treg marker. In contrast, 

introducing a STAT5bCA transgene into IL-2R!-/- mice restored the Foxp3+ Treg 

population at a level comparable to STAT5bCA mice (figure 2.6.A). In addition, when 

using CD25 as a Treg marker, the CD25+ Treg population in STAT5bCA x IL-2R!-/- 

mice was only 2 fold greater than that in WT mice, and much less than that seen in 

STAT5bCA mice, suggesting that most of the Foxp3+ Tregs in STAT5bCA x IL-2R!-/- 

mice were CD25 negative (figure 2.6.A). In the spleen, while STAT5bCA mice still 

maintained about 3- 4 fold more Tregs relative to WT mice when using either CD25 or 

foxp3 as a Treg maker, STAT5bCA x IL-2R!-/- mice had fewer foxp3+ Tregs compared 

with STAT5bCA and WT mice. However, total Foxp3+ Treg numbers in STAT5bCA x 

IL-2R!-/- mice were still much higher (almost 9 fold) than in IL-2R!-/- mice. CD25 

expression in the Tregs from STAT5bCA x IL-2R!-/- mice was diminished to a level 

comparable or only a little bit higher than that in IL-2R!-/- mice (figure 2.6.B). In 

STAT5bCA x IL-2R!-/- mice, loss of CD25 in peripheral Tregs was probably due to the 

nature of lck proximal promoter activity – more active in developing T cells than in 

mature T cells. This dissociated Foxp3 and CD25 expression was similar to what we 
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Figure 2.6
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Figure 2.6. STAT5b Activation Restores Treg Development in the Thymus of IL-

2R!-/- Mice. Shown are CD4+CD8- gated thymocytes (A) or splenocytes (B) stained 

with Abs to CD4, CD25, and Foxp3 from WT, STAT5bCA, IL-2R!-/- and STAT5bCA x 

IL-2R!-/- mice. C. Shown are total numbers of CD4+Foxp3+ T cells in WT, STAT5bCA, 

IL-2R!-/- and STAT5bCA x IL-2R!-/- mice. Error bars: SEM. Data are representative of 

three separate experiments. 
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observed in STAT5ab"N/"N mice, in which most Foxp3+ T cells were CD25 

negative, suggesting that expression of Foxp3 and CD25 required different level of 

STAT5 activation: low levels of STAT5 activation are sufficient for Foxp3 expression, 

while high levels of STAT5 activation are required for optimal CD25 expression. 

Similar to the Treg percentage changes, the absolute number of Foxp3+ Tregs in 

STAT5bCA x IL-2R!-/- mice was higher than in WT and IL-2R!-/- mice, and 

comparable to that in STAT5bCA mice in the thymus. In the spleen, the absolute number 

of Tregs in STAT5bCA x IL-2R!-/- mice was about 40% of that in STAT5bCA mice, and 

40% more than that in WT mice (figure 2.6.C). In summary, these data demonstrate that 

by introducing a constitutively activated form of STAT5b, Treg development is rescued 

in IL-2R!-/- mice.  

 

Although we observed a restoration of Tregs in STAT5bCA x IL-2R!-/- mice, these mice 

still came down with autoimmune disease. The disease was even more aggressive than 

in IL-2R!-/- mice as almost all of STAT5bCA x IL-2R!-/- mice died within 6-8 weeks of 

age. This is probably because STAT5bCA transgene is expressed in non-Treg 

population and results in an enhanced expansion of both CD4 and CD8 T cells in 

STAT5bCA x IL-2R!-/- mice, which is incontrollable by the relatively small percentage 

of Foxp3+ Tregs in those mice.  

 

2.4 Discussion 
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IL-2 plays an essential role in T cell activation and proliferation. It was initially 

thought to function only as a T cell growth factor. Therefore, it was unexpected to see 

that T cells were hyper-activated and over-expanded when mice were genetically 

defective in IL-2 cytokine signaling pathways. The initial theory to explain this scenario 

was based on the crucial role of IL-2 in inducing activation induced cell death (AICD), 

in which the cytokine IL-2 leads to upregulation of pro-apoptotic molecules, such as 

FasL, and downregulation of anti-apoptotic molecules, such as FLIP (87) (88).  

However, more recent studies have suggested that the development of 

lymphoproliferative diseases in IL-2 or IL-2R deficient mice was not cell intrinsic; 

rather, it was cell extrinsic due to a defect in Treg generation or homeostasis. 

 

Using CD25 as a surrogate marker for Tregs, it has been shown that CD25+ “Tregs” 

were absent in IL-2 or IL-2R" or IL-2R# knockout mice. Therefore it was concluded 

that IL-2 signaling was pivotal for Treg development. However, using Foxp3 as a Treg 

marker, Fontenot et al observed a substantial number of Foxp3+ Tregs in the thymus of 

IL-2-/- or IL-2R"-/- mice. These findings suggested that IL-2 signaling was essential 

only for the homeostasis of Tregs, but not for their development (8). In contrast to these 

findings, as shown in this chapter, I observed a great reduction of Foxp3+ Tregs in IL-

2R!-/- mice. Most importantly, the residual Foxp3+ Tregs in IL-2R!-/- mice expressed 

lower levels of GITR, CD25 and even Foxp3, suggesting that most of these Foxp3+ 

Tregs were not bona fide Tregs. Lack of Tregs in IL-2R!-/- mice was not due to 

exhaustion of Tregs in a lymphproliferative environment because young disease-free IL-

2R!-/- mice also lack bona fide Tregs. Contrary to the conclusion made by Fontenot et 
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al, these studies ultimately indicate that signals through IL-2R# are required for Treg 

development.  

 

The next question would be why Foxp3+ Tregs were generated in IL-2-/- or IL-2R"-/- 

mice, but not in IL-2R!-/- mice? Both IL-2 and IL-15 use the IL-2R# chain to transduce 

signals; hence it is likely that the Foxp3+ Tregs in IL-2-/- or IL-2R"-/- mice are 

produced by a compensatory signals mediated by IL-15. In fact, in IL2-/- x IL-15-/- 

mice, Foxp3+ Tregs were decreased to the level similar to IL-2R!-/- mice in both the 

thymus and the spleen (16), confirming that IL-15 and IL-2 are redundant cytokines to 

signal through IL-2R# to promote Treg development. The observation that #c-/- mice 

are completely devoid of Tregs suggests that other cytokines can contribute to this 

process as well. One candidate is IL-7. In mature Foxp3+ Tregs, IL-7R% is expressed at 

a level lower than in conventional T cells (70) (89). Physiologically, this renders Tregs 

uniquely responsive to IL-2 that is produced by activated T cells, but not to IL-7, which 

is produced constitutively in the peripheral lymphoid organs and required to maintain 

naïve and memory T cells. However, as shown by Vang et al, in an IL-2 deficient 

environment, Foxp3+ Tregs that developed in the thymus had upregulated IL-7R% as 

well as IL-15R%, indicating that the signals through IL-7 could substitute for IL-2 in 

promoting Treg development (89), albeit less efficiently.  

 

One common signaling pathway that can be activated downstream of IL-2, IL-15 and 

IL-7 is the STAT5 signaling pathway. Increased numbers of Tregs in the thymus or 
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periphery of STAT5bCA mice suggested that STAT5 was important for Treg 

development or homeostasis. To examine the essential role of STAT5 in Treg biology, 

we used two STAT5 deficient mouse models. Our initial study using STAT5ab"N/"N 

mice suggested that STAT5 was only essential for maintaining CD25 expression on 

Tregs, but not for Foxp3+ Treg development. The caveat for this study was that a 

incomplete deletion of STAT5ab gene in STAT5ab"N/"N mice generated a truncated 

protein, which was still able to maintain normal hematopoiesis during embryo 

development, indicating that it retained some activity. The presence of partial STAT5 

activity in STAT5ab"N/"N mice complicates the interpretations of our data and 

conclusion. To resolve this problem, we used a conditional STAT5 knockout mouse 

model, in which the STAT5ab gene was flanked by loxP sites to facilitate Cre-mediated 

gene deletion in specific cell lineages. In our study, we bred STAT5ab
fl/fl mice with 

CD4cre mice, so that STAT5 was deleted as soon as T progenitor cells enter the DP 

stage (expression of both CD4 and CD8 co-receptors). Because Treg lineage 

commitment did not happen until positive selection, which occurred at the end of the 

DP stage, STAT5 should be deleted before Treg lineage commitment in most 

CD4CrexSTAT5abfl/fl mice. However, flow cytometry analyses still detected a 

substantial number of Foxp3+ Treg in CD4Cre x STAT5ab
fl/fl mice. One drawback of 

Cre mediated deletion is the leakiness of the Cre-loxP system. This can happen when 

the Cre transgene is silenced via epigenetic mechanisms during expression, thus 

preventing loxP site-directed gene deletion. To test this possibility, we examined the 

presence of p-STAT5 – an activated functional component of STAT5 by intracellular 
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STAT5 staining. In order to visualize p-STAT5 in both Tregs and conventional T 

cells, we stimulated these cells with high doses of IL-2 plus IL-7. I used high doses of 

IL-2 in this particular experiment to ensure the response of all Tregs, activated T cells, 

and memory T cells even if they only express the low affinity IL-2 receptor (consisting 

of the IL-2 receptor ! chain and # chain). IL-7 is mainly used to stimulate naïve T cells 

since they uniformly express the IL-7 receptor. Upon IL-2 and IL-7 stimulation, we 

observed that almost all of Tregs in the thymus and the spleen were p-STAT5 positive 

in both WT and CD4Cre x STAT5ab
fl/fl mice. Compared with that, only 10% and 4% of 

conventional T cells are p-STAT5 positive in the thymus and spleen of CD4Cre x 

STAT5ab
fl/fl mice, respectively. This finding suggests that only STAT5-competent Tregs 

can be selected during Treg development. In contrast, although the CD8 SP population 

was decreased in the absence of STAT5 during thymic development, only 18% of CD8 

T cells in the thymus of CD4Cre x STAT5ab
fl/fl mice were p-STAT5 positive, indicating 

that STAT5 was not essential for CD8 T cell development, but it is probably important 

for CD8 T cell survival. 

  

The critical role of STAT5 in Treg development raised the question of how STAT5 

regulates T cell development. In activated T cells, STAT5 activation leads to the 

transcription of several anti-apoptotic molecules, such as Bcl-2 and Bcl-XL. Therefore it 

is likely that a major function of STAT5 in Treg development is to provide a survival 

signal for Tregs. However, studies by Antov et al suggested that this was not sufficient 

(61). In their study, they bred Bcl-2 transgenic mice with IL-2-/- mice. Using CD25 as a 

Treg marker, they observed no restoration of Tregs in IL-2-/- x Bcl-2 Tg mice. Another 
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potential STAT5 target candidate gene is Foxp3. As shown in this chapter, Foxp3 

expression is tightly associated with STAT5 in several mouse models. Even in the 

absence of IL-2R#-mediated cytokine signaling, STAT5 can rescue Foxp3+ Treg 

development, suggesting that STAT5 is upstream of Foxp3. Indeed, several studies 

using either murine or human Tregs showed that STAT5 could bind to the Foxp3 

promoter (61) (62) (90). Whether STAT5 directly regulates Foxp3 gene transcription by 

itself or in combination with other transcription factors still remains to be elucidated.  

 

STAT5 activity is central to Treg development not only because it regulates Foxp3 gene 

transcription, but also because it facilitates CD25 expression. In STAT5ab "N/"N mice, 

as suggested in figure 2.3, CD25 expression in Foxp3+ Tregs was lower than in WT 

Tregs in both the thymus and the spleen. The disparate expression of CD25 and Foxp3 

is more pronounced in STAT5bCA x IL-2R!-/- mice, where most of Foxp3+ Tregs did 

not express CD25. In contrast, this difference was not seen in CD4Cre x STAT5ab
fl/fl 

mice, in which most of Tregs still express STAT5 protein. These data demonstrate that 

although an intact STAT5 gene is required for CD25 expression, STAT5 activation by 

itself is not enough to initiate a high level of CD25 expression. These results raise the 

question of why CD25 gene expression is regulated quite differently from Foxp3. 

Structural analysis of the CD25 gene indicates that there are three positive regulatory 

regions: PRRI, PRRII and PRRIII. Each region can be bound by multiple transcription 

factors. For example, PPRI binds to NF-kB, c-Rel and SRF (serum response factor), 

while PRRII bind to Elf-1, HMG-I (91, 92). Intermolecular interaction of proteins that 

binds to PRRI and PRRII are required to activate CD25 gene transcription. PRRIII (also 
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called IL-2 responsive enhancer, IL-2rE), on the other hand, functions as an enhancer 

to regulate CD25 gene transcription (93). Structural analysis suggests that this enhancer 

has two STAT5 binding sites, one Ets consensus motif and a binding site for GATA 

factors (57, 93). Multiple factors binding to this composite enhancer element are 

required for IL-2 mediated CD25 gene transcription activity. Lack of CD25 expression 

on Foxp3+ Tregs in STAT5bCA x IL-2R!-/- mice therefore is possible due to the lack of 

other essential transcription factors that can be induced by IL-2 signaling. An 

alternative explanation could be that the activity of this activated STAT5 transgene is 

not strong enough to induce a high level of CD25 expression in STAT5bCA x IL-2R!-/- 

mice when there is no IL-2 signal to further activate STAT5. This is probably the major 

reason why CD25 expression in the peripheral Tregs is significantly lower than the 

thymic Tregs in STAT5bCA x IL-2R!-/- mice. According to previous studies, the 

proximal lck promoter that was used to develop STAT5bCA mice is highly active in the 

thymus, but is shut down in the peripheral T cells. Although we detected STAT5bCA 

transgene expression in peripheral T cells (81), this level may be much lower than in the 

thymus due to the nature of the proximal lck promoter.  

 

Besides STAT5, Foxp3 could also regulate CD25 gene transcription. So far there are no 

direct studies to show that Foxp3 initiates CD25 gene transcription, but there are several 

pieces of evidence indicating that this may happen in Tregs. First, Tregs constitutively 

express a much higher level of CD25 compared to activated T cells, suggesting that this 

expression is regulated via some transcription factors specific to Tregs. The best 

candidate is Foxp3. Second, retroviral expression of Foxp3 in conventional T cells leads 
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to higher CD25 expression in these cells as shown by Hori et al (4). In their study, 

although conventional T cells were activated by TCR and IL-2 stimulation to facilitate 

transfection, CD25 expression in GFP+ transfected T cells was much higher than in 

activated but untransfected control cells. Furthermore, these authors observed that the 

higher the expression level of Foxp3, the higher CD25 expression was.  However, a 

recent study by Lin et al indicated that CD25 expression in Tregs did not require a 

functional Foxp3 protein. In this study, Foxp3 was replaced with a cassette containing a 

C-terminally truncated Foxp3 plus EGFP, and the resulting mice were designated as 

Foxp3"EGFP. Although Tregs from Foxp3"EGFP mice were not suppressive, as mice 

developed an autoimmune disease phenotype similar to scurfy mice, they still expressed 

several other Tregs markers, such as CD25, GITR and CTLA-4 (66).  

 

Expression of CD25 on Tregs may not only be important for their development in the 

thymus, but is clearly essential for their peripheral maintenance and function. In 

peripheral lymphoid organs, Tregs are mainly maintained by IL-2 signals. The 

permissive role of Foxp3 enhances CD25 expression on Tregs, allowing Tregs to 

respond to IL-2. Conversely, signals through IL-2 activate STAT5, which likely 

stabilizes Foxp3 expression in Tregs. In the absence of IL-2 signaling, although a few 

Foxp3+ Tregs can develop in the thymus as in IL-2R!-/- mice, they cannot survive or 

proliferate in the periphery. Consequently, they either die or readily lose Foxp3 

expression as seen in IL-2R!-/- mice, in which Foxp3+ Treg reduction is much higher in 

the periphery than in the thymus.  
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Although the STAT5bCA transgene expression restored Foxp3+ Treg development in 

STAT5bCA x IL-2R!-/- mice, it did not prevent autoimmune disease in these mice. This 

could be in part due to the lack of suppressor capability of Foxp3+ Tregs that usually 

requires IL-2 to activate them. Moreover, the more severe phenotype of STAT5bCA x 

IL-2R!-/- mice than IL-2R!-/- mice suggests that cell intrinsic mechanisms – normally 

enhanced lymphoproliferative properties of autoreactive T cells in the presence of 

STAT5bCA transgene, play a major role in autoimmune disease development in 

STAT5bCA x IL-2R!-/- mice. 

 

In summary, this study indicates that STAT5 activation, downstream of the IL-2R# 

signaling pathway, is critical for Treg development. Although the exact mechanism is 

still not well understood, it is possible that STAT5 regulates Treg development through 

several pathways: a. STAT5 directly regulates Foxp3 expression; b. STAT5 upregualtes 

CD25 expression, which then in turn stabilizes Foxp3 expression through IL-2; C. 

STAT5 upregulates Foxp3 expression, which then enhances CD25 expression and 

further stabilizes Foxp3 expression. None of these factors are redundant during Treg 

development, and they continue to function together to maintain Treg homeostasis and 

suppressive function in the periphery. 
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Chapter 3 . The STAT5, But Not SHC-Mediated Signaling Pathway, 

Downstream of IL-2R! Is Sufficient to Promote Regulatory T Cell Development 

 

3.1 Introduction 

 

Interleukin-2 (IL-2) is a key regulator for T cell activation and proliferation. It is mainly 

produced by activated T cells upon antigenic stimulation. IL-2 regulates immune 

responses by binding to its receptor (IL-2R), which consists of the % chain (CD25), the 

! chain (CD122) and the # chain (CD132) (94). The %, ! and # chain of the IL-2R are 

glycoproteins of 55kD, 70kD and 64kD, respectively. The % chain binds with IL-2 by 

itself to form a low affinity receptor, but no signal can be transduced by this receptor. 

The ! chain is the major signal transduction component of the IL-2 receptor. It can 

associate with the # chain to form an intermediate affinity IL-2 receptor, whereas the 

high affinity receptor of IL-2R is composed of all three subunits. The ! and # chains not 

only comprise the IL-2 receptor complex, but also are shared by the IL-15 receptor (95); 

likewise, the # chain is shared by IL-4, IL-7, IL-9, IL-15 and IL-21 receptors (96) (97) 

(98). The IL-2R# and ! chains are constitutively expressed on T cells, while the IL-2R% 

chain only expressed after antigenic stimulation.  

 

IL-2R mediated signaling starts with IL-2 dependent formation of the IL-2R%/!/# 

complex. The IL-2R! and # chains are constitutively associated with the tyrosine 

kinases Jack1 and Jak3, respectively. Juxtaposition of the IL-2R! and # chains allows 
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for trans-phosphorylation of these kinases on tyrosines within the activation loop of 

their kinase domains. Thus IL-2 mediated receptor oligomerization activates Jak1 and 

Jak3, which then phosphorylate tyrosines in the IL-2R# chain. The phosphorylated 

tyrosines recruit multiple signaling molecules including the adaptor molecule SHC and 

the transcription factor STAT5, which then lead to the activation of three major 

signaling pathways: the MAPK pathway, the Phosphoinositide 3-kinase (PI3K) 

pathway, and the JAK-STAT5 pathway (99) (100). These pathways are thought to 

function synergistically to promote cell proliferation and survival as well as maintain 

normal immune responses. 

 

Structural analysis indicates that the cytoplasmic domain of the IL-2R# chain contains 

three domains: a S-region (Serine-rich region), an A-region (Acidic region) and a H-

region (proline-rich region). The S-region is responsible for binding with the Jak1 

kinase (101). The A-region interacts with the Src family PTKs – p56lck and the adaptor 

molecule SHC (102). The H-region recruits specific STAT family of transcription 

factors, such as STAT5 and STAT3 (103). As mentioned above, tyrosines in the 

cytoplasmic domain of the IL-2R# chain are important for downstream signal 

transduction. For example, tyrosine 341 in the A-region activates both MAPK and PI3K 

pathways through the adaptor molecule SHC (104), which ultimately leads to the 

activation of Erk and Akt, respectively. Additionally, tyrosines 395 and 498 in the H-

region are responsible for activating STAT5 (54, 55). Activation of both MAPK and 

PI3K triggers the upregulation of several genes that are involved in cell cycle 

progression and cell survival, such as cyclin D1, cyclin D2, c-fos, Bcl-2 and Bcl-xL. 
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Although both MAPK and PI3K pathways can promote cell proliferation, the PI3K 

pathway, but not the MAPK pathway is essential for IL-2 mediated cell proliferation, 

which is mediated through the activation of E2F and p70s6k downstream of the PI3K 

pathway (105) (106). STAT5 activation, on the other side, leads to the upregulation of 

FasL and IL-2R% transcription and promotes cell proliferation (57, 58). Upregulation of 

IL-2R% allows autocrine proliferative responses in activated T cells, and FasL 

expression is required for IL-2 mediated AICD (activation-induced cell death) in 

activated T cells (88). It is noteworthy that although both PI3K and STAT5 signaling 

pathways are able to promote IL-2 mediated cell proliferation, PI3K does so by 

potentiating STAT5 function (105). In addition, basal level activation of STAT5 is 

required for the proliferative signals induced via the PI3K pathway (107). Therefore, 

these two signaling pathways synergistically promote T cell proliferation upon IL-2 

stimulation. 

 

Tregs express all three components of the IL-2 receptor, in which the % and the ! chains 

are constitutively expressed at high levels. The role of IL-2R# mediated signaling is 

implicated in Treg development, homeostasis and function. Among three major 

signaling pathways that are activated by IL-2R!, the STAT5 signaling pathway is the 

predominant pathway that promotes IL-2R! dependent Treg development and 

peripheral survival as discussed in Chapter 2. However, little is known about the role of 

SHC-mediated signaling pathways (PI3K and MAPK) in Treg development. Recent 

studies suggest that the PI3K pathway downstream of IL-2R! in Tregs is defective 
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because of over-expression of the negative regulator of the PI3K– PTEN (82) (108). 

This reduced PI3K activation renders Tregs unresponsive to TCR-induced cell 

proliferation, which has been shown to be important for Treg suppressor activity (82, 

109).  

 

Although I have demonstrated that STAT5 activation downstream of IL-2R! is 

important for Treg development in the previous chapter, I did not directly show that this 

STAT5 activation is specifically mediated via the IL-2 receptor. In order to further 

clarify the role of STAT5, as well as the SHC-mediated signaling pathway downstream 

of IL-2R! in Treg development, I made several mutant IL-2R# constructs: WT IL-2R!, 

IL-2R#-STAT5, IL-2R#-SHC and IL-2R!-"AH (figure 3.1). IL-2R#-STAT5 and IL-

2R#-SHC were able to activate the STAT5 or SHC signaling pathway, respectively, and 

WT IL-2R! and IL-2R#-"AH were constructed as a positive and negative control. The 

activation of each specific signaling pathway was tested in an IL-2R!-null cell line –

BAF-B03 cells. I subsequently used a retroviral transduction method to introduce these 

mutant IL-2R# chains into the IL-2R# deficient BM (bone marrow) cells. By making 

BM chimeric mice, I examined the role of each signaling pathway in Treg development 

in vivo. My results demonstrated that STAT5 activation downstream of the IL-2 

receptor was sufficient for Treg development, but that the SHC mediated signaling 

pathway was not required for Treg development. In addition, I found that although the 

SHC-mediated signaling pathway was not required for Treg development, it might be 

involved in maintaining the naïve phenotype of T cells. These studies further 
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corroborate our findings as shown in Chapter 2 with regard to the essential role of IL-

2R! in Treg development. 

3.2 Materials and Methods 

 

Mice 

 

IL-2R!-/- mice were purchased from the Jackson Laboratory and maintained in our 

breeding colony. Rag2-/- mice were obtained from Taconic Farms. The mice used were 

from 6-8 weeks old unless otherwise noted. All the mice were maintained in specific 

pathogen free animal facilities at the University of Minnesota under Institutional 

Animal Care and Use Committee guidelines. 

 

Plasmid construction and retroviral bone marrow chimeras 

 

The murine WT IL-2R! cDNA was used as a template to generate 
WT IL-2R!, IL-2R!-

SHC, IL-2R!-STAT5 and IL-2R!-AH constructs. In brief, the IL-2R!-$AH
 construct 

encodes for a receptor that is truncated after serine-326. The IL-2R!-STAT5 construct 

was made by overlap extension PCR and encodes a chimeric receptor consisting of the 

IL-2R!-$AH construct fused to a sequence encoding the distal aa 494–505. The IL-2R!-

SHC construct was made by fusing a truncated form of SHC (which lacks of the PTB 

domain) to the c-terminus of IL-2R!-$AH. WT IL-2R!, IL-2R!-STAT5, IL-2R!-SHC 

and IL-2R!-$AH
 cDNAs were cloned into a modified pMIGR retroviral vector and 
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retroviral particles were produced using 293T cells and a replication-deficient helper 

virus. Four-week-old IL-2R!-/- donor mice were treated with 5-fluorouracil to enrich for 

proliferating hemopoietic stem cells, and 4 days post-treatment bone marrow was 

harvested from donor mice. High titer viral supernatants were used to infect donor bone 

marrow with WT IL-2R!, IL-2R!-STAT5, IL-2R!-SHC and IL-2R!-$AH
 constructs. 

Following retroviral transduction, donor bone marrow was introduced into sub-lethally 

irradiated rag2-/- recipient mice (650 rads). Eight weeks after reconstitution, thymii and 

spleens were harvested from recipient mice and analyzed by flow cytometry. 

 

Cell culture 

 

BAF-B03 cells were kindly provided by Dr. Yufang Shi (The George Washington 

University, Washington D.C) and maintained in complete RPMI 1640 (10% FBS, 2mM 

L-glutamine, 25mM HEPES, 50U/ml penicillin, 50 ug/ml streptomycin, 25mM 2-ME, 

and 10% IL-3 containing Wehi media). Several mutant IL-2R#-containing plasmid 

DNA was introduced into the cells by retroviral transduction. Transfected cells were 

confirmed by FACS staining with the antibodies to human IFNGR (CD119) and murine 

IL-2R# (CD122), and further purified using AutoMACS column by both antibodies.   

 

MTT assay 
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Transfected BAF-B03 cells were staved in Wehi (containing IL-3)-free media for 6 

hours. 5x104 cells were then plated in a 96 well plate with either 100U/ml IL-2, 10% 

Wehi or control media for a total volume of 100ul/each. After culturing for 16-18 hours, 

10ul of MTT reagents (R&D system, Minneapolis, MN) were added into each well. The 

plate was checked every 10-20 minutes under a microscope to look for the 

crystallization inside the cells. After about 2 hours when purple crystals were fully 

developed inside the cells, 100µl of detergent solution were then added into the plate 

according to the manufacture’s instruction. After incubation overnight at dark, the plate 

was read at 570nm in a plate reader (BioTek Instruments INC.). 

 

Western blots 

 

Cytoplasmic extracts of transfected BAF-B03 cells were prepared by lysing cells with 

the lysis buffer (1% Triton X-100, 150mM NaCl, 10mM Tris-HCl, 1mM EDTA, 

1mMEGTA, 0.2mM Na-Orthovandate, 0.5% NP-40, plus Aprotinin, Leupeptin, 

Pepstatin and PMSF). The cell lysates were separated by running through a 10% Tris-

HCl gel, then transferred to a PVDF membrane. The antibody to the C-terminus of SHC 

(1:2000 dilution, Cat # 06-203,Upstate, Lake Placid, NY) was used to immunoblot the 

membrane overnight at 4°C. The next day, the blot was incubated with the goat anti-

rabbit Alexa 680 secondary antibody (1:5000 dilution, Molecular Probes, Eugene, 

Oregon) at room temperature for one hour. The blot was scanned using Odyssey 

Infrared Imaging System (LI-COR Biosciences, Lincoln, Nebraska). 
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FACS Analysis 

 

Spleen, thymus and lymph nodes were harvested and single cell suspensions were 

generated by disruption with ground glass slides. Before staining, red blood cells were 

removed from spleen preparations by ACK lysis buffer. After cell preparation, 2x 106 

cells were suspended in 50ul staining buffer (Balance salt solution supplemented with 

2% heat-inactivated FBS) for staining. Fc-blocker (2.4G2, generated in house) was 

added in cells suspension for 10 minutes following by surface antibodies for additional 

20 minutes. Antibodies for the following surface markers were purchased from the 

eBioscience: CD4 (L3T4), CD8 (Ly-2), CD25 (PC61), CD62L (MEL-14), CD69 

(H1.2F3), CD44 (IM7). Expression of cell markers was analyzed on a LSRII flow 

cytometer (BD Biosciences). Analysis of flow cytometry data was conducted using the 

FlowJo software (Tree Star).  

 

The intracellular Foxp3 staining protocol was described in Chapter 2. Briefly, following 

the surface staining, samples for intracellular Foxp3 staining were fixed and 

permeabilized according to the manufacture’s instruction (Foxp3 staining kit, 

eBioscience). The next day, cells were washed and stained with anti-mouse Foxp3 

(FJK-16s) for 30 minutes. After staining, cells were washed twice with 1x perm buffer 

and resuspended in 300µl of FACS buffer for analysis. 

 

P-STAT5 and P-Erk intracellular staining 
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For intracellular p-STAT5 staining, cells were stimulated with 50U/ml IL-2 (NIH 

provided) for 30 minutes after surface staining. For intracellular p-Erk staining, cells 

were stimulated with 50U/ml IL-2 for 10 minutes. Cells then fixed with formaldehyde-

containing reagent (Cat#GAS001S, Caltag laboratories, Burlingame, CA) for 15 

minutes at 37°C, and permeabilized with 1ml of 100% ice-cold methanol overnight at 

4°C. The next day, cells were washed 3 times with staining buffer and then stained with 

PE conjugated p-STAT5 or p-Erk antibody (BD Biosciences, San Jose, CA) for 60 

minutes in the dark. After staining, cells were then washed twice with FACS buffer and 

resuspended in 300ul of FACS buffer for analysis. 

 

p-Akt intracellular staining 

 

Transfeced BAF-B03 cells were starved in Wehi-free media for 6 hours, then stimulated 

with 100U/ml of IL-2 (NIH provided) 30 minutes. For some samples, the PI3K inhibitor 

LY294002 (Cell Signaling, Danvers, MA) was added at 50uM for 60 minutes before 

IL-2 stimulation. Cells were then fixed and permeabilized with the IntraPrep 

Permeabilization Reagent (Cat# IM2388, Beckman Coulter) overnight according to the 

manufacturer’s instruction. The next day, cells were washed 3 times with staining buffer 

and then stained with Alexa 647 conjugated p-Akt antibody (#2337, Cell Signaling, 

Danvers, MA) for 60 minutes in the dark. After staining, cells were then washed twice 

with FACS buffer and resuspended in 300ul of FACS buffer for analysis. 
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3.3 Results 

 

Clone mutant IL-2R! constructs 

 

To examine the role of STAT5 and SHC-mediated signaling pathways in Treg 

development, I made several mutant IL-2R# constructs, namely WT IL-2R#, IL-2R#-

STAT5, IL-2R#-SHC, and IL-2R#-"AH. The IL-2R#-STAT5 and IL-2R#-SHC 

constructs can activate STAT5 and MAPK/PI3K pathways, respectively. The WT IL-

2R#, as a positive control, activates all three major signaling pathways. In contrast, IL-

2R#-"AH receptor serves as a negative control, though it still can associate with Jak1 

because of the presence of the S-region (figure 3.1.A). The cloning strategy of IL-2R#-

SHC and IL-2R#-STAT5 constructs were based on previous work by Moon et al (105) 

(104), in which they constructed several mutant human IL-2R! receptors to dissect IL-

2R! mediated signaling pathways. In our case, we constructed murine IL-2R! mutant 

receptors instead. Specifically, the IL-2R!-SHC construct was made by fusing SHC (in 

the absence of its phospho-tyrosine binding domain) to the carboxyl terminus of the 

JAK1-binding region in IL-2R!. Similar to that, the IL-2R#-STAT5 construct was 

made by fusing a 14-Amino acid fragment in the distal H-region of IL-2R!, which 

contains tyrosine 498, to the carboxy-terminus of the JAK1-binding site. The IL-2R!-

"AH construct contained only the JAK1-binding region (S-region), which allowed the 

binding of Jak1 to the IL-2R! chain. These constructs were then cloned into the 

retroviral vector — MigRII directed by XhoI and NotI restriction sites. The MigRII  
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Figure 3.1. Clone Mutant IL-2R! Constructs. A. Schematic representation of IL-

2R! constructs. Y: tyrosine. B. Schematic representation of the retroviral MigR vector. 

Different IL-2R! mutant constructs are cloned in the polylinker directed by XhoI and 

NotI. Expression of the mutant construct is detected by hIFNGR (human IFN-# 

receptor, CD119). 
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retroviral vector was modified from MSCV2.2 (110), and it has hIFNGR (CD119) as 

the expression marker. Expression of IL-2R! mutant constructs and hIFNGR are driven 

by the viral LTR (figure 3.1.B). 

 

Expression of the mutant IL-2R! constructs 

 

Using a retroviral transduction system, we expressed the WT and the mutant IL-2R# 

constructs in a pro-B cell line — BAF-B03 cells. BAF-B03 cells are derived from 

Balb/C mice, they express the IL-2R% and # chain, but not the ! chain. This feature 

allows us to study the role of each signaling pathway downstream of IL-2R! by 

transfecting cells with the mutant IL-2R# constructs. Under normal circumstance, the 

growth of BAF-B03 cells is IL-3 dependent. The downstream IL-3 signaling pathways 

include PI3K, MAPK and STAT5, therefore the stimulation with IL-3 provides a good 

positive control for the activation of each signaling pathway. After retroviral 

transduction, we purified the positive cells according to the expression of IL-2R# 

(CD122) (figure 3.2.A). In order to increase the sensitivity of the transfected cells’ 

response to IL-2, we also purified CD25high population from the transfected cells, thus 

these cells only possessed the high affinity IL-2 receptor (figure 3.2.B).  

 

The expression of IL-2R!-SHC protein was examined by western blotting. Using a 

SHC N-terminus specific antibody, we detected two endogenous SHC proteins: P46 and
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Figure 3.2



 84 

Figure 3.2. Expression of The Mutant IL-2R! Constructs. A. BAF-B03 cells were 

transfected with different mutant IL-2R! constucts. Transfected cells were sorted by 

expression of both CD122 (IL-2R!, top panel) and CD25 (IL-2R%, bottom panel). 

White histogram: transfected and sorted cells. Gray shades histogram: Non-transfected 

cells. B. Westen blot to detect expression of IL-2R!-SHC protein using cell lysates 

from WT IL-2R!, IL-2R!-SHC and IL-2R!-STAT5 transfected BAF-B03 cells. The 

blot was incubated with an antibody specific to the C-terminus of the SHC protein. 
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P52 isoforms in WT IL-2R!, IL-2R!-SHC and IL-2R!-STAT5 transfected cells. 

However, IL-2R!-SHC protein was only seen in IL-2R!-SHC transfected cells with the 

expected size at about 80kd. Noticeably, there was another IL-2R!-SHC protein present 

at about 100kd in IL-2R!-SHC transfected cells, possibly due to differential 

glycosylation (figure 3.2.C). 

 

The function of the mutant IL-2R! constructs 

 

One major function of the IL-2R# mediated signaling is to initiate cell proliferation. It 

has been shown that both STAT5 and SHC-mediated signaling pathways are able to 

promote cell proliferation, therefore we tested the function of each mutant construct 

using the MTT proliferation assay. As expected, WT IL-2R!, IL-2R#-SHC and IL-2R#-

STAT5, but not IL-2R#-JAK transfected cells, were able to proliferate in response to 

IL-2. IL-2 stimulated proliferation in WT IL-2R# transfected BAF-B03 cells was about 

80% of that observed when stimulating these cells with Wehi media (IL-3 control). In 

contrast, IL-2R#-SHC mediated cell proliferation after IL-2 stimulation was only about 

30% of the level obtained following Wehi stimulation, and IL-2R#-STAT5 was about 

60% of that level (figure 3.3). The reduced ability to induce proliferation in both IL-

2R#-SHC and IL-2R#-STAT5 transfected cells suggested that both STAT5 and SHC-

mediated signaling pathways were needed for optimal induction of IL-2R! mediated 

cell proliferation. This correlates well with previous studies which suggested that both 

STAT5 and SHC activation were necessary for IL-2 induced cell proliferation (105). 
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To further confirm that the proliferation of the transfected cells was IL-2 dependent, 

we carried out a dose-response proliferation assay (3.4). Upon IL-2 stimulation, as 

expected, WT IL-2R# transfected cells proliferated at the highest rate in response to the 

highest dose of 800U/ml IL-2; the proliferation rate gradually went down as the IL-2 

dose decreased and reached basal levels when the dosage was below 0.01U/ml. Thus 

the WT IL-2R# transfected BAF-B03 cells could proliferate even when the IL-2 dosage  

was as low as 0.05U/ml. In contrast, IL-2R#-SHC and IL-2R#-STAT5 transfected cells 

could proliferate in response to high doses of IL-2 compared to non-stimulated control, 

albeit less efficiently than WT IL-2R# transfected cells. As the IL-2 dose decreased, 

both of these cell lines had reduced proliferation rates that eventually reached basal 

levels when the IL-2 dose was lower than 0.1U/ml. Conversely, IL-2R#-"AH 

transfected BAF-B03 cells could not response to any dose of IL-2, suggesting a 

complete defect in IL-2R! signal transduction in these cells (figure 3.4).  

 

Activation of the MAPK, PI3K and STAT5 signaling pathways results in the 

phosphorylation of Akt, Erk and STAT5, respectively. To confirm the signaling 

pathways induced by each mutant construct, we carried out intracellular staining for p-

STAT5 and p-Erk, which represented the activation of the STAT5 and MAPK pathway, 

respectively. After Wehi (IL-3) stimulation, both p-STAT5 and p-Erk were present in 

each of the mutant IL-2R! transduced cells, suggesting that STAT5 and MAPK 

pathways were well preserved in these cells. As expected, after IL-2 stimulation, p-

STAT5 could be detected in WT IL-2R! or IL-2R#-STAT5, but not in IL-2R#-SHC or 
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Figure 3.3
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Figure 3.3. IL-2R!-STAT5 and IL-2Rb-SHC Constructs Are Able to Mediated 

IL-2 Dependent Cell Proliferation. Transfected BAF-B03 cells were either non-

stimulated or stimulated with 10% Wehi or 100U/ml IL-2 for 16-18 hours in triplicates 

in a 96 well plate before adding MTT reagents to develop color. The readings from 

Non-stimuated (white) and IL-2 stimulated (black) samples were then normalized to the 

readings from the Wehi-stimulated samples and ploted on the graph. Data are 

representative of three separate experiments. Error bar is SEM and caculated from the 

triplicates of each conditon, and P-value is caculated by a two-tailed student’s T test. 
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 Figure 3.4

WT IL-2R! 

IL-2R!-SHC 

IL-2R!-STAT5 

IL-2R!-"AH 
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Figure 3.4. Dose Response Proliferation Assay. Different IL-2R! mutant construct 

transfected cells were stimulated with different concentration of IL-2 in a 96 well plate 

for 16-18 hours. MTT reagents were then added to develop color. Data are 

representative of two separate experiments. 
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Figure 3.5
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Figure 3.5. Activation of STAT5 and MAPK Pathways in Mutant IL-2R!  

Transfected BAF-B03 Cells. WT IL-2R!, IL-2R!-SHC, IL-2R!-STAT5 and IL-2R!-

"AH transfeceted BAF-B03 cells were either non-stimulated or stimulated with 10% 

Wehi or 50U/ml IL-2 for 30 minutes to activate STAT5 or 10 minutes to activate Erk. 

Cells were then fixed and permeablized overnight, then stained with antibodies to p-

STAT5 (Top panel) or p-Erk (bottom panel). Data are representative of three separate 

experiments.
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Figure 3.6
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Figure 3.6. Activation of Akt in WT IL-2R!  Transfected BAF-B03 Cells. Jurkat 

cells and WT IL-2R! Transfected BAF-B03 cells were either treated with LY294002 or 

control media for 60 minute, then 100U/ml IL-2 was only added into WT IL-2R! 

transfected cells for 30 minutes. Both Jurkat cells or IL-2 stiulated BAF-B03 cells were 

then fixed and permeablized overnight. Expression of p-Akt were detected using a p-

Akt antibody. MFI: mean flurescence intensity. The data are representative of three 

separated experiments. 
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IL-2R!-"AH transfected BAF-B03 cells. Most importantly, a similar level of p-

STAT5 was observed in both WT IL-2R! and IL-2R!-STAT5 transfected cells, 

indicating that the IL-2R!-STAT5 construct was fully able to activate STAT5 to the 

same level as that observed by the WT IL-2R! construct although it only contained 

tyrosine 498 (figure 3.5.A. top panel). Using the same method, we detected p-Erk in 

WT IL-2R! and IL-2R#-SHC, but not in IL-2R#-STAT5 and IL-2R#-"AH transfected 

cells (figure 3.5, bottom panel) after IL-2 stimulation. To test the activation of PI3K 

signaling pathway, we performed multiple analyses to detect p-Akt after IL-2 

stimulation, including western blot (not shown) and intracellular staining (figure 3.6). 

However, we detected high basal level of p-Akt throughout the experiments, and it 

could not be inhibited by the PI3K inhibitor-LY294002. This suggested that BAF-B03 

cells in our hands had high basal level of p-Akt that was not regulated by PI3K activity. 

Collectively, our data confirmed that IL-2R#-SHC construct activated the MAPK 

pathway, but not the STAT5 pathway. Conversely, the IL-2R#-STAT5 construct 

activated the STAT5, but not the MAPK pathway. As a control, WT IL-2R# activated 

both STAT5 and MAPK pathways, while IL-2R#-"AH could not activate any of these 

two signaling pathways. Although we did not successfully show that WT IL-2R! or IL-

2R!-SHC activated PI3K pathway, we believed that they were able to activate this 

signaling pathway based on the studies by Moon et al and our proliferation data in 

figure 3.3 and 3.4. 

 

Development of Tregs in bone marrow chimeric mice 
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Since Tregs are generated from BM progenitor cells after they migrate to the thymus, 

I specifically examined Treg development by making BM chimeras in which I 

expressed different mutant IL-2R! constructs in IL-2R!-/- bone marrow hematopoietic 

stem cells. Using a retroviral transduction system, I reconstituted BM cells from 4 

weeks old IL-2R!-/- mice with the WT IL-2R!, IL-2R#-SHC, IL-2R#-STAT5 or IL-

2R#-"AH constructs separately. Subsequently, the transfected BM cells were 

intravenously injected into the sublethally irradiated Rag2-/- mice. The development of 

Tregs was examined 8-9 weeks after BM transplantation.  

 

The successful engraftment of BM cells in Rag2-/- mice was demonstrated by the 

presence of both CD4 and CD8 T cells in the thymus and the spleen (figure 3.7.A). 

Although each mutant IL-2R! construct mediated a distinct panel of signaling events, it 

did not significantly affect the development of CD4 and CD8 lineage T cells. For 

examples, as shown in figure 3.7.A, the CD4/CD8 profiles in the thymi and spleens of 

WT IL-2R!, IL-2R!-STAT5, IL-2R!-SHC or IL-2R!-"AH chimeras were comparable. 

Importantly, CD4 T cells from WT IL-2R!, IL-2R!-STAT5, IL-2R!-SHC or IL-2R!-

"AH chimeras expressed hIFNGR— a marker for the retroviral vector MigRII (figure 

3.7.B). Consistent with this observation, expression of mutant IL-2R! constructs was 

detected on the T cells in these BM chimeric mice by the anti-CD122 antibody (data not 

shown). These findings indicated that mutant IL-2R! constructs were successfully 

expressed in transduced IL-2R!-/- BM cells, therefore giving rise to the CD4 and CD8 

lineage in BM chimeric mice.  
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Next, we examined Treg development in the thymi of these BM chimeras. As 

expected, the WT IL-2R! construct restored a Treg population when using CD25 or 

Foxp3 as a Treg surrogate marker. The percentage of the thymic Tregs in total CD4 T 

cells of WT IL-2R! chimeras was about 7%, which is comparable or even a little higher 

than the normal range (3-5%). Strikingly, the IL-2R#-STAT5 construct was fully able to 

restore a thymic Treg population to the same level as in WT IL-2R! BM chimeric mice 

(figure 3.7.A). In the thymus of WT IL-2R! or IL-2R!-STAT5 mice, expression of 

CD25 in Tregs is tightly associated with Foxp3 since over 80% of CD25+ T cells in 

CD4+ SP were Foxp3+. In contrast, there were almost no Foxp3+ or CD25+ Tregs in the 

thymus of IL-2R#-SHC or IL-2R#-"AH chimeras (figure 3.8.A). Similar to the results 

in the thymus, we observed Treg populations in the spleens of WT IL-2R! and IL-2R!-

STAT5 chimeric mice. The percentage of Tregs was about 7% or 9% in total CD4 T 

cells when using CD25 or Foxp3 as a marker, respectively. In addition, the majority of 

these CD25+ Tregs express Foxp3 (figure 3.8.B) – a feature that was seen in thymic 

Tregs. Although the phenotype of the Tregs in WT IL-2R! or IL-2R!-STAT5 BM 

chimeric mice closely resembled the Tregs that developed in regular mice, we did not 

know if they were functionally suppressive. Due to technical difficulties, we could not 

perform suppression assays to test the function of these Tregs. In order to overcome this 

problem, I examined the activation status of the conventional T cells in these BM 

chimeric mice. If Tregs were functionally suppressive in vivo, they should maintain 

normal peripheral tolerance, thus preventing the activation of conventional T cells. In 

the thymus, most of the CD4+ SP T cells in WT IL-2R!, IL-2R!-STAT5, IL-2R!-SHC, 
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or IL-2R!-"AH chimeric mice were CD62Lhigh, as expected for newly generated 

naïve T cells in the thymus. Likewise, in the spleen, the restoration of Tregs in WT IL-

2R# and IL-2R#-STAT5 chimeras was associated with recovery of the naïve phenotype 

in about 50% of CD4+ T cells. In contrast, naïve T cells in IL-2R!-"AH chimeric mice 

were greatly reduced, although there were relatively more naïve T cells in IL-2R!-SHC 

chimeric mice (figure 3.9). Similar results were obtained by using CD69 or CD44 as a T 

cell activation marker (data not shown). Hence, STAT5 activation downstream of the 

IL-2R! is sufficient to restore the Treg population and therefore maintain the naïve 

phenotype of the conventional T cells, and SHC-mediated signaling events are not 

needed for Treg development or peripheral homeostasis.  

 

3.4 Discussion 

 

My studies in Chapter 2 had already demonstrated that in the absence of STAT5, Treg 

development was impaired. Conversely, in STAT5bCA mice, there are increased 

numbers of Tregs in both the thymus and the spleen. Subsequently, introducing a 

STAT5bCA transgene into IL-2R!-/- mice restored the Treg development. These data 

collectively implied that STAT5 was downstream of IL-2 to promote Treg 

development, and that the decrease of the Treg population in IL-2R! knockout mice 

was due to a defect in STAT5 activation. However, the direct link between IL-2 

stimulated STAT5 activation in Treg development was still not well demonstrated given 

that STAT5 can be activated by multiple cytokines. To answer this question, I made a 
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Figure 3.7 
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Figure 3.7. Development of CD4 And CD8 T Cells in Bone Marrow Chimeric 

Mice. A. Flow cytometry to detect development of CD4 and CD8 T cells in the thymus 

and the spleen of WT IL-2R!, IL-2R!-SHC, IL-2R!-STAT5 and IL-2R!-"AH 

reconstituted BM chimeras. B. Expression of hIFNGR in WT IL-2R!, IL-2R!-SHC, IL-

2R!-STAT5 and IL-2R!-"AH reconstituted BM chimeras. Shown are CD4+ T cells in 

the spleen of BM Chimeras (white histogram) compared with the CD4+ T cells from 

unmanipulated IL-2R!-/- mice (shaded histogram). Data are representative of three 

independent mice per group.
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Figure 3.8



 102 

Figure 3.8. Foxp3
+
 Tregs Develop in WT IL-2R!  and IL-2R!-STAT5 

transfected BM Chimeric Mice. Flow cytometry to detect Treg populations in WT IL-

2R!, IL-2R!-SHC, IL-2R!-STAT5 and IL-2R!-"AH reconstituted BM chimeras in the 

thymus (A) and spleen (B) by expression of CD25 and Foxp3. Top panels of A and B: 

shown are gated CD4+ SP thymocytes or splenocytes. Bottom panels of A and B: 

expression of Foxp3 in gated CD25+CD4+ T cells from WT IL-2R! and IL-2R!-STAT5 

reconstituted BM chimeras that are shown in top panel of A and B. Data are 

representative of three independent recipient mice per group
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Figure 3.9
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Figure 3.9. Activation Status of CD4
+
 T cells in the spleen of WT IL-2R! , IL-

2R!-SHC, IL-2R!-STAT5 and IL-2R!-"AH reconstituted BM chimeras. Shown 

are CD4+ T cells in the thymus (top) and spleen (bottom). Data are representative of 

three independent recipient mice per group.



 105 

panel of IL-2R! mutant constructs that selectively activated distinct signaling 

pathways downstream of IL-2R! chain. It was shown previously that a mutant hIL-2R! 

construct made by covalently fusing SHC to the carboxyl-terminal of JAK1 binding 

region (S-region) of the human IL-2R! chain would activate PI3K and MAPK 

pathways, and another similar construct containing the S-region and tyrosine 510 of 

hIL-2R! chain was fully capable of inducing only STAT5 activation (105). I performed 

a similar cloning strategy in this study to make murine IL-2R# constructs instead of the 

human counterpart. The mutant IL-2R# constructs I made included IL-2R#-SHC, IL-

2R#-STAT5 and IL-2R#-"AH, which activated SHC mediated pathway (PI3K and 

MAPK) and STAT5 pathway respectively for the first two receptors, and neither of 

these pathways for the last mutant receptor.  As a control, I also made a WT IL-2R# 

construct, which was fully capable of activating all the signaling pathways downstream 

of IL-2. 

 

The biochemistry studies using retroviral transduction of BAF-B03 cells with each 

mutant IL-2R! construct demonstrated that these mutant IL-2R! chains were 

functionally competent to specifically activate the MAPK or/and STAT5 signaling 

pathways as they were designed to be. Although we failed to show increased p-Akt after 

IL-2 stimulation as an indicator for the activation of the PI3K pathway in WT IL-2R# or 

IL-2R# -SHC transfected BAF-B03 cells, it is unlikely that PI3K signaling pathway was 

defective in our WT IL-2R# and IL-2R#-SHC constructs for two reasons: (i) The 

human version of the IL-2R#-SHC construct that was constructed by Moon and 
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colleagues was fully capable of activating the PI3K pathway in CTLL-2 cells. (ii) 

One function of the PI3K signaling pathway downstream of IL-2R! is to promote cell 

proliferation, while the MAPK pathway is dispensable for this function. This has been 

shown by several studies that PI3K, but not MAPK, activation plays an essential role in 

regulating SHC-mediated pro-mitogenic gene expression, such as c-myc, cyclin D2, 

cyclin D3, cyclin E etc. Consistent with these studies, our study using an MTT assay 

has demonstrated that the IL-2R#-SHC construct is able to promote BAF-B03 cell 

proliferation upon IL-2 stimulation, suggesting that PI3K activation is competent in our 

IL-2R#-SHC mutant construct.  

 

IL-2 induced cell proliferation is mediated by both STAT5 and SHC mediated signaling 

pathways. This was shown in the MTT proliferation assay that transfected cells had a 

reduced proliferation rate when either of these two signaling pathways was blocked. 

However, STAT5 is more essential in regulating IL-2 mediated cell proliferation 

because it can promote cell proliferation more efficiently than SHC-mediated signaling 

pathways.  This corroborates previous conclusions that the PI3K pathway potentiates 

STAT5-induced cell proliferation downstream of IL-2.  

 

In this study, we showed that STAT5 activation downstream of IL-2R! was sufficient 

for Treg development. Additional Foxp3 intracellular staining data corroborated our 

conclusion. These results, together with previous work which showed that peripheral 

Tregs had a defective PI3K signaling pathway upon IL-2 stimulation (82), suggest that 
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SHC-mediated signaling pathways are not essential for IL-2R! mediated Treg 

development or homeostasis. The defective PI3K pathway downstream of IL-2R! in 

Tregs is due to overexpression of a PI3K negative regulator — PTEN (82) (108). Over-

expression of PTEN renders Tregs unresponsive to IL-2 mediated proliferation in vitro. 

This raises the question of what is the physiological role of PTEN in Tregs? Although 

the PI3K pathway is defective upon IL-2 stimulation in Tregs, it can be activated 

through anti-CD3 plus anti-CD28 stimulation. This feature of Tregs explains the early 

conundrum that Tregs could not proliferate in vitro upon IL-2 stimulation, but they were 

able to proliferate in vivo where both IL-2 and TCR/CD28 signals are present. Because 

Tregs express the high affinity IL-2 receptor that allows them respond to a low level of 

IL-2, it is likely that over-expression of PTEN in Tregs limits the proliferation of these 

immune suppressive cells only at inflammation sites, therefore preventing unwanted 

Treg expansion. Indeed, T cell specific PTEN knockout mice displayed T cell 

lymphoma (108) (111). Although the disease is mainly due to enhanced cell 

proliferation, activation, and decreased apoptosis, the hyper-responsiveness of Tregs to 

IL-2 could also contribute to tumor progression by consuming the available IL-2, 

therefore limiting the normal immune response to the tumor. Another possible role of 

PTEN in Tregs is that PTEN regulates Treg suppressor function via inhibiting Akt 

activity, i.e, the reduced activation of Akt is required for Treg suppressive function. 

Consistent to this idea, a recent study suggested that human Tregs had reduced capacity 

to activate Akt following CD3/CD28 stimulation, while Erk activation was equivalent 

to conventional T cells. This reduced activation of Akt is tightly associated with Treg 
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suppressor function because retroviral expression of an inducible Akt completely 

abrogated Treg suppressor activity (109).  

 

Although both IL-2R#-SHC and IL-2R#-"AH were not required for the development of 

Tregs, the IL-2R#-SHC construct could partially maintain the phenotype of naïve T 

cells. This was shown by the observation that CD62Lhigh naïve CD4 T cells in IL-2R#-

SHC chimeric mice were still present at a fairly high frequency (33%). Compared with 

that, IL-2R#-"AH chimeric mice had only 5% of naïve CD4 T cells based on CD62L 

expression. This was unexpected because Tregs were absent in both types of mice. It is 

possible that SHC-mediated signaling is able to prevent T cell activation, possibly 

through the PI3K signaling pathway. This speculation is based on the studies from the 

mice that were genetically deficient of the PI3K subunits. For example, mice deficient 

of the P85 regulatory subunit developed severe autoimmune disease, and T cell-specific 

knockout mice for pik3r1 gene (encodes p85a, p55a, and p50a – isotypes of p85 

subunit) in p85! deficient background exhibited autoimmunity resembling human 

SjÖgren’s syndrome (112) (113). How PI3K signaling pathway downstream of IL-2R! 

regulates T cell activation and maintains a naïve T cell phenotype is still not well 

understood.  

 

Although Tregs could develop in WT IL-2R! and IL-2R!-STAT5 chimeric mice, it is 

still unknown whether these Treg-like cells have suppressor function. Our data 

suggested that these Tregs function properly based on several findings. First, 
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phenotypically these Tregs resemble the Tregs from regular mice by expressing 

Foxp3 and the high level of CD25. Importantly, expression of CD25 was tightly 

associated with Foxp3 in both the thymus and the periphery, indicating that these Tregs 

can consume IL-2 even at a low level. This is one of the mechanisms by which Tregs 

exert their suppressor function. Secondly, a substantial percentage of the CD4 T cells in 

WT IL-2R! or IL-2R!-STAT5 chimeric mice were able to maintain a naïve phenotype 

when Tregs were present. In contrast, in IL-2R!-SHC and IL-2R!-"AH chimeric mice, 

when Tregs were absent, a much smaller percentage of CD4 T cells were activated. This 

indicates that these Tregs are functionally suppressive in vivo to maintain normal 

peripheral tolerance. The data presented in this chapter corroborates my conclusion in 

Chapter 2 that the STAT5 signaling pathway downstream of IL-2R! is essential for 

Treg development.
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Chapter 4 . Molecular Events Downstream of The TCR/CD28 and The IL-

2R!-Mediated Cytokine Signaling Sequentially Govern Natural Regulatory T Cell 

Development  

 

4.1 Introduction 

 

Treg development is governed by three major signaling events: the TCR/CD28 

signaling pathway, the IL-2R# mediated cytokine pathway and the Foxp3 mediated 

signaling pathway. The first two signaling pathways are decisive in Treg lineage 

commitment and the last — the Foxp3 signaling pathway is responsible for tuning 

Treg’s phenotype and suppressive function. Specifically, the TCR/CD28 and the IL-

2R# mediated signaling pathways are the early signaling events that initiate Treg 

programming as well as upregulate Foxp3 expression. Once successfully expressed, 

Foxp3 completes the Treg developmental process by further reinforcing expression of 

several Treg specific cell surface molecules and most importantly, endowing Tregs with 

the suppressive function. The roles of TCR/CD28 and IL-2R# mediated cytokine 

signaling in early Treg lineage commitment and Foxp3 expression are based on several 

observations: (i) Foxp3 is turned on typically in single CD4+ T cells when TCR-

mediated positive and negative selection are already completed, suggesting that Foxp3 

induction occurs at a late stage of Treg development. (ii) It has been shown that STAT5, 

mainly turned on via IL-2R# mediated signaling pathway, promotes Foxp3 expression 

by regulating Foxp3 promoter activity (16, 62). (iii) When Foxp3 is replaced with a 
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nonfunctional fusion allele — Foxp3"EGFP, the GFP+ cells that developed in the 

Foxp3"EGFP mice phenotypically resembled Tregs as demonstrated by expression of 

high levels of CD25, GITR and CTLA-4, etc, but they lacked suppressive function. This 

indicates that Treg precursor cells develop normally in the absence of Foxp3, whereas 

Foxp3 is required for Treg effector function (66).  

 

Although both TCR/CD28 and IL-2R# mediated signaling are required for Treg 

development, it is still unclear how TCR/CD28 signals cooperate with IL-2R#-mediated 

cytokine signals in shaping Treg development, or any other factors involved in this 

process. Recently, it has been shown that several molecules downstream of TCR/CD28 

signaling can cooperate with Foxp3 to initiate Foxp3-dependent gene regulation. For 

example, both NFAT and NF-&B which are activated by TCR and CD28 signaling 

pathways, form cooperative complexes with Foxp3 to repress their target genes, such as 

IL-2 (71, 72). However, it is still unknown if the activation of these molecules is 

required for Treg development. Besides TCR/CD28 and cytokine signaling, epigenetic 

regulation of the Foxp3 locus by DNA methylation is also implicated in shaping the 

Treg phenotype. It was shown by Floess et al that the CpG island in intron 1 of the 

Foxp3 gene is completely demethylated in ex-vivo isolated CD4+CD25+ Tregs. In 

contrast, the same CpG motif in the Foxp3 gene in CD4+CD25- T cells is totally 

methylated. This genetic imprint is tightly associated with a permanent suppressive 

phenotype of natural Tregs since TGF!-induced Tregs lack this trait (114). 

Furthermore, in humans, demethylation of the Foxp3 locus is tightly associated with a 
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suppressive Treg population, and is a better maker than Foxp3 to define human 

Tregs because Foxp3 is also expressed by a group of activated non-regulatory T cells 

(115) (116). Demethylation of the Foxp3 locus appears to occur during Treg 

development and allows for stable expression of the foxp3 gene. However, the signal 

that is required to initiate this process is still not clear.  

 

The essential role of both TCR/CD28 and IL-2R# mediated cytokine signals in 

promoting Treg development was highlighted recently by Hsieh and colleagues. In their 

study, they specifically defined the Treg progenitor subset (a population that already 

commits to the Treg lineage but has not yet expressed Foxp3), which was enriched in 

CD25highFoxp3- CD4 SP thymocytes. Intrathymic injection of this subset into 

congenically marked recipients indicated that about 18% of this subset was able to 

quickly develop into Foxp3+ Tregs after transfer. Moreover, these Treg precursors, but 

not CD25lowFoxp3- CD4 SP thymocytes, had a similar TCR repertoire pattern as mature 

Tregs, suggesting that they were already subjected to TCR selection and only required 

the IL-2R#-dependent cytokine signal to turn on Foxp3 (117). Thus, this study not only 

defined a Treg precursor population, but also suggested a sequential role of TCR and 

cytokine signaling in Treg development. However, it is still not clear if TCR/CD28 

signaling and the IL-2R! dependent cytokine signaling are only required for generating 

Treg progenitor cells and mature Tregs, respectively, or if they cooperate together in 

generating both Treg progenitor cells and mature Tregs. 
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In order to further understand the sequential role of TCR and cytokine signaling in 

Treg development, we compared Treg progenitor (CD4+CD25+CD8-Foxp3-) and mature 

Treg populations (CD4+CD8-Foxp3+) in thymi from several mouse strains that have 

either reduced or enhanced TCR signaling or IL-2R#-mediated signaling, such as 

CD28-/-, STAT5bCA, and IL-2R"-/- mice. Our data showed that in CD28-/- mice, both 

Treg progenitor and Treg populations were decreased to the same extent when 

compared to WT mice. However, in IL-2R"-/- mice or STAT5bCA mice, there was a 

significant change in mature Treg population, but only a minor change in Treg 

progenitor cells. These findings suggest that TCR/CD28 signaling is crucial in 

generating Treg progenitor cells, while IL-2R# mediated cytokine signaling is essential 

in converting Treg progenitor T cells into mature Tregs. To elucidate the downstream 

factors of TCR signaling involved in Treg development, we examined Treg progenitor 

cell development in mice lacking the downstream TCR effector Carma1. We found that 

Treg progenitor cells were essentially absent in carma1-/- mice, and the absence of Treg 

progenitor cells could not be restored by introducing a constitutively activated form of 

STAT5b. These data further confirm that TCR signaling plays a major in the 

development of Treg progenitor cells, and that the NF-&B pathway is a central factor 

downstream of TCR signaling in this process. We have also examined the molecular 

mechanisms by which IL-2R#/STAT5 signals convert Treg progenitors into regulatory 

T cells. Using histone deacetylase inhibitors we found that HDAC activity was required 

for IL-2R#/STAT5-dependent Treg development. Moreover, the Foxp3 gene was 

completely methylated in Treg progenitors but partially demethylated in mature thymic 
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Tregs, suggesting that during Treg development, the demethylation of the Foxp3 

locus was in part mediated by IL-2R#/STAT5 mediated signals. Indeed, Foxp3+ 

thymocytes in STAT5bCA mice exhibited a higher degree of DNA demethylation than 

that in WT counterparts. Taken together, these findings suggested a Treg development 

model in which TCR/CD28 signals are required proximally to regulate Treg lineage 

commitment, and IL-2R#/STAT5 mediated signals are required distally to remodel the 

foxp3 gene locus in a manner that facilitates permanent and stable Foxp3 gene 

expression.  

 

4.2 Materials and Methods 

 

Mice 

 

IL-2R"-/-, CD28-/-, mice were purchased from the Jackson Laboratory and maintained 

in our breeding colony. Carma1-/- mice were obtained from Dr. Dan Littman. 

STAT5bCA mice were generated on the B6 background as described previously (16). 

STAT5bCAx Carma1-/- mice were generated by crossing STAT5bCA x IL-2R! +/- mice 

with IL-2R!-/- x Rag2-/- mice. Foxp3-GFP mice were provided by Dr. Alexander 

Rudensky (University of Washington). STAT5bCA x Foxp3GFP mice were generated 

by breeding STAT5bCA x Foxp3+/- female mice with STAT5bCA x Foxp3+ male mice. 

Mice used for experiments were 6-8 weeks old unless otherwise noted. All the mice 
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were maintained in specific pathogen free animal facilities at the University of 

Minnesota under Institutional Animal Care and Use Committee guidelines. 

 

FACS Analysis 

 

Spleen and lymph nodes were harvested and single cell suspensions were generated by 

disruption with ground glass slides. Before staining, red blood cells were removed from 

spleen preparations by ACK lysis buffer. After cell preparation, 2x 106 cells were 

suspended in 50 µl staining buffer (Balance salt solution supplemented with 2% heat-

inactivated FBS) for staining. Fc-blocker (2.4G2, generated in house) was added in cells 

suspension for 10 minutes following by surface antibodies for additional 20 minutes. 

Antibodies for the following surface markers were purchased from the eBioscience: 

CD4(L3T4), CD8(Ly-2), CD25(PC61), GITR(DTA-1), CD62L(MEL-14), 

CD69(H1.2F3), CD44(IM7). Expression of cell markers was analyzed on a LSRII flow 

cytometer (BD Biosciences). Analysis of flow cytometer data was conducted using the 

FlowJo software (Tree Star). 

 

Intracellular Foxp3 Staining 

 

Following surface staining, samples for intracellular Foxp3 staining were fixed and 

permeabilized according to the manufacture’s instruction (Foxp3 staining kit, 

eBioscience). The next day, cells were washed and stained with anti-mouse Foxp3 
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(FJK-16s) for 30 minutes. After staining, cells were washed twice with 1x perm 

buffer and resuspended in 300ul of FACS buffer for analysis. 

 

Treg conversion assays 

 

Thymi from either Foxp3-GFP or STAT5bCA x Foxp3GFP mice were disrupted with 

ground-glass slides. Cells were subsequently stained with cell-surface antibodies to 

CD8, Ter119 and Gr-1 for depletion of CD8+, CD4+CD8+, RBCs and granulocytes with 

MACS column (Miltenyi Biotech). CD4+CD8$Foxp3$CD25+ and 

CD4+CD8$Foxp3$CD25+ thymocytes were further purified with a FACS Aria cell sorter 

(Becton Dickinson). Isolated thymocyte subsets were resuspended in DMEM containing 

10% FCS (Atlas Biologicals), 50 µM #-mercaptoethanol (Sigma), 1% L-glutamine 

(Mediatech Cellgrow), 1 mM sodium pyruvate (Mediatech Cellgrow), 10 mM HEPES 

(Mediatech Cellgrow), and 1% streptomycin/penicillin (Mediatech Cellgrow). Cells 

were either seeded into 96-well round-bottom plates in the presence of media alone, IL-

7 (5 nM), or IL-2 (10 U/ml) plus IL-7 (5 nM). Some cultures were treated with 10 

µg/mL anti-TGF# (R&D systems, St. Paul, MN), 10 µg/mL isotype control IgG1 

antibody (GIR-208; kindly provided by Dr. Robert Schreiber, Washington University), 

100 nM Trichostatin A (Sigma, St. Louis, MO), 800 nM Apicidin (Sigma, St. Louis, 

MO), or DMSO (0.2%). IL-2 and IL-7 were obtained from the Biologicals Resource 

Branch, National Cancer Institute Preclinical Repository. Cells were incubated for 24 hr 

at 37°C in a 5% CO2 incubator. Foxp3 expression was analyzed with an LSR II (Becton 

Dickinson) and Flow Jo Software (Treestar). 
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Bisulfite Sequencing 

 

Different fractions of CD4+ T cells were purified using FACS sorting from male 

Foxp3GFP or STAT5bCA x Foxp3GFP mice. About 1-2 x 104 cells were lysed then 

directly treated with EZ DNA Methylation-direct kit reagent (Zymo research) according 

to the manufacturer’s instruction. The Foxp3 promoter region was then amplified by 

PCR using primers: 5’-ATGAGGTTTGTTTAATATTTATTAAG-3’ (forward) and 5’-

CTATTATCACAACCTAAACTTAACC -3’ (reverse), and the amplification reaction 

of 95°C for 15 min, 40 cycles of 95°C for 1 min, 55°C for 45 sec, 66°C for 1 min, and a 

final extension step of 66°C for 10 min. The PCR products were cloned into a pGEM'-

T vector using a pGEM'-T cloning Kit (Cat#A1360, Invitrogen). The plasmid DNA 

from individual bacterial clones was sequenced with SP6 and T7 primers. The sequence 

results were then analyzed using BiQ analyzer software (118). 

 

4.3 Results 

 

Sequential role of TCR/CD28 and IL-2R!/STAT5 mediated cytokine signaling in 

governing Treg development 

 

To address the sequential role of TCR/CD28 and IL-2R# mediated cytokine signaling in 

Treg generation, we examined the Treg progenitor cells and mature thymic Tregs in 
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several mouse strains that had either reduced or enhanced TCR/CD28 or IL-

2R#/STAT5 mediated signaling pathway, including CD28-/-, IL-2R"-/- and STAT5bCA 

mice. As described by Hsieh and colleagues, Treg progenitor cells were enriched in the 

CD25highFoxp3- CD4 SP population, and they phenotypically resembled mature Tregs 

by expressing high levels of CD25, and CTLA-4 (117). Thus these cells are at a 

developmental stage where if they receive proper signals to upregulate Foxp3, they will 

develop into mature Foxp3+ Tregs. To more precisely define this population, we used 

two additional makers that were characteristic of Tregs, including CD122 and GITR. 

Because of the lack of CD25 or CD122 in IL-2R#-/- or IL-2R!-/- mice respectively, it 

was difficult to define Treg progenitor cells in these mice. Therefore we utilized IL-2R"-

/- mice instead to examine the role of IL-2R# mediated cytokine signaling in regulating 

Treg lineage commitment.  

 

As described in figure 4.1.A, in order to identify Treg progenitor cells, we first gated on 

CD25+Foxp3- CD4 SP thymocytes. The gated CD25+Foxp3- cells that expressed CD122 

and GITR at similar levels as Foxp3+ Tregs were defined as Treg progenitor cells in our 

study. This population was also shown by Hsieh and colleagues to contain the highest 

percentage of Treg progenitor cells (118). By using this gating strategy, the Treg 

progenitor cells were about 19% of gated CD25+Foxp3- CD4 SP population, and the 

mature Tregs were 4% of the total CD4 SP cells in WT mice. Compared with that, the 

Treg progenitor cells in CD28-/- mice were decreased by 60%. Similar to the change for 

Treg progenitor cells, the mature thymic Tregs in CD28-/- mice were reduced about 
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Figure 4.1 
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Figure 4.1.  Sequential Role of TCR/CD28 and IL-2R! /STAT5 Mediated 

Cytokine Signaling in Governing Treg Development. A. Schematic representation of 

the strategy used in the study to identify Treg progentor cells. CD4+ SP thymocytes 

were gated from total CD3+ T cells in the thymus. Treg progenitor cells were identified 

by expression of CD25, CD122 and GITR in gated CD4+Foxp3- population. B. Flow 

cytometry to identify Treg progenitor cells and mature Treg in the thymus of WT, 

CD28-/-, STAT5bCA, IL-2R#-/- mice. Top panel: Shown are gated on the 

CD4+CD25+Foxp3- population. Bottom panel: Shown are gated on the CD4+ SP 

thymocytes. C. The changes of Treg progenitor cells and mature Tregs in the thymus of 

WT, CD28-/-, STAT5bCA, IL-2R#-/- mice relative to WT mice. Data were 

accumulated in four separate experiments with 2-4 mice for each group. Error bars: 

SEM. 
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77%. In STAT5bCA mice, Treg progenitor cells only had a minor increase – about 

30% more than in WT mice, whereas mature Tregs were increased more than 5-fold 

relative to the WT mice (P-value < 0.01). Conversely, in IL-2R"-/- mice, the Treg 

progenitor cells were reduced less than 2-fold while the mature Tregs were virtually 

absent (P-value < 0.01) (figure 4.1.B-C). Thus, in the absence of CD28 coreceptor 

signaling – and hence a weakened TCR signal – both Treg progenitor cells and mature 

thymic Tregs were reduced to a similar degree. One explanation for this scenario could 

be that TCR/CD28 signaling was essential in regulating the Treg progenitor pool, and 

the decreased mature thymic Tregs was secondary to the reduced Treg progenitor cells. 

In contrast, the IL-2R#/STAT5 mediated cytokine signaling was crucial in regulating 

the transition of Treg progenitor cells to mature Tregs while it was only partially needed 

for the generation or survival of Treg progenitor cells.  

 

NF-%B activation is required for TCR-mediated Treg progenitor cell development 

 

Although in CD28-/- mice we observed that both Treg progenitor cells and mature 

thymic Tregs were reduced to a similar degree, this did not fully prove that TCR/CD28 

signaling was essential for the generation of Treg progenitor cells. A better mouse 

model would be using a mouse strain that has defect in TCR signaling, but the defect 

does not totally block CD4 T cell commitment so that the generation of Treg 

progenitors or mature Treg cells can be compared directly with the development of CD4 

conventional T cells. In order to better address the role of TCR/CD28 signaling in the 
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process of Treg progenitor cell development, we studied Treg development in 

Carma1-/- mice, in which NF-&B activation downstream of TCR/CD28 signaling was 

defective. NF-&B is a transcription factor that can be activated by variety of receptor 

mediated signaling pathways, including TLR, TCR, BCR and TNFR. Downstream of 

the TCR or the BCR, activation of NF-&B is exclusively regulated by a compound 

ubiquitin ligase complex formed by Carma1, Bcl-10 and Malt1 (119). Upon antigenic 

stimulation, the Carma1/Bcl-10/Malt1 complex adds ubiquitin to IKK# (an inhibitory 

subunit of IKK). The degradation of IKK# leads to the activation of IKK, which then 

activates NF&B. As reported previously, in Carma1-/- mice, T cell development was 

apparently normal. However, T cell activation and proliferation upon antigenic 

stimulation were significantly impaired (120). Similar to these results, we also observed 

a normal profile of CD4/CD8 in the thymus and spleen of Carma1-/- mice (figure 

4.2.A). However, further examination of the Treg subset indicated that Tregs were 

absent in the thymus and the spleen as demonstrated by both Foxp3 and CD25 

expression. Consistent with the lack of the thymic mature Treg population, Treg 

progenitor cells in Carma1-/- mice were markedly reduced (figure 4.2.C). The absence 

of both Treg progenitor cells and mature thymic Tregs in Carma1-/- mice suggested 

that in the absence of TCR/CD28 signaling, the lack of Treg progenitor cells were the 

primary cause for the lack of mature Tregs, and NF-&B activation was an important 

downstream event of the TCR/CD28 signaling pathway to promote the development of 

Treg progenitor cells.  

 



 123 

 

Figure 4.2
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Figure 4.2. NF-&B Activation Is Required for TCR-Mediated Treg Progenitor 

Cell Development. A. Flow cytometry to show CD4/CD8 profiles in the thymus and 

spleen of WT, Carma1-/- and STAT5bCA x Carmar1-/- mice. B. Flow cytometry to 

identify Tregs in the thymus (left) and spleen (right) of WT, Carma1-/- and STAT5bCA 

x Carmar1-/- mice by expression of CD25 and Foxp3. Shown are gated on CD4+ SP 

thymocytes and CD4+ splenocytes. C. Flow cytomety to idenfity Treg progenitor cells 

in the thymus of WT, Carma1-/- and STAT5bCA x Carmar1-/- mice. Shown are gated 

on CD25+Foxp3- CD4 SP tymocytes.
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To further confirm that the signaling through TCR/CD28 was mainly required to 

support Treg progenitor T cell development while IL-2R#/STAT5 mediated signaling 

was needed to promote the transition of Treg progenitor cells to mature Tregs, we 

introduced a constitutively activated STAT5bCA transgene into Carma1-/- mice, i.e. the 

STAT5bCA x Carma1-/- mice. Since the STAT5bCA transgene could substitute for the 

lack of IL-2R#-mediated cytokine signaling to promote Foxp3+ Treg development (as 

shown in Chapter 2), we reasoned that if IL-2R#-mediated signaling was downstream of  

TCR/CD28 signaling, we would not see the restoration of mature Tregs in STAT5bCA x 

Carma1-/- mice. As we expected, introducing a STAT5bCA transgene into Carma1-/- 

mice did not restore the Treg progenitor cells (figure 4.2.C). Consistent with the lack of 

Treg progenitor cells, mature thymic Tregs as well as the peripheral Tregs were largely 

absent in STAT5bCA x Carma1-/- mice (figure 4.2.B). These data further corroborate 

our previous conclusion that TCR/CD28 and IL-2R#/STAT5 mediated cytokine signals 

sequentially regulate Treg generation by acting at different stages during Treg 

development.  

 

STAT5 activation converts CD25
-
Foxp3

-
 thymocytes into Foxp3

+
 Treg lineage 

 

Having established that NF-&B activation downstream of TCR/CD28 signaling pathway 

was an essential first step in regulating Treg lineage commitment, we set out to study 

the molecular factors required for IL-2R#/STAT5 mediated Foxp3+ Treg maturation. As 

mentioned previously, although Treg progenitor cells in STAT5bCA mice only 

exhibited a minor increase (about 30%) when compared to WT mice, Foxp3+ Tregs 
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were increased almost 5 fold compared to WT mice. The considerable increase in 

Foxp3+ mature thymic Tregs relative to the small increase in Treg progenitor cells in 

STAT5bCA mice suggested that either the STAT5bCA transgene promoted some of 

these mature Foxp3+ Tregs to develop from the CD25-Foxp3- CD4 SP thymocytes or 

the activation of STAT5bCA transgene greatly expanded the mature Foxp3+ Tregs. To 

test if the activation of STAT5 can convert the non-Tregs into the Treg lineage, we 

adopted the conversion assay developed by Hsieh and colleagues, in which they 

demonstrated that Treg progenitor cells could be converted into Foxp3+ Tregs with a 

low dose of IL-2 (10U/ml) (117). Using Foxp3-GFP reporter mice, we sorted CD25-

Foxp3- CD4 SP from STAT5bCA and WT mice, and examined the requirement of IL-2, 

IL-7 or IL-15 in regulating Foxp3 expression. After overnight culture with different 

cytokine conditions, we observed that a group of CD25-Foxp3- CD4 SP thymocytes 

from STAT5bCA x Foxp3GFP mice could convert to Foxp3+ Tregs. Specifically, we 

found out that IL-2 alone only converted about 2.6% of CD25-Foxp3- CD4 SP from 

STAT5bCA mice into Foxp3+ Tregs, while IL-2 plus IL-7 converts about 8% of sorted 

CD25-Foxp3- CD4 SP thymocytes into Foxp3+ Tregs. Additional IL-15 together with 

IL-2 plus IL-15 did not significantly increase the conversion ratio, suggesting that IL-15 

was not needed for this process. In contrast, there was only minor induction of Foxp3+ 

Tregs in sorted CD25-Foxp3- CD4 SP thymocytes from WT control mice after culturing 

with IL-2, IL-2/IL-7 or IL-2/IL-7/IL-15 (figure 4.3.A). Expression of Foxp3 in 

converted Tregs was associated with upregulated CD25 expression, suggesting that this 

conversion process generated a stable Treg lineage that could be converted to mature 

Tregs by IL-2 stimulation (figure 4.3.B). These data indicate that STAT5bCA transge
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Figure 4.3
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Figure 4.3. STAT5 Activation Converts CD25
-
Foxp3

- 
Thymocytes into Foxp3

+
 

Treg Lineage. A. Sorted CD25-Foxp3- T cells from STAT5bCA x Foxp3GFP mice 

were cultured with 10U/ml IL-2 for overnight. Expression of Foxp3 was examined by 

flow cytometer. Shown are gated on live cells. Data are representative of three or more 

idenpendent experiments with two duplicate samples for each condition. B. Expression 

of CD25 in converted Foxp3+ T cells (that are shown in A) after culturing with IL-2, IL-

2 plus IL-7 and IL-2, IL-7 plus IL-15. C. Intracellular STAT5 staining in overnight 

cultured cells that are sorted either from WT mice or STAT5bCA mice.
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activation mediated by both IL-2 and IL-7, can convert non-Treg lineage cells into 

Foxp3+ Treg lineage.  

 

The observation that the Stat5b-CA transgene only converts CD4+Foxp3GFP$CD25$ 

thymocytes into Treg cells in vitro after addition of cytokines suggests that a relatively 

high threshold of STAT5 signaling is required for this process. To test this hypothesis, 

we measured expression of phospho-STAT5 in both WT and STAT5bCA CD4+Foxp3-

GFP-CD25- thymocytes in the Treg conversion assay. As shown in figure 4.3.C, 

unstimulated WT CD4+Foxp3- thymocytes exhibited a low level of phospho-STAT5 

expression that was increased after exposure to cytokines. Unstimulated CD4+Foxp3- 

thymocytes from STAT5bCA mice exhibited higher basal phospho-STAT5 staining; this  

is consistent with the constitutively activated nature of the STAT5bCA transgene. After 

stimulation of CD4+Foxp3$ T cells from STAT5bCA mice with IL-2 and IL-7, we 

observed two distinct patterns of phospho-STAT5 expression (figure 4.3.C). Cells that 

remained negative for Foxp3GFP did not exhibit an increase in phospho-STAT5 

relative to unstimulated cells. In contrast, cells that induced Foxp3GFP expression 

demonstrated a marked increase in phospho-STAT5 staining. These findings indicate 

that a threshold of STAT5 activation is required for CD4+Foxp3- thymocytes to convert 

into CD4+Foxp3+ Treg cells.  

 

STAT5-dependent regulatory T cell development requires histone deacetylase activity 

but not TGF! 
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The conversion of CD4+CD25-Foxp3GFP$ thymocytes into CD4+Foxp3GFP+ Treg 

cells resembles, at least superficially, the conversion of mature splenic T cells into Treg 

cells after anti-CD3, TGF#, and IL-2 stimulation that has been well described by others 

(121) (122) (123). Therefore, we examined whether TGF# produced by converted 

Tregs, or potentially present in bovine calf serum, might be required for this process. 

Neutralizing TGF# had only a modest effect on the conversion of 

CD4+CD25$Foxp3GFP$ progenitor cells derived from Stat5b-CA mice (figure 4.4.A). 

Conversely, addition of exogenous TGF# resulted in minimal enhancement of the 

conversion process (ranging from no effect up to a 10% increase; data not shown). 

Moreover, using CD4+CD25+Foxp3-GFP$ Treg progenitor cells obtained from wild-type 

mice, Lio and Hsieh found that neither adding exogenous TGF# nor neutralizing TGF# 

antibodies affected the conversion process (117). Thus, the cytokine-dependent 

conversion of the thymic Treg progenitors that we have identified differs substantially 

from the conversion of splenic CD4+ T cells because it does not require TGF#. This is 

consistent with other published data on the requirements for thymic development of 

natural Treg cells, which have been shown to be TGF# independent (124). 

 

STAT5 associates with both histone acetyltransferases (HATs) and histone deacetylases 

(HDACs) and these interactions have been suggested to play an important role in 

regulating STAT5-dependent responses (125) (126). Therefore, we examined whether 

blocking histone deacetylase activity would augment or inhibit the cytokine-dependent 

Treg cell conversion process. For these studies, we inhibited HDACs with either the 

pan-HDAC inhibitor trichostatin A (TSA) or a more selective inhibitor, apicidin, whic
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Figure 4.4
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Figure 4.4. STAT5-Dependent Regulatory T Cell Development Requires 

Histone Deactylase Acitivey But Not TGF-! .  A. Sorted CD25-Foxp3- CD4+ SP 

thymocytes from STAT5bCA mice were incubated overnight with 10U/ml IL-2 and 

5ng/ml IL-7 plus control media, anti-TGF! or isotype control. Expression of GFP-

Foxp3 was then examined by flow cytometer. Data are representative of three 

independent experiments with two duplicated samples for each group. B. Sorted CD25-

Foxp3- CD4+ SP thymocytes from STAT5bCA mice were incubated overnight with 

10U/ml IL-2 and 5ng/ml IL-7 plus DMSO, TSA or Apicidin. Expression of Foxp3GFP 

was then examined by flow cytometer. Data are representative of three independent 

experiments with two duplicated samples for each group. 
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preferentially targets HDAC2, HDAC3 and HDAC8 (127). As expected, when 

added into the conversion assay, both TSA and Apicidin completely blocked the 

conversion of CD25-Foxp3- CD4 SP thymocytes isolated from STAT5bCA mice to 

convert into Foxp3+ Treg cells (Figure 4.4.B). The inhibition of Treg conversion by 

both TSA and Apicidin was dose-dependent in that the Treg conversion by IL-2 and IL-

7 was partially restored when both TSA and Apicidin were reduced 100-fold (data not 

shown). Consistent with these data, IL-2 induced Treg progenitor cell conversion into 

mature Foxp3+ Tregs in WT mice was also totally blocked by both TSA and Apicidin 

(data not shown). These results suggest that STAT5-dependent recruitment of HDACs, 

most likely HDAC2 or HDAC3, is required for the transcription of the Foxp3 gene. 

 

Demethylation of the Foxp3 locus is enhanced by cytokine dependent STAT5 

activation 

 

Recent studies have suggested that demethylation of the Foxp3 locus is required for 

stable expression of the foxp3 gene in Tregs (114). This is especially true for human 

Tregs, in which DNA demethylation of the foxp3 gene is an even better marker than 

Foxp3 expression to define Tregs (115) (116). However, the signaling factors that 

initiate demethylation of the Foxp3 locus, therefore allowing stable expression of Foxp3 

are still not well understood. To further explore this issue, we examined the DNA 

methylation status of the Foxp3 intron 1 in Treg progenitor cells as well as in mature 

thymic and peripheral Tregs. As describe by Floess et al, a CpG island in the first intron 

between exon -2a and -1 was essentially unmethylated in Treg cells, but not in 
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conventional T cells (114). We investigated the methylation status of the 310bp core 

region of this CpG motif. This region is largely conserved between humans and mice 

(figure 4.5). Interestingly, this CpG island has a consersed STAT5 binding site found in 

several different species, including mouse, rat, human and dog (62). Using bisulfite 

sequencing, we first compared the DNA methylation pattern in sorted peripheral Foxp3+ 

Tregs and Foxp3- conventional T cells from male WT-Foxp3GFP mice. We chose male 

mice to avoid potential artifacts that could be due to DNA methylation-mediated 

random X chromosome inactivation because Foxp3 is located on the X chromosome. 

Consistent with previous reports, the CpG motif in sorted splenic Foxp3+ Tregs from 

WT mice was uniformly unmethylated. This was seen in both Foxp3+CD25+ and 

Foxp3+CD25- Treg populations, suggesting that in peripheral Tregs, the demethylation 

imprint of the Foxp3 locus was tightly associated with the expression of Foxp3, but not 

CD25. Compared with that, Foxp3- conventional T cells were completely methylated. 

Similar patterns of DNA demethylation and methylation were observed in peripheral 

Foxp3+ Tregs and Foxp3- conventional T cells isolated from the STAT5bCA x 

Foxp3GFP mice, respectively (figure 4.6.A-B). We then analyzed the methylation status 

of the Foxp3 locus in sorted Treg progenitor cells from both WT-Foxp3GFP and 

STAT5bCA x Foxp3GFP mice. The Treg progenitor cells from both strains displayed 

complete methylation of Foxp3 intronic CpG island as shown from the bisulfite 

sequencing analysis. This observation was similar to the sorted Foxp3- CD4 SP 

thymocyte population from both WT-Foxp3GFP and STAT5bCA x Foxp3GFP mice, 

suggesting that the demethylation process was not started at the Treg progenitor stage. 

Previous work by Floess et al indicated that unlike peripheral Tregs, the Foxp3 gene in 
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Figure 4.5 
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Figure 4.5. Location of The CpG Island in The Foxp3 Gene. Schematic 

representation of the Foxp3 gene and the CpG motif within the Foxp3 locus that is 

studied in our project. CpG motifs are in yellow shade. 
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A. WT/Spleen  

  

B. STAT5bCA/Spleen 

 

 

 

 

 

 

 

 

Figure 4.6
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Figure 4.6. Foxp3
+
 Tregs in The Spleen Are Completely Demethylated in the 

Foxp3 Locus. Different populations of CD4+ T cells were sorted from the spleen of 

WT and STAT5bCA mice. Cells were treated with bisulfite reagents before DNA 

extraction. The purified DNA were amplified with PCR and cloned into a p-GEM-T 

vector. Insert positive clones were picked, and the plasmid DNAs were sequenced using 

SP6 and T7 primer. Sequencing results were analyzed using BiQ analyzar. Shown is 

representative of two independent experiments.  
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Figure 4.7
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Figure 4.7. The STAT5b Transgene Promotes Foxp3 Demethylation in Thymic 

Foxp3
+
 Tregs. Different populations of CD4+ SP T cells were sorted from the thymus 

of WT and STAT5bCA mice. Cells were treated with bisulfite reagents before DNA 

extraction. The purified DNA were amplified with PCR and cloned into a p-GEM-T 

vector. Insert positive clones were picked, and the plasmid DNAs were sequenced using 

SP6 and T7 primer. Shown is a representative of two independent experiments. 
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from WT-Foxp3GFP mice were demethylated in the Foxp3 locus. However, in 

STAT5bCA x Foxp3GFP mice, up to 80% of thymic Foxp3+ Tregs displayed complete 

demethylation of the Foxp3 locus (figure 4.7 A-B). These finding suggested that 

STAT5bCA transgene activation greatly facilitates chromatin remodeling in the Foxp3 

locus, thus allowing stable transcription of the Foxp3 gene in committed Foxp3+ Tregs. 

Together, our findings suggest that demethylation of CpG motifs within the Foxp3 

promoter is activated during IL-2R!/STAT5 cytokine signaling mediated Treg 

maturation, and STAT5 activation maybe an important signaling event to promote the 

demethylation process, thereby allowing stable transcription of the Foxp3 gene in Treg 

lineage cells.  

 

4.4 Discussion 

 

Treg development is a dynamic process that is regulated cooperatively by the 

TCR/CD28-, IL-2R#- and Foxp3-dependent signaling pathways. The characterization of 

Treg progenitor cells by Lio et al facilitates the study of each signaling pathway in Treg 

development. Here, we further confirmed that the generation of Treg progenitor cells is 

mainly regulated by TCR/CD28 signaling, and the transition from Treg progenitor cells 

to mature Tregs requires a second signal – the IL-2R#/STAT5 cytokine signal to 

upregulate Foxp3 expression.  

 



 142 

Downstream of the TCR/CD28 signaling, NF-&B activation is an essential step 

required for T cell activation, proliferation and effector function in response to antigenic 

stimulation. NF-&B can be activated through either the classical pathway (also called 

canonical pathway) or the alternative pathway (also called noncanonical). In the 

classical pathway, the activation of NF-&B requires the releasing of the catalytic kinase 

IKK% and IKK! subunits by the degradation of the IKK# subunit in the IKK complex, 

thereby allowing the phosphorylated and activated IKK%/IKK! subunit to activate 

NF&B by targeting its inhibitory subunit I&B for proteosomal degradation. In contrast, 

the alternative pathway is IKK!-independent, and involves activation of NIK (NF-%B-

inducing kinase), which activates IKK%/IKK% homodimers to subsequently activate 

NF-&B (128, 129). Downstream of the TCR/CD28 signaling pathway, NF-&B activation 

is initiated via the classical pathway and requires PKC( activity. Particularly, the 

activation of PKC( activates an ubiqutin ligase complex composed of Carma1, BCL10, 

and MALT1, which then targets the degradation of the IKK# subunit of the IKK 

complex. In the absence of Carma1, conventional CD4 and CD8 T cells develop 

normally as suggested previously and in Figure 2 of this chapter, indicating that NF-&B 

activation is dispensable for conventional T cell development. In contrast, Tregs were 

largely absent from Carma1-/- mice, and the lack of Tregs is tightly associated with the 

lack of the Treg progenitor cells. This suggests that NF-&B activation downstream of 

TCR/CD28 signaling is an essential first step during Treg development. Since NF-&B 

signaling leads to T cell activation, the requirement for NF-kB signaling during Treg 

development suggests that Tregs are activated during their development, which is most 
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likely mediated by high affinity TCR interaction with self peptide-MHC complexes. 

It is plausible that a majority of these activated cells are deleted in the thymus as during 

negative selection, but some of these cells that express high affinity IL-2 receptors can 

be rescued to become Treg via IL-2R# dependent cytokine signaling if they encounter 

IL-2. The crucial role of TCR/CD28 signaling during early Treg development (to 

generate Treg progenitor cells) was further confirmed by introducing a STAT5bCA 

transgene into Carma1-/- mice – no restoration of Tregs or Treg progenitor cells in 

STAT5bCA x Carma1-/- mice was observed. Upon activation, NF-&B targets a set of 

genes that are required for T cell proliferation or effector functions (130), including IL-

2R% and IL-2 that are directly related to Treg biology. In addition, recent study suggests 

that in conventional T cells, NF-&B is an important positive regulator for GITR 

expression (131). Therefore during early Treg development, NF-&B promotes the 

generation of Treg progenitor cells partially through the upregulation of several cell 

surface markers that are characteristic of Tregs. Although NF-kB is essential for IL-2 

production in activated cells, the lack of Tregs in Carma1-/- mice is not simply due to 

the reduced paracrine IL-2 production, because introduction of STAT5bCA transgene, 

which is able to overcome the requirement of IL-2R# mediated cytokine signaling in 

Treg development as shown in Chapter 2, still can not restore Tregs in Carma1-/- mice.  

 

Although TCR/CD28 signaling is an essential first signal in initiating the Treg 

development process, Tregs cannot be fully generated without IL-2R# mediated 

cytokine signals. This was demonstrated by the observation that in IL-2R#-/- mice, 
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mature thymic Tregs were reduced more profoundly than Treg progenitor cells 

(figure 4.1). Downstream of the IL-2R# signaling pathway, STAT5 is a key regulator to 

promote Foxp3 expression in Tregs. A constitutively activated form of STAT5b not only 

promotes the development of Treg from the designated Treg progenitor cells, but also 

transforms the non-Treg CD4 SP thymocytes into the Foxp3+ Treg lineage (albeit 

poorly) (figure 4.3). The conversion of the non-Treg CD4 SP thymocytes that are 

isolated from STAT5bCA mice to the Foxp3+ Tregs requires signals from both IL-2 and 

IL-7. IL-2 by itself only partially mediates this process. Likewise, a similar scenario 

was observed by using IL-7 alone for converting non-Treg CD4+ SP thymocytes to 

Foxp3+ Tregs (data not shown). This is quite different from the conversion of Treg 

progenitor cells to mature Foxp3+ Tregs, which is mainly mediated by IL-2, and 

addition of IL-7 only slightly enhances the conversion process (118). One explanation 

for the requirement of IL-7 in addition to IL-2 could be because in CD4+CD25- non-

Tregs cells, the low affinity IL-2R (because of the low expression level of CD25) limits 

the effector function of IL-2 in these cells. Therefore the conversion is partially 

dependent on STAT5 activated by the IL-7R signaling. Alternatively, STAT5 activated 

by IL-7R signaling pathways may upregulate CD25 expression on CD4+CD25- non-

Tregs cells, thereby facilitating these cells responsiveness to IL-2 during the conversion 

process.  

 

Recently, several emerging studies have shed light on epigenetic events including DNA 

methylation and histone or DNA acetylation in the differentiation and effector function 

of Tregs. Histone acetylation is mediated via a group of enzymes called HATs (histone 
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acetyltransferases). Conversely, another group of enzymes named HDACs (Histone 

deacetylases) remove acetyl groups. Usually, histone acetylation allows the opening of 

gene locus, thus providing a permissive role for gene transcription, and histone 

deacetylation serves as a reversible mechanism to repress gene transcription. However, 

in some cases gene transcription is facilitated by histone deacetylation and inhibited by 

histone acetylation. In addition to their enzymatic activities, many of these HATs or 

HDACs also serve as transcriptional regulators that actively promote or repress gene 

transcription. In Tregs, it has been indicated that Foxp3 inhibits the transcription of IL-2 

and IFN" genes by inducing histone H3 deacetylation within these gene loci. In 

contrast, Foxp3 is able to bind to the GITR, CD25 and CTLA-4 promoter regions to 

promote gene transcription by enhancing histone acetylation (69). In addition to these 

results, another study demonstrated that Foxp3 forms a complex with HAT – TIP60 and 

HDACs – HDAC7 and HDAC9, which is important for Foxp3-mediated gene 

transcription regulation (132). Although these studies demonstrate that HATs and 

HDACs are actively involved in Foxp3 mediated gene transcription regulation, little is 

known about whether epigenetic modulation through HATs or HDACs are involved in 

Treg differentiation or the induction of the Foxp3 gene. Using an ex-vivo culture 

system, we demonstrated that the conversion of CD4 SP non-Treg thymocytes isolated 

from STAT5bCA mice to Foxp3+ Tregs was totally blocked by HDAC inhibitors – TSA 

and Apicidin. Similarly, the IL-2 induced conversion of Treg progenitor cells to mature 

Tregs was also inhibited by both TSA and Apicidin (data not shown). Apparently, 

HDACs (Histone Deacetylases) are required for STAT5 induced Foxp3 expression. 

Using chromatin immunoprecipitation assay, Rascle et al showed that the HDAC 
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inhibitor TSA blocked the cytokine induced transcription of the STAT5 target genes 

by preventing the recruitment of the basal transcription machinery. Further microarray 

studies suggested that the requirement of the HDAC activity in initiating STAT5 target 

gene transcription was shared by all STAT5 target genes, including Cis, c-Myc, Pim-1, 

Osm, and Bcl-x, etc (125). Therefore the same mechanism could be in effect to promote 

STAT5-mediated Foxp3 gene induction during Treg development; HDACs are 

probably either directly or indirectly required for STAT5 mediated Foxp3 transcription 

regulation. The inhibition of STAT5-mediated Treg conversion by Apicidin suggested 

that HDAC2, HDAC3 or HDAC8 were primarily involved in Treg development. Which 

one of these HDACs is more essential in Treg development process is still not well 

understood. Although our data supports a model in which HDACs are actively involved 

in cytokine – mediated Treg generation, most likely by assisting STAT5 to initiate 

assembly of the gene transcription machinery that is required for Foxp3 expression, one 

recent study by Tao et al suggested that in vivo administration of TSA somehow 

promotes Treg differentiation and suppressive function (133). This finding appears to 

directly contradict to our results. However, the caveat is that in their study, the authors 

treat 6 week old adult mice with TSA to examine the role of HDACs in Treg 

development. Since they observed the increased number of Tregs in treated mice, they 

concluded that HDACs could inhibit Treg development and differentiation. We already 

know that Treg development occurs within the first 3 weeks after birth, so their 

experimental setup by using adult mice was actually examining the role of HDACs in 

Treg homeostasis, not development. Furthermore, the authors subsequently showed that 

CD25+Foxp3+ Tregs also expanded in thymectomized and anti-CD25 treated “Treg 
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deficient” adult mice after TSA treatment. Thus, the simplest interpretation of their 

results is that TSA did not promote thymic production of Tregs, but rather acted to 

enhance peripheral expansion of mature Tregs.  

 

Selective methylation of the CpG island within the promoter of the Foxp3 gene in 

Tregs, but not in conventional T cells is another epigenetic imprint that allows for stable 

transcription of the Foxp3 gene. This is especially true for human Tregs, in which stable 

expression of Foxp3 is tightly associated with suppressive function given that a group 

of activated T cells also express Foxp3, but in which the gene is not demethylated and 

expression is only transient (115, 116). Thus the methylation status of the Foxp3 gene is 

a better marker than Foxp3 expression for human Tregs. Consistent with these studies, 

using Foxp3 as a Treg surrogate marker instead of CD25, which is used in previous 

studies to isolated Tregs (114), our data further confirmed that in peripheral lymphoid 

organs, the CpG motif with the foxp3 intron 1 is completely demethylated. This applies 

to both the CD25+ and CD25- populations of Foxp3+ Tregs. In contrast, in the thymus, 

only 50% of Foxp3+ T cells from WT mice are demethylated in the Foxp3 locus. This 

implies that either other regulatory mechanisms are required in the periphery to enhance 

stable expression of Foxp3, or these newly generated Foxp3+ Tregs in the thymus are 

subject to further selection within thymus, and only the ones with stable expression of 

Foxp3 can be exported to the periphery. In the thymus, Treg progenitor cells are 

generally methylated in the Foxp3 locus, suggesting that DNA demethylation does not 

occur at this stage of Treg development, rather, it happens at a later stage – most likely 

during cytokine mediated Foxp3 expression. In support of this hypothesis, using 
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STAT5bCA x Foxp3GFP mice, we find that the DNA demethylation ratio in thymic 

Foxp3+ Tregs is enhanced – about 80% of Tregs in the thymus of STAT5bCA mice 

compared with 50% in WT mice. These resultes suggest that STAT5 activation plays a 

permissive role for stable Foxp3 gene transcription.  

 

During Treg development, both TCR/CD28 and IL-2R# mediated cytokine signaling 

are required at two separate stages. Our data support a two step Treg development 

model in which TCR/CD28 signaling is required at the early stage to govern Treg 

progenitor T cell development while the IL-2R#/STAT5 mediated cytokine signaling is 

required at the later stage to support the maturation of the Tregs by promoting stable 

transcription of Foxp3 through demethylation at the Foxp3 locus. Although not as 

essential as the TCR/CD28 signaling, the IL-2R# mediated cytokine signaling 

contributes to the generation of Treg progenitor cells – most likely by promoting the 

survival of these cells. Likewise, TCR/CD28 signaling plays a positive role in 

supporting cytokine signaling mediated Foxp3 transcription – possibly by enhancing the 

demethylation process in the Foxp3 locus.   
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Chapter 5 . Summary and Future Directions  

 

5.1 Summary of the research 

 

The study of natural regulatory T cells is a fast growing field since the discovery of two 

major markers that are characteristic of Tregs: CD25 and Foxp3. These studies, thus far, 

have unveiled the essential role of Tregs in autoimmune disease, organ transplantation 

and cancer progression. Therefore the potential usage of Tregs for immunotherapy is 

promising due to its high specificity and low toxicity. My research project focused on 

understanding the molecular events downstream of the IL-2 receptor signaling pathways 

that are required for the development of regulatory T cells. Understanding this process 

will ultimately be beneficial for developing new strategies to either expand or control 

regulatory T cell populations in different disease settings.  

 

In this thesis, I presented my research regarding how Treg development occurs in the 

thymus, as well as the molecular events that are essential for this process. Specifically, I 

focused on the role of IL-2R!-mediated cytokine signaling in generating Tregs in the 

thymus, and the conclusions from our study are listed as the following: 

 

i. IL-2R!-mediated cytokine signals are crucial for Treg development. My study from 

IL-2R!-/- mice demonstrates that Tregs are largely absent in the thymus and the spleen. 

This is also true for 2-3 week old IL-2R!-/- mice before they show any sign of 
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autoimmune disease. This is in sharp contrast to IL-2-/- or IL-2R#-/- mice, in which 

a reduced but not totally absent population of Foxp3+ Tregs is present (8) (16). 

Therefore in the absence of IL-2, other cytokines such as IL-15 that also signal through 

the IL-2R! chain could substitute for IL-2 in promoting Foxp3+ Treg development. 

Indeed, in IL-2-/- mice, the IL-15R% chain is upregulated on Foxp3+ Tregs as suggested 

by Vang et al (89), indicating that both IL-2 and IL-15 can signal through the IL-2R! 

chain to promote Treg development.  

 

ii.  STAT5 is the major effector downstream of IL-2R!  to promote Treg development. 

My study from CD4cre x STAT5
fl/fl mice demonstrated that the Tregs that developed in 

these mice primarily preserved a functional STAT5 protein as shown by p-STAT5 

intracellular staining. In contrast, almost all of the conventional T cells in CD4cre x 

STAT5
fl/fl mice lacked STAT5. These data suggest that although STAT5 activation is 

not needed for conventional T cell development, it is absolutely necessary for Treg 

development. Additional results from STAT5bCA x IL-2R!-/- mice showed that a 

constitutively activated STAT5 could rescue Treg development in IL-2R!-/- mice, 

indicating that defective STAT5 signaling is the primary cause for the lack of Tregs in 

IL-2R!-/- mice. Most importantly, using retroviral transduction and bone marrow 

transplantation, our study indicated that a mutant IL-2R! chain that activates STAT5 

signaling pathway, but not SHC-mediated signaling pathways, is enough to promote 

Treg development.  
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iii. TCR/CD28 and IL-2R! mediated signaling pathways sequentially govern 

development of Tregs progenitor cells and mature Tregs, respectively. Using CD28-/- 

mice and Carma1-/- mice, my data demonstrated that Treg progenitor cells were 

reduced in CD28-/- mice, and absent in Carma1-/- mice. This suggests that signals 

through TCR/CD28 are required at the early stage of Treg development to generate 

Treg progenitor cells. In contrast, in the absence of common # chain mediated cytokine 

signaling (including IL-2R-mediated signaling), the mature Tregs in the thymus, but not 

Treg progenitor cells were largely reduced. Likewise, introducing a STAT5bCA 

transgene greatly increased mature Tregs in the thymus. These data indicate that IL-

2R!-mediated cytokine signals are more essential at a later stage of Treg development 

to promote the conversion of Treg progenitor cells to Foxp3+ Tregs. Importantly, using 

STAT5bCA x Carma1-/- mice, I further confirmed that TCR/CD28 signals are crucial 

for the generation of Treg progenitors; in the absence of these cells, mature Foxp3+ T 

cells can not be generated even in the presence of the activated effector molecule – 

STAT5b – downstream of the IL-2R! chain that has been shown to mediate Treg 

development in IL-2R!-/- mice. It is noteworthy that TCR/CD28 signals not only are 

required for the development of Treg progenitor cells, but also play a positive role in 

generating mature Foxp3+ Treg from Treg progenitor cells. Likewise, IL-2R! mediated 

cytokine signals also contribute to the generation of Treg progenitor cells, possibly by 

promoting the survival of these cells.  
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iv. NF-kB is the major signaling molecule downstream of TCR/CD28 that 

mediates the development of Treg progenitor cells, and STAT5 is the major effector 

molecule downstream of IL-2R! that promotes the differentiation of mature Foxp3
+
 

Tregs. The study from Cama1-/- mice suggests that NF-&B activation is required for the 

generation of Treg progenitor cells. This is very different from conventional T cells, 

which can develop in Carma1-/- mice. The requirement of NF-&B signaling for Treg 

progenitor development suggests that Treg progenitor cells need to be activated during 

thymic development in order to be selected into the Treg lineage. This activation signal 

is likely to be delivered by the interaction of TCR with the self-peptide and MHC II 

complex with high affinity. Subsequently, ex-vivo conversion assays indicate that 

STAT5 activation is an important signaling event downstream of IL-2R! that promotes 

the differentiation of Foxp3+ Tregs from their progenitors, and it requires the activities 

of HDACs. During Treg development, the effector function of STAT5 is primarily in 

regulating expression of the Foxp3 gene. Using bisulfite sequencing analysis, my study 

suggests that STAT5 can promote Foxp3 gene transcription by enhancing the DNA 

demethylation in the Foxp3 locus. 

 

v. A proposed model for Treg development. Based on prevous studies and the studies I 

presented in this thesis, I propose a Treg development model (figure 5.1). In this model, 

Tregs are generated from the same ETP as the conventional CD4+ T cells, and they go 

through the same positive selection as conventional CD4+ T cells. During negative 

selection, T cells with high affinity of TCR to self-peptide and MHC II complexes are 
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activated. This activation signal is partially delivered by CD28. The activation 

signal typically results in apoptosis of these self-reactive T cells. However, a few 

activated T cells that successfully upregulate CD25 (the IL-2R% chain) and CD122 (the 

IL-2R! chain) can respond to IL-2 (if they encounter it) and start to express Foxp3 

through the effector function of STAT5. Expression of Foxp3 not only rescues these 

cells from apoptosis, but also functions as a feedback signal to further upregulate and 

stabilize CD25 and CD122 expression, thus increasing these cells’ response to IL-2. 

The increased responsiveness to IL-2 leads to enhanced activation of STAT5, thereby 

allowing stable transcription of foxp3 by remodeling the foxp3 chromatin structure 

through demethylation at the Foxp3 locus. Finally, stable expression of Foxp3 endows 

these CD4+ T cells functional suppressive, thus completing the Treg development 

process.  

 

5.2 Future Directions 

 

Although our knowledge about Treg development has greatly advanced over the last 10 

years, there are still a lot of questions that need to be answered. For example: (i)   

In the thymus, the majority of Foxp3+ T cells are in the CD4 SP population, however, 

there are some Foxp3+ T cells that express both CD4 and CD8 co-receptors. It is still 

not understood what these Foxp3+CD4+CD8+ T cells are, or whether they are the 

intermediates between Treg progenitor cells and mature Tregs; (ii) the work I presented 

in this thesis demonstrate that HDAC activities are required for STAT5-mediated Treg 
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differentiation. However, it is still not known which HDAC is important for this 

process, or whether they function downstream or upstream of STAT5 to regulate the 

effector function of STAT5. (iii) Although my study suggests that STAT5 can enhance 

expression of Foxp3 by promoting the demethylation process in the Foxp3 locus, it is 

still not understood how STAT5 mediates this process, or what other signals are 

required for this process. Understanding these fundamental questions will be ultimately 

beneficial for using Tregs in clinical applications.  
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Figure 5.1
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Figure 5.1. The Proposed Model For Treg Development. Tregs develop from the 

same progenitor cells (ETP) as conventional T cells. Treg development starts from the 

interaction of the high affinity TCR to the MHC II and self-peptide complex. For some 

cells, this interaction leads to upregulation of IL-2R (CD25 and CD122) on the cell 

surface, which allows these cells to respond to IL-2. However, in the absence of IL-2, 

IL-15 and IL-7 can substitute IL-2 to promote Treg development (these cytokines are 

collectively called #-chain cytokine in the chart). The interaction of IL-2 and IL-2R 

activates STAT5, which activates foxp3 gene expression. Expression of Foxp3 rescues 

these cells from apoptosis, also further upregulates expression of IL-2R components. 

Enhanced IL-2R expression leads to increased activation of STAT5, thereby allowing 

stable transcription of Foxp3 by DNA demethylation. Subsequently, stable expression 

of Foxp3 renders these cells functional suppressive, thus developing into Tregs.  
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