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ABSTRACT 

The immune system has evolved to mount effective defense against pathogens or 

tumors yet prevent misguided or excessive responses that could be detrimental to the host. 

Maintenance of immune homeostasis involves tight control of expansion, differentiation, 

survival and trafficking of conventional and regulatory lineages of T lymphocytes. This 

dissertation focuses on T cell receptor (TCR)-induced cell signaling and transcriptional 

regulation, with a particular interest on how forkhead box O1 (Foxo1)- and GA-binding 

protein alpha (GABPŬ)-dependent programs control T cell tolerance and immunity.  

We found that the migration of activated-phenotype regulatory T cells (aTregs), 

the predominant Treg population in non-lymphoid tissues, was associated with repression 

of Foxo1-dependent transcriptional program. Treg-specific expression of a constitutively 

active mutant of Foxo1 (Foxo1CA) impeded Treg homing to non-lymphoid organs, 

causing CD8
+
 T cell-mediated autoimmune diseases. Compared to Tregs from healthy 

tissues, tumor-infiltrating Tregs were more susceptible to Foxo1CA-induced depletion. 

Therefore, the Akt/Foxo signaling in Tregs could be titrated to specifically boost anti-

tumor immunity without inflicting autoimmunity.  

Using a mouse model that ablates the Ets family transcription factor GABPŬ 

specifically in T cells, we showed that GABPŬ was crucial for T cell proliferation, 

cellular redox homeostasis and cell survival, both in response to antigen stimulation in 

vitro and upon Listeria Monocytogenes infection in vivo.  

The work in this dissertation will provide novel molecular insights into T cell 

biology and shed light on future T cell-dependent therapy against cancer and infectious 

diseases. 
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CHAPTER I  

INTRODUCTION AND OVERVIEW  

 

 

1.1 T cell overview 

 

The immune system has evolved to mount an effective defense against invading 

pathogens and to minimize deleterious reactions attacking healthy self-tissues and 

commensal microorganisms. T lymphocytes, a crucial component of the adaptive 

immune system, orchestrate antigen-specific immune responses and immunological 

memory. T cells are composed of two distinct lineages, Ŭɓ and ɔŭ T cells, which contain 

different types of T-cell receptor (TCR) chains and are committed early in T cell 

development. Later, Ŭɓ T cells develop into two distinct functional subsets, CD4
+ 

or 

CD8
+
 T cells, identified by their cell surface expression of co-receptors. Cytotoxic CD8

+
 

T cells are crucial in mediating pathogen clearance during various bacterial and viral 

infections. Full activation and differentiation of these cells requires the help of CD4
+
 T 

cells. CD4
+
 T cells, or helper T cells, also provide help to B cells to produce antibodies 

and regulate innate immune cells such as macrophages. Immunity mediated by the CD4
+
 

and CD8
+
 T cells includes a primary response by naive T cells, effector functions by 

activated T cells, and persistence and reactivation of antigen-specific memory T cells. 
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1.2 T cell-mediated immunity 

 

1.2.1 T cell development  

 

T cells are derived from multipotent lymphoid progenitors in the bone marrow 

and differentiate into mature T cells through a series of lineage commitment steps 

occurring in specific locations of the thymus (1, 2). The major stages of thymocyte 

development can be delineated by the expression of co-receptors, CD4, CD8, which 

define the CD4
-
CD8

-
 (double-negative, DN), CD4

+
CD8

+
 (double-positive, DP), 

CD4
+
CD8

- 
or CD4

-
CD8

+
 single-positive (SP) subsets. During their early development 

stages, DN thymocytes can be further subdivided into four stages of differentiation 

(DN1-DN4), which are identified by their surface expression of CD44 and CD25 (3). 

Early committed T cells (DN1) lack expression of TCR, and they begin to rearrange the ɔ, 

ŭ and ɓ TCR loci simultaneously as they progress through the DN2 to DN4 stages. If a 

complete ɔŭ TCR is formed before a successful ɓ-chain gene rearrangement, the 

thymocyte matures into a ɔŭ T cell. If a functional pre-TCR, which is composed of a 

rearranged ɓ-chain and the non-rearranging pre-T Ŭ chain, is formed before a complete ɔŭ 

TCR, the signal through the pre-TCR commits the cell to the Ŭɓ lineage. Successful pre-

TCR expression leads to substantial cell proliferation during the DN4 to DP transition 

and replacement of the pre-TCR Ŭ-chain with a newly rearranged TCR Ŭ-chain, which 

yields a complete Ŭɓ TCR (3).  

The Ŭɓ TCR
+
 DP thymocytes then interact with thymic cortical epithelial cells 

(cTECs) and the bone marrow-derived antigen presenting cells such as dendritic cells 
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(DCs) that express a high density of major histocompatibility complex (MHC) class I and 

class II molecules associated with self-peptides. The diversely rearranged TCRs 

recognize self-peptide MHC (self-pMHC) ligands at various intensities and durations, 

and the signaling mediated by this TCR-self-pMHC interaction dictates the fate of the DP 

thymocytes. Too little signaling results in delayed apoptosis (death by neglect), while too 

much signaling can promote elimination of the thymocyte by negative selection. The 

appropriate, intermediate level of TCR signaling initiates effective maturation into SP 

thymocytes, a process known as positive selection (4). SP cells migrate from the cortex to 

the medulla, where they continue to sample antigen presented by DCs and medullary 

TECs (mTECs). Thymocytes that express TCRs that bind self-pMHC-class-I complexes 

become CD8
+
 T cells, whereas those with TCRs that contact self-pMHC-class-II ligands 

develop into CD4
+
 T cells (5). Among the CD4

+
 SP cells, one subset that receives strong 

TCR signal differentiates to thymic regulatory T cells (tTregs), which is marked by the 

expression of forkhead family of transcription factor Foxp3 (6). The CD4
+
 and CD8

+
 SP 

cells are then ready to emigrate from the thymus.  

 

1.2.2 Naive T cell homeostasis 

 

Once T cells have completed their development in the thymus, they enter the 

bloodstream and continually recirculate through secondary lymphoid organs, the lymph 

and the blood (7). Mature recirculating T cells that have not yet encountered their cognate 

antigens are known as naive T cells. They are characterized by low expression of CD44 

(CD44
lo
) and high expression of the lymph node-homing receptors L-selectin (CD62L) 
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and CC-chemokine receptor 7 (CCR7) (CD62L
hi
CCR7

hi
). Naive T cells are relatively 

long-lived and can remain in interphase for several weeks (8, 9).  

The numbers of naive T cells in the periphery remain fairly stable in young adult 

animals, despite continuous output from the thymus, suggesting balanced loss and 

replacement. In addition to the stable size of the entire pool, naive T cell homeostasis 

requires the maintenance of diversity and functional competence. A large number of 

unique antigen receptors are needed in a limited physical space in order to recognize a 

multitude of potential foreign antigens (9). Maintenance of both the naive T cell number 

and the diverse TCR repertoire relies on signals from TCR-self-pMHC interaction and 

members of the common gamma chain (ɔC) family of cytokines, including interleukin 7 

(IL-7) and to a lesser degree IL-15 (10-12). IL-7 and related cytokines promote survival 

of naive T cells by preventing the mitochondrial pathway of apoptosis, primarily through 

increasing expression of the anti-apoptotic factor Bcl-2 (13, 14). 

Naive T cells undergo spontaneous homeostatic proliferation in response to severe 

depletion of T cells or upon transfer into lymphopenic environment. This homeostatic 

proliferation is dependent on the TCR-self-pMHC interaction and/or IL-7, the same 

factors required for survival of naive T cells, but have increased availability under 

lymphopenic conditions (15). Other common ɔC cytokines such as IL-15 and IL-2 can 

also provoke proliferation of naive T cells (16). 
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1.2.3 T cell activation and differentiation 

 

Upon encountering of foreign antigens presented by antigen-presenting cells 

(APCs), naive T cells become activated and differentiate into effector T cells. This 

process is accompanied by robust proliferation, transcriptional, epigenetic and metabolic 

reprogramming, and the acquisition of cardinal features of effector T cells such as 

effector function and altered migratory pattern.  

Naive T cells are small resting cells with condensed chromatin. Antigen sensing, 

together with costimulation and cytokine signaling trigger the quiescent T cell to rapidly 

proliferate and differentiate into effector T cells (17). Their proliferation and 

differentiation are driven by the cytokine IL-2, which is produced by the activated T cells 

themselves (18). Initiation and progression of cell cycle is tightly controlled by the 

ordered expression and degradation of cyclins, cyclin-dependent kinase (CDKs) and their 

negative regulators, the CDK inhibitors. Extracellular cues are first integrated through the 

D-type cyclins and their catalytic partners, CDK4 and CDK6. The D-type cyclins are 

rate-limiting factors cell cycle progression from the G1 to the S phase. The induction of 

cyclin E occurs at the late G1 restriction point, and cyclin A is expressed at S phase entry. 

CDK inhibitors, such as p27
kip1

 and p21
cip1

, negatively modulate the kinase activities of 

CDKs. Cyclin-CDK complexes phosphorylate the retinoblastoma tumor suppressor (Rb), 

releasing the E2F transcription factor from Rb-mediated inhibition, which is required for 

the transcription of S phase genes (19).  

T cell activation is also accompanied with dramatic metabolic changes (20, 21). 

Naive T cells exhibit basal levels of nutrient uptake and primarily use mitochondrial 
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oxidative phosphorylation (OXPHOS) and fatty acid oxidation (FAO) to generate energy 

in the form of ATP (17, 22). Antigen stimulation leads to increased uptake of nutrients 

and a metabolic switch to a program of anabolic growth and biomass accumulation. 

Notably, activated T cells show enhanced facilitated glucose transport and a marked 

increase in aerobic glycolysis, a process in which glucose is converted into lactate even 

though sufficient oxygen is present to support glucose catabolism via the tricarboxylic 

acid (TCA) cycle and OXPHOS (20, 23). Although less efficient in producing ATP, 

aerobic glycolysis is thought to provide activated T cells with intermediate substrates to 

fuel de novo nucleotide synthesis and fatty acid synthesis (FAS), and to serve as a way to 

maintain the redox balance (NAD
+
/NADH) in the cell (22, 24). In addition, T cell 

activation results in increased facilitated amino acid transport and augmented 

glutaminolysis to support the need of biosynthetic precursors required for rapid cell 

growth (23). Moreover, Tregs exhibit distinct metabolic profiles from conventional 

effector T cells ï they depend more on the oxidation of lipids rather than strongly 

engaging glycolysis (25).  

Activated T cells differentiate into diverse effector subsets, which is optimally 

tailored to provide an appropriate response to the broad array of infectious agents that the 

host encounters. Depending on the particular cytokine milieu, naive CD4
+
 T cells can 

differentiate into T helper 1 (Th1), Th2, Th17, T follicular helper (Tfh) and peripherally 

derived Tregs (pTregs) (26, 27). These subsets require the transcription factors T-bet, 

GATA-binding protein 3 (GATA3), retinoic acid receptor-related orphan receptor-ɔt 

(RORɔt), B cell lymphoma 6 (BCL-6) and forkhead box P3 (FOXP3), respectively, for 

their development (27). They also play distinct roles in the regulation of immune 
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responses: Th1 cells preferentially produce the cytokine IFN-ɔ, and are important for 

eradicating intracellular pathogens. Th2 cells produce large quantities of IL-4, IL-5 and 

IL-13, and are crucial in the regulation of humoral immune responses to extracellular 

pathogens, such as helminth worms. Th17 cells are known for their secretion of IL-17, 

and they are important in the elimination of extracellular bacteria and fungi. Tfh locate in 

the germinal center, and are specialized providers of B cell help in the lymphoid follicles. 

pTregs, together with tTregs, restrain effector T cell responses and keep autoimmunity in 

check (27). CD8
+
 T cells have a less versatile repertoire of effector functions. They 

differentiate into cytotoxic effector T cells that recognize and kill cells infected by 

intercellular pathogens like virus and bacteria. CD8
+
 T cells accomplish killing through 

molecules including the granzymes and perforin, and Fas-mediated cell death 

mechanisms. Effector CD8
+
 T cells secrete inflammatory cytokines such as IFN-ɔ and 

tumor necrosis factor TNF as well (28, 29).  

T cell activation also leads to altered migration ï naive T cells recirculate through 

secondary lymphoid organs, whereas activated T cells disseminate broadly to sites of 

infection to exert effector functions (7). Cell surface proteins including CD62L, CCR7 

and lymphocyte function-associated antigen 1 (LFA1) mediate the entry of naive T cells 

into secondary lymph organs. These molecules are downregulated upon antigen 

stimulation (30, 31). In addition, specific homing molecules are induced in effector T 

cells to dictate their tissue-selective homing, for instance, CCR9 and integrin Ŭ4ɓ7 are 

preferentially upregulated in T cells migrating to the gut, and CCR10 is induced to guide 

T cells to the skin (32, 33).  
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1.2.4 Memory T cells 

 

Following the peak of effector expansion, the resolution of inflammation and 

pathogen eradication, the majority of effector T cells die, leaving behind a heterogeneous 

pool of memory T cells (34, 35). On the basis of their function, proliferative capacity, 

anatomical location and migration pattern, memory T cells can be divided into discrete 

subsets, including two circulating populations ï effector memory T (TEM) cells and 

central memory T (TCM) cells ï as well as non-circulating tissue-resident memory T cells 

(36). TCM cells express high levels of lymph node homing molecules, CCR7 and CD62L, 

and home to secondary lymphoid organs and bone marrow. TEM cells lack the expression 

of these lymph homing molecules, and are most commonly found in non-lymphoid 

tissues (37, 38). Functionally, TCM cells can proliferate extensively and produce IL-2, 

whereas TEM cells possess heightened effector functions such as cytolytic activity among 

CD8
+
 T cells, and they are commonly the immediate responders. Both TCM and TEM 

populations continuously circulate through blood vessels, and they might interconvert as 

they pass through lymphoid and non-lymphoid tissues (37). 

Memory T cells downregulate much of the activation program of effector T cells, 

yet they maintain the ability to rapidly reactivate effector functions upon restimulation. 

They primarily rely on fatty acid metabolism, and are maintained in an antigen-

independent, cytokine-dependent manner mainly through IL-7 and IL-15, which promote 

the cell survival and self-renewal proliferation (8). 
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1.3 Molecular insights into T cell signaling 

 

Immunological inputs in form of antigen recognition (signal 1), co-stimulatory 

ligand engagement (signal 2) and cytokine stimulation (signal 3) guide the outcomes of T 

cell development, homeostasis, activation and differentiation (39). The responses are 

highly coordinated and context-dependent. A number of evolutionarily conserved 

signaling modules have been rewired by T lymphocytes to interpret these environmental 

cues and to orchestrate the wide array of responses.  

 

1.3.1 T cell receptor (TCR) signaling 

 

The signaling network downstream of TCR signaling has a central role in 

adaptive immune response (Fig. 1-1). The extracellular portion of TCR recognizes 

cognate pMHC, which is facilitated by the binding of coreceptors, CD4 and CD8. TCR-

pMHC interaction induces conformational changes of associated CD3 chains and 

phosphorylation of the immunoreceptor tyrosine-based activation motifs (ITAMs) of 

CD3 ŭ-, ɔ-, Ů-, and ɕ-chains, which is mediated by the Src kinases leukocyte-specific 

tyrosine kinase (Lck) (14). A significant proportion of Lck in the cell constitutively 

associates with the intracellular domain of CD4, thus CD4 ñprimesò TCR signaling upon 

recruitment to the TCR-CD3 complexes. Phosphorylated CD3 ITAMs recruit the Syk 

family kinase Zeta activated protein 70 kDa (Zap70) via Src-homology-2 (SH2)-domain 

interactions (40).  
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Upon localization to the TCR complex, Zap70 propagates TCR signaling by 

phosphorylating multiple downstream targets, among which include the activation of T 

cells (Lat), a membrane-associated scaffolding protein (41). Phosphorylated Lat recruits a 

second molecular scaffold, SH2-domain-containing leukocyte protein of 76 kDa (Slp76), 

via the protein Grb2-related adapter proteins (Gads) (42). Slp76 is subsequently 

phosphorylated by Zap70, and the resulting LAT-Slp76 complex serves as a platform for 

the recruitment of downstream effector molecules to further amplify the TCR-induced 

signaling, among which include phospholipase C-ɔ (PLCɔ) and the Tec family kinase 

interleukin-2-inducible T-cell kinase (ITK) (42). 

PLCɔ transduces TCR signals by hydrolyzing phosphatidylinositol (4,5)-

bisphosphate (PIP2) to yield diacylglycerol (DAG), a membrane-associated lipid, and 

inositol (1,4,5)-trisphophate (IP3), a diffusible second messenger. DAG recruits a number 

of downstream proteins to the plasma membrane, among them protein kinase C (PKC) 

and RAS guanyl nucleotide-releasing protein (RasGRP) (43). PKC activates a protein 

complex comprising the adaptors caspase recruitment domain containing membrane-

associated guanylate kinase protein 1 (CARMA1), Bcl10 and mucosa-associated 

lymphoid tissue lymphoma translocation gene 1 (MALT1), and modulates the nuclear 

factor of kappa light chain enhancer in B cells (NF-əB)-dependent signaling pathway (44, 

45). Under resting conditions, NF-əB is sequestered in the cytoplasm by inhibitor of əB 

(IəB). Phosphorylation of IəB by the IəB kinase (IKK) complex leads to the 

ubiquitylation and degradation of IəB, allowing NF-əB to translocate the nucleus. 

Activation of the CARMA1/Bcl10/MALT1 complex by PKC stimulates IKK, which then 

phosphorylates IəB and results in activation of NF-əB-dependent transcription (46).  
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RasGRP is a guanine nucleotide-exchange factor (GEF) for the small GTPase Ras, 

which crucial in transmitting signals from cell-surface receptor tyrosine kinases (RTKs) 

to activate downstream signaling cascades. In its active, GTP-bound confirmation, Ras 

has high affinity for numerous downstream effectors of RTK signal transduction 

pathways, including Raf, thereby activating a mitogen-activated protein kinase (MAPK) 

signaling cascades. Raf is a MAPK kinase kinase (MAPKKK) that phosphorylates and 

activates MAPK kinase (MAPKKs), which in turn phosphorylate and activate the effector 

MAPK, extracellular signal-regulated kinase (ERK) (43). ERK phosphorylates the ETS 

family transcription factors to induce the expression of immediate early genes such as c-

Fos, a component of the AP-1 transcription complex (47).  

The IP3 generated by TCR-stimulated PLCɔ activity stimulates the opening of 

Ca
2+

-permeable ion channel receptors (IP3R) on the endoplasmic reticulum (ER) 

membrane, leading to the release of ER Ca
2+ 

stores into the cytoplasm (48). Depletion of 

ER Ca
2+

 triggers the aggregation of Ca
2+

 sensors stromal interaction molecules (STIMs) 

in regions of close ER-plasma-membrane apposition (49, 50). These STIM clusters 

induce the opening of Orail channels in the cell membrane, leading to a large and 

sustained influx of extracellular Ca
2+ 

into the cytoplasm (51). The activity of nuclear 

factor of activated T cells (NFAT) is regulated by the concentration of intracellular Ca
2+ 

(52). When Ca
2+

 levels are low, phosphorylation by the kinase glycogen synthase kinase 

3 (GSK3) promotes nuclear export of NFAT. Increases in cytoplasmic Ca
2+

 lead to the 

dephosphorylation and nuclear import of NFAT, which is mediated by the binding of 

Ca
2+

 to calmodulin and subsequent activation of the phosphatase calcineurin (CN) that 

dephosphorylates NFAT (53).  
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In addition to the hydrolysis mediated by PLC, PIP2 can be modified by 

phosphatidylinositol 3-kinase (PI3K). Several TCR signaling effectors, including Ras, 

activate PI3K, which then phosphorylates PIP2 to generate phosphatidylinositol (3,4,5)-

trisphosphate (PIP3). Localized PIP3 generation serves as a docking site for the PH 

domains of 3-phosphoinositide-dependent protein kinase 1 (PDK1) and its target Akt (54).  

Phosphorylation of Akt by PDK1 and the mechanistic target of rapamycin complex 2 

(mTORC2) leads to its activation, allowing it to phosphorylate multiple downstream 

proteins including the Foxo family of transcription factors and the tuberous sclerosis 

complex (TSC) (55). Phosphorylation of Foxo proteins by Akt induces their nuclear 

export and transcriptional inactivation (56). Phosphorylation of TSC by Akt represses its 

function as a GTPase-activating protein (GAP) towards the small GTPase Rheb, which 

activates the mTORC1 kinase that is important in the regulation of cellular growth and 

metabolic responses (57). Activation of Akt also enhances the nuclear translocation of 

NF-əB by facilitating the assembly of the CARMA1/Bcl10/MALT1 complex (58). In 

addition, Akt affects optimal transcription of NFAT-regulated genes by inactivating 

GSK-3, the kinase that triggers nuclear export of NFAT (53).  

Besides the downstream proteins that amplify the TCR-induced signaling, several 

pathways are involved in the downregulation of this signaling network. PLCɔ-mediated 

signaling is attenuated by diacyglycerol kinases (DGKs), which phosphorylate DAG to 

yield phosphatidic acid (PA) (59). PI3K signaling is regulated by the opposing activity of 

the phosphate and tensin homology (Pten), which converts PIP3 to PIP2 (55). 

 

 



 13 

 

Figure 1-1: The T cell receptor (TCR) signaling network. Abbreviations: TCR, T cell receptor; MHC, major histocompatibility 

complex; ITAM, immunoreceptor tyrosine-based activation motif; Zap70, Zeta-associated protein 70 kDa; Slp76, SH2-domain-

containing leukocyte protein of 76 kDa; GAD, Grb2-related adapter protein; PLCɔ, phospholipase C-ɔ; Itk, interleukin-2-inducible T-

cell kinase; PIP2, phosphatidylinositol (4,5)-bisphosphate; DAG, diacylglycerol; IP3, inositol (1,4,5)-triphosphate; Ca
2+

, calcium; 

STIM, stromal interaction molecule; CN, calcineurin; PKC, protein kinase C; RasGRP, RAS guanyl nucleotide-releasing protein; 

CARMA1, caspase recruiting domain-containing membrane-associated guanylate kinase protein 1; Bcl10, B-cell lymphoma 10; 

MALT1, mucosa-associated lymphoid tissue lymphoma translocation gene 1; IKK, IəB kinase; PI3K, phosphatidylinositol 3-kinase; 

PIP3, PtdIns(3,4,5)P3; mTORC1/2, the mechanistic target of repamycin complex 1/2; TSC, tuberous sclerosis complex; Foxo, 

Forkhead family O; GAP, GTPase-activating protein; PA, phosphatidic acid; DGK, diacylglycerol kinase. 
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1.3.2 Co-stimulation 

 

Signaling solely through the TCR results in a nonresponsive state (anergy) in 

which T cells are refractory to restimulation. Optimal T cell stimulation that leads to 

productive T cell activation and proliferation requires a second signal delivered by the 

colligation of other cell surface receptors. Although many cell surface receptors can 

provide costimulatory signal, CD28, upon binding to B7-1 and B7-2 (also known as 

CD80 and CD86) expressed by APCs, transmits the most robust signal. Ligand binding 

of CD28 induces phosphorylation of its cytoplasmic tail, which recruits several 

downstream proteins, including PI3K and ITK (60). Since these molecules are also 

recruited to the activated TCR complex, itôs speculated that CD28 engagement primarily 

enhance T cell signaling in a quantitative manner rather than a qualitative manner.  

In addition to CD28, a number of other transmembrane proteins, such as inducible 

costimulator (ICOS), 4-1BB and OX40, have been described as having costimulatory 

functions (61). ICOS belongs to the CD28 superfamily of costimulatory molecules, and it 

binds to the B7-H2 ligand (62). Unlike CD28, which is constitutively expressed on naive 

and activated T cells, expression of ICOS is induced on activated T cells. Ligand 

engagement of ICOS also leads to phosphorylation of its cytoplasmic tail and stimulation 

of the PI3K signaling. 4-1BB and OX40 are members of the TNF receptor superfamily, 

and they transmit costimulatory signal in a distinct pattern from CD28 and ICOS. 

Colligation of 4-1BB and OX40 with their ligands 4-1BBL and OX40L, respectively, 

link downstream signaling through the TNFR-associated factor (TRAF) family of adapter 

proteins (63).  
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Besides the receptors that deliver positive signals, a group of co-inhibitory 

receptors function to limit the expansion and activation of TCR-triggered cells. Cytotoxic 

T-lymphocyte antigen 4 (CTLA4) and programmed death-1 (PD1) represent two well-

studied co-inhibitory receptors (64, 65). CTLA4 is closely related to CD28, but it binds to 

B7-1 and B7-2 with significantly higher affinity (66). It is sequestered in intracellular 

compartment in resting T cells, and traffics to the cell surface following TCR stimulation. 

One mechanism of CTLA4 exerting its inhibitory function is through competing with 

CD28 for binding to the B7 ligands. Additionally, ligand binding of CTLA4 leads to 

phosphorylation of its cytoplasmic tail, which recruits phosphatases, such as SH2-

domain-containing tyrosine phosphate 2 (SHP2) and serine/threonine protein phosphatase 

2A (PP2A), to dephosphorylate membrane-proximal effectors. Binding of PD1 to its 

ligand (PD1-L) recruits SHP2 and PP2A in a similar manner as CTLA4 (61).    

 

1.3.3 Cytokine signaling  

 

Along with antigen recognition and costimulation, a third signal that is mediated 

by cytokines plays crucial roles in T cell development, differentiation and function. For 

instance, CD8
+
 T cells that do not receive a third signal from inþammatory cytokines, 

pre-dominantly IL-12 and type I interferons (IFNŬ/ɓ), fail to develop cytolytic function, 

and become unresponsive (67). Additionally, the particular cytokine milieu experienced 

by antigen-activated CD4
+
 T cells instructs the differentiation into distinct effector 

lineages.  
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Cytokines can be grouped into families based on their structures and downstream 

signaling modules. One large class of cytokines, including interleukins, interferons 

(IFNs), and hemotopoietins, employ the Janus kinase (JAK)-signal transducers and 

activators of transcription (STAT) pathway (68, 69). The receptors of these cytokines 

lack intrinsic kinase activity and are associated with JAK family of tyrosine kinase. 

Ligand binding to cytokine receptors and subsequent receptor dimerization lead to 

activation of associated JAKs. There are four JAK proteins, JAK1, JAK2, JAK3 and 

Tyk2, which selectively bind different receptor chains. The activated JAKs then 

phosphorylate the receptor cytoplasmic domains, creating docking sites for Sh2-

containing signaling proteins, most representatively, the STATs. STATs are a family of 

transcription factors composed of seven members (STAT1-4, 5a, 5b and 6), and they 

dimerize upon activation by JAKs. The STAT-STAT dimer translocate to the nucleus, 

where it can directly bind DNA and regulate gene expression. One subfamily of 

cytokines that stimulates the JAK-STAT pathway include IL-2, IL-4, IL-7, IL-9, and IL-

15, and they interact with a shared receptor subunit, the common ɔ chain (ɔC, CD132) 

(70). JAK3 binds ɔC, and JAK1 interact with the ligand specific subunit that is associated 

with ɔC. All interferons signal through the JAK/STAT pathway, and different JAK and 

STAT members mediate distinct downstream responses. Type I IFNs, including IFN-Ŭ, ɓ 

activate TYK2 and JAK1, resulting in STAT1-2 heterodimerization, whereas type II IFN 

(IFN-ɔ) activates JAK1 and JAK2 to induce STAT1 homodimerizaion (71). The 

JAK/STAT pathway is negatively regulated by a family of JAK kinase inhibitor proteins 

referred to as suppressors of cytokine signaling (SOCS). SOCS members inhibit 



 17 

JAK/STAT signaling via binding to phosphorylated JAK to suppress its kinase activity or 

interacting with cytokine receptors to block STAT recruitment (72).  

Tumor necrosis factors (TNFs), such as TNF-Ŭ and lymphotoxin (LT), represent 

another important class of pro-inflammatory cytokines (73). TNF is primarily produced 

as a trimeric type II transmembrane protein, and the soluble TNF is released via 

proteolytic cleavage. Both TNF and LT bind to two receptors: TNF receptor 1 (TNFR1) 

and TNFR2, which differ in their structure and expression patterns. The intracellular 

domains of the two receptors are devoid of intrinsic enzyme activity, and they transduce 

signaling by recruiting distinct signaling modules. TNFR1 contains a cytoplasmic death 

domain (DD), which recruits the adaptor molecule TNFR1-associated death domain 

protein (TRADD). TNFR2 lacks the cytoplasmic DD sequence and binds TNFR-

associated factor 1 (TRAF1) and TRAF2. Both TNFR1-TRADD and TNFR2-

TRAF1/TRAF2 signaling lead to activation of NF-əB pathway, through the recruitment 

of receptor-interacting serine threonine-protein kinase 1 (RIPK1), and transforming 

growth factor ɓ (TGF-ɓ)-activated kinase 1 and MAP3K7-binding protein 2 (TAB2) and 

TAB3 and TGF-ɓ-activated kinase 1 (TAK1). The activated TAK1 also stimulate the 

JNK and p38 signaling (74).  

 TGF-ɓ belongs to a family of regulatory cytokine that have pleiotropic functions 

(75). Three members of TGF-ɓ proteins (TGF-ɓ1-3) have been identified in mammals, 

and TGF-ɓ1 is the predominant form expressed in the immune system. TGF-ɓ is 

synthesized in an inactive form composed of a TGF-ɓ dimmer in association with the 

latency-associated protein (LAP), which is subsequently degraded by a TGF-ɓ activator 

(76). Active TGF-ɓ initiates signaling by binding to and bringing together type I and type 
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II receptors (TGF-ɓRI and TGF-ɓRII) that contain serine/threonine kinase activity. This 

allows TGF-ɓRII to phosphorylate and activate TGF-ɓRI, which then propagates the 

signal through phosphorylation of the Smad proteins, such as Smad2 and Smad3. 

Phosphorylated Smad2/3 interact with the co-Smad, Smad4, and translocate into the 

nucleus. In conjunction with other nuclear cofactors, the active Smad complex binds to 

DNA and regulate the transcription of target genes (77). In addition, TGF-ɓ activates a 

number of Smad-independent signaling pathways, such as MAPK and PI3K/Akt 

signaling.   

 

1.4 T lymphocytes in health and disease 

 

1.4.1 T cell tolerance under steady-state conditions 

 

 As a key component of the adaptive immune system, T lymphocytes are capable 

of recognizing enormously diverse antigens, mounting vigorous effector responses, and 

developing long-lasting immunological memory. Due to this high potency, they can 

cause severe damage to the host if inappropriately directed. Therefore, a major challenge 

for the immune system under steady-state conditions is the maintenance of self-tolerance.  

Multiple mechanisms are involved in the immune self-tolerance. Central tolerance 

refers to the deletion of autoreactive T cells during development in the thymus (78). 

Single positive thymocytes binding with overly high avidity to self-peptide MHC 

complex undergo apoptosis in the thymic medulla, a process named clonal deletion (79). 

This process relies in part on ectopic expression and presentation of proteins usually 
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restricted to peripheral tissues, by medullary thymic epithelial cells (mTEC). 

Promiscuous expression of tissue-restricted antigens (TRAs) by mTEC is regulated by a 

transcription factor called the autoimmune regulator (AIRE), mutation of which causes 

autoimmune polyendocrinopathy, candidiasis, and ectodermal dysplasia (APECED) (80, 

81). In addition to clonal deletion, clonal diversion also occurs in the thymus ï some self-

reactive clones differentiate into Tregs (6, 82, 83). Finally, a group of thymocytes 

expressing high affinity TCR for self-peptide MHC complexes can avoid the deletion or 

diversion fate via secondary gene rearrangement at the TCRŬ loci, a process is known as 

receptor editing, thereby changing the TCR specificity (84). 

Despite extensive pruning of self-reactive cells in the thymus, potentially self-

destructive T cells escape into the periphery, necessitating additional peripheral tolerance 

mechanisms. Self-reactive T cells can be rendered anergic upon exposure to cognate self-

antigen in the peripheral (85). Alternatively, their activation threshold may be raised by 

the expression of inhibitory receptors or negative signaling molecules (85). In addition, 

deletion of self-reactive T lymphocytes through apoptotic cell death also occurs in the 

peripheral, a process that is termed peripheral deletion (61). Mutation in FAS, a member 

of the TNF receptor family that is crucial for both the central and peripheral deletion, 

causes autoimmune lymphoproliferative syndrome (86).  

In addition to these cell-intrinsic or recessive mechanisms, cell-extrinsic or 

dominant mechanisms, by which suppressive populations acting in trans to restrain 

aberrant or over-reactive lymphocytes, play pivotal roles in the maintenance of peripheral 

tolerance. A most extensively studied suppressive population is Tregs. Mutations of the 

Foxp3 gene, which encodes the lineage-specifying transcription factor of Tregs, result in 
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a lethal lymphoproliferative disorder in Scurfy mice, and are associated with 

immunedysregulation, polyendocrinopathy, enteropathy and X-linked syndrome (IPEX) 

in human patients (87-89). Tregs depend on IL-2 signaling for development and function. 

IPEX-like syndrome is also manifested in animals possessing defects in IL-2 signaling 

such as mutations in the IL-2 receptor Ŭ chain (CD25) or the intracellular signaling 

mediator STAT5b (90, 91). 

 

1.4.2 T cell responses to infection  

 

The goal of immune responses in infectious diseases is to eliminate pathogens 

through inflammatory reactions without collateral damage. T cells are not only the key 

mediators of adaptive immune reactions, but they also orchestrate the delicate balance 

between nonproductive and exaggerated responses. Depending on the particular 

pathogenic insults, naive CD4
+
 T cells can differentiate into Th1, Th2 and Th17 cells, 

which are important for eradicating intracellular pathogens, helmith, and extracellular 

bacteria/fungi, respectively. Tfh and Treg cells are two other CD4
+
 T cell subsets that can 

provide help to B cells or limit immune reactions, respectively. CD8
+
 T cells differentiate 

into cytotoxic lymphocytes that participate in defense against intracellular viral, bacterial 

and protozoal infections. 

The differentiation fate of effector CD4
+
 T cells involves integration of antigen, 

costimulatory, and cytokine signals that influence the expression of lineage-specific 

transcription factors (26, 27). During Th1 polarization, IL-12 produced by dendritic cells 

and macrophages binds to IL-12 receptor, a heterodimer of IL-12Rɓ1 and IL-12Rɓ2, on 
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the cell surface of naive CD4
+
 T cells, and stimulates IFN-ɔ production via STAT4 

activation. IFN-ɔ produced by developing Th1 cells functions through an autocrine route, 

binds to IFN-ɔ receptor (IFN-ɔR), elicits downstream STAT1 signaling and induces T-bet 

expression (92). T-bet is a lineage specific transcription factor of Th1 program, which 

functions to enhance IFN-ɔ production and induce IL-12Rɓ2 expression. IFN-ɔ produced 

by Th1 cells then activates macrophages that are infected by or have ingested pathogens 

to eliminate the intracellular pathogen (92). Th1 cells are of particular importance in the 

defense against intracellular bacteria, most notably, mycobacterial species, as deficiencies 

in human IFNGR1, IFNGR2, STAT1, IL12RB1, and IL12B genes causes susceptibility to 

those infections (93).  

IL-4 is a crucial cytokine for Th2 lineage commitment. Parasite infection triggers 

the production of IL-4 in cells such as eosinophils and basophils. Binding of IL-4 to the 

IL-4 receptor on naive CD4
+
 T cells activates STAT6, which upregulates the expression 

of the master regulator GATA3. GATA3 induces its own expression, reinforcing Th2 

differentiation. GATA3 also induces the expression of type 2 cytokines, IL-4, IL-5 and 

IL-13 that required for the switching of B cells to produce the IgE class of antibody and 

recruitment of eosinophils. Besides GATA3, IL-2-mediated activation of STAT5 is 

indispensible for the production of Th2 cytokines as well (94, 95). Mutations of GATA3 

have been detected in human populations, and in the heterozygous form they account for 

the hypoparathyroidism, deafness, and renal dysplasia (HDR) syndrome (96). Mice 

lacking IL-4 receptor Ŭ chain (IL-4RŬ), STAT6 or GATA3 show highly compromised 

anti-helminth immunity (97, 98). 
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IL6, IL21, IL23 and TGF-ɓ are the major signaling cytokines involved in Th17 

cell differentiation, and RORɔt is the master regulator. The differentiation process can be 

divided into three stages ï differentiation, amplification and stabilization. TGF-ɓ in the 

presence of IL-6 initiates the differentiation of Th17 lineage, inducing the expression of 

RORɔt, production of IL-21 as well as upregulation of IL-23 receptor (IL-23R) (99). IL-

21 produced by developing Th17 cells then mediates the amplification step, and IL-23 

expands and stabilizes the Th17 lineage. STAT3, activated downstream of IL-6, IL-21 

and IL-23, is crucial in the Th17 differentiation process (100, 101). Th17 cells help 

protect against extracellular bacteria and fungi through stimulating the neutrophil 

response that helps to clear such pathogens. Mutations in IL-12Rɓ1, the signal 

transduction chain of both IL-12 and IL-23 receptors, in humans lead to impaired 

immunity to mycobacteria and Candidia (102). Similarly, mutations in STAT3, or RORC, 

the human version of mouse RORɔ, trigger heightened susceptibility to fungi infection, 

such as Staphylococcus aureus and Candida albicans (102, 103). Besides the protective 

responses in infection, Th17 cells have been implicated in many autoimmune diseases, 

including psoriasis, rheumatoid arthritis and Crohnôs disease (104-106). 

CD4
+
 Tfh cells are recently recognized as a distinct T cell subset. They are 

identified mainly by their location in the B cell follicles, and by the expression of surface 

markers including chemokine (C-X-C motif) receptor 5 (CXCR5) and ICOS. Bcl-6, a 

transcription factor that is induced by antigen stimulation and ICOS signaling, plays a 

crucial role in Tfh differentiation. Tfh cells express CD40 ligand, and produce IL-21 and 

IL-4 (107). They drive B cell proliferation, antibody affinity maturation, isotype class 

switching, and the formation of memory B cells and plasma cells. Increased populations 



 23 

of virus-specific Tfh cells are observed during chronic lymphocytic choriomeningitis 

virus (LCMV) infection of mice, as well as human immunodeficiency virus (HIV), 

hepatitis B and hepatitis C virus infections of humans, yet they exhibit impaired activity 

partly due to PD-1 ligation (108). Additionally, aberrant expansion of circulating Tfh 

cells has been reported to correlate with numerous autoimmune diseases in humans, 

including rheumatoid arthritis and systemic lupus erythematosus (109). 

Cytotoxic CD8
+
 T cells are important in the defense against intracellular 

pathogens, including virus, bacteria and protozoa. They recognize pathogen-derived 

peptides complexed with MHC class I molecules on the surface of infected cells, and 

trigger apoptosis of the target cells. The principle mechanism of CTL killing is the 

release of cytotoxic granules, which includes granzymes that induces apoptosis of target 

cells, and perforin that delivers granzymes into the cells (28). CD8
+
 T cells also perform 

killing via Fas-Fas ligand-dependent cell death. Additionally, they secrete cytokines such 

as TNF-Ŭ and IFN-ɔ, which play important roles in antimicrobial defense. Durable 

memory CD8
+
 T cells can be established after the eradication of pathogen, conferring 

protection against subsequent reinfection (28). Mutations in genes coding for proteins 

that transport MHC I to the cell surface, for example TAP1 and TAP2, impair CD8
+
 T 

cell development and function (110). Increased susceptibility to a broad spectrum of 

infections has been observed in patients harboring these mutations, underlying the crucial 

function for CD8
+
 T cells in host defense (110).  

In addition to the effector CD4
+
 and CD8

+
 T cell populations that carry out host 

defense against invading pathogens, Tregs also participate in the responses to infection. 

They play both negative and positive roles ï excessive Treg activity restrains effector T 
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cell responses and impairs clearance of harmful pathogens, yet adequate Treg activity is 

required to limit the immunopathology (111). The deleterious role of Tregs has been 

implicated by the association of elevated Treg number with higher viral burden in 

patients infected with hepatitis C virus (112). On the other hand, Tregs exert protective 

function by regulating the quality and quantity of effector response. For instance, in a 

murine infection model of herpes simplex virus-2 (HSV-2), depletion of Tregs triggers 

uncontrolled T cell activation that prevents effector T cell migration to the site of 

infection (112). Furthermore, Tregs increase the avidity of primary CD8
+
 T cell responses 

by destabilizing low-affinity T cell-DC interactions in mice following Listeria 

monocytogenes infection (113). Tregs also promote memory responses in a murine 

Leishmania infection model through blocking the sterile eradication of the pathogen, 

thereby providing long-term persistence of the antigen that is needed for the maintenance 

of memory responses (114). 

 

1.4.3 T lymphocytes in cancer 

 

The idea that immune system has negative effects in tumor development may 

trace back to the 1900s, but it has been under debate ever since. Extensive work over the 

past two decades has ended the argument, and demonstrated the dual host-protective and 

tumor-promoting roles of immunity (115). The immune system can not only suppress 

tumor growth by recognizing and destroying cancer cells (cancer immunosurveillance), 

but also facilitate tumor progression either by selecting for tumor cells that are more fit to 

survive in an immunocompetent host (possibly through shaping the immunogenicity), or 
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by establishing conditions within the tumor microenvironment that are beneficial for 

tumor growth (116). T lymphocytes have central functions in the many facets of immune-

tumor interactions.  

The host-protective role of T cells is supported by the observations that mice 

lacking T cells, such as Tcrb
-/-

Tcrd
-/-

 and Nude strains, develop more carcinogen-induced 

tumors and spontaneous cancer than wild-type mice (117, 118). CD8
+
 T cells are at the 

core of adaptive response. They recognize and destroy the tumor cells expressing 

peptide-MHC class I complexes on the surface. CD8Ŭ
+
 DC can take up and cross-present 

tumor antigens to T cells, a process that is promoted by type I IFNs (119). Activated 

effector CD8
+ 

T cells release IFN-ɔ that can mediate anti-tumor effects by inhibiting 

tumor cell proliferation and angiogenesis, or by activating macrophages (119). 

Additionally, CD8
+
 T cells can induce tumor cell apoptosis by interacting with Fas and 

TRAIL receptors on tumor cells, or through secreting perforin and granzymes. Depleting 

effector molecules including IFN-ɔ, perforin, Fas Ligand, TRAIL in mice causes 

increased susceptibility to carcinogen-induced or spontaneous tumors (120-122). On the 

other hand, contribution of CD4
+
 T helper cells to host protection against tumors has 

been typically attributed to Th1 cells, whereas the functions of Th2, Th17 and Tfh cells 

remain elusive (123). 

Conversely, T cells can promote tumor evasion. One such mechanism is through 

immunoediting that selects outgrowth of tumor cells that lack strong rejection antigens 

(124). Another mechanism is mediated by Tregs, which dampen effector responses and 

prevent immune-mediated rejection of cancer (125). In murine tumor models, transient 

ablation of Tregs results in activation of CD4
+
 or CD8

+
 effector T cells and rejection of 
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solid tumors (126). In human patients, low Treg to Teff ratios are associated with better 

prognosis in multiple cancers including ovarian cancer, breast cancer, renal cell 

carcinoma, and colorectal carcinoma (127, 128). 

 Growing knowledge on the interplay between T cells and tumor cells has attracted 

enormous interest to T cell-based cancer therapies. One early approach focuses on 

developing therapeutic vaccines to expand T cells against shared antigens expressed on 

tumors (129). Nevertheless, such trials elicited minimal clinical benefits, which might be 

caused by cell-extrinsic suppressive mechanisms in the tumor microenvironment such as 

Tregs. Another contributing factor to the failure of cancer vaccines is cell intrinsic ï the 

anergic or irresponsive status of tumor-infiltrating lymphocytes triggered by activation of 

inhibitory pathways such as CTLA-4 and PD-1 (61). Blocking CTLA-4 and/or PD-1 

unleashes T cell responses against tumor, and has generated outstanding responses in 

patients with a variety of tumor types, including melanoma, renal cell carcinoma, prostate 

cancer and ovarian cancer (130-132). 

Adoptive T cell transfer represents another type of T cell manipulation in cancer 

treatment. In one approach, tumor-infiltrating lymphocytes (TILs) are isolated, expanded, 

and in some cases, selected for TCR specificity before being reinfused into the same 

patient (133). TIL transfer has so far showed remarkable efficacy in patients with 

metastatic melanoma (134). In a second approach, host T cells are genetically engineered 

with antitumor T cell receptors or chimeric antigen receptors (CARs) before subsequent 

administration to the patient. CARs can be constructed by linking the antigen-binding 

domain of an antibody to the intracellular signaling molecules such as CD3-ɕ and other 

costimulatory signaling domains to fully activate T cells (135). CD19-targeted CAR-T 
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cells have generated marvelous responses in B cell malignancies, and CAR-T cells 

targeting other cancer types are under active investigation (136-138). 

 

1.5 Conclusion 

 

With the mapping of human genome and rapidly evolving technologies in animal 

modeling, our knowledge of the pervasive influence T lymphocytes exert on health and 

diseases has increased at an exponential rate. Understanding the molecular mechanisms 

that dictate T cell fate and behavior could lead to novel approaches to treating human 

diseases.   
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CHAPTER II  

THE PI3K/ AKT /FOXO SIGNALING PATHWAY CONTROLS REGULATORY  

T CELL HOMEOSTASIS AND FUNCTION *  

 

2.1 Introduction 

 

2.1.1 PI3K/Akt/Foxo signaling pathway  

  

 The PI3Ks are a family of kinases that regulate diverse biological process, 

including cell growth, differentiation, proliferation, survival, metabolism and migration, 

through the generation of lipid second messengers. On the basis of the structural 

similarities, the PI3K family can be divided into four classes, among which class IA and 

class IB PI3Ks have been most extensively studied in immune cells (139). Class I PI3Ks 

phosphorylate PIP2 into PIP3, which mediates the recruitment and activation of numerous 

signaling molecules. Class IA PI3Ks are activated by receptor tyrosine kinases such as 

the TCR, costimulatory receptors and cytokine receptors, whereas class IB PI3Ks are 

primarily stimulated by G-protein-coupled receptors such as chemokine receptors (139).  

Each PI3K comprises a regulatory subunit and a catalytic subunit. Most studies in the 

immune system focus on the p110ŭ class IA and p110ɔ class IB catalytic subunits due to 

their high expression (140). 

 

Luo C.T., Liao W., Dadi S., Toure A., Li M.O. (2016) Graded Foxo1 activity in Treg 

cells differentiates tumour immunity from spontaneous autoimmunity. Nature. 529, 532-6.
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PIP3 recruits PDK1 and Akt to the plasma membrane. PDK1 phosphorylates Akt 

at Thr308, and the full activation of Akt requires a second phosphorylation by mTORC2 

or DNA-PK at Ser473 (141, 142). In the nucleus, activated Akt phosphorylates and 

triggers nuclear exclusion of Foxo transcription factors (143). Phosphorylated Akt also 

activates mTORC1 via Rheb-GTPase (144). Several phosphatases negatively regulate the 

PI3K pathway, including the lipid phosphatases Pten and SHIP that dephosphorylate PIP3 

(145), and the PH-domain leucine-rich-repeat protein phosphatase (PHLPP) that 

dephosphorylates Akt (146).    

 

2.1.2 Foxo family of transcription factors  

 

Foxo transcription factors are key players in an evolutionary conserved pathway 

downstream of insulin and insulin-like growth factors. They regulate a variety of 

processes including cellular metabolism, organ development, cell cycle progression or 

apoptosis (56). In mammals, the Foxo subclass is comprised of four members, Foxo1, 

Foxo3, Foxo4 and Foxo6 (147). Foxo6 expression is confined to specific region of the 

brain, whereas Foxo1, 3 and 4 are ubiquitously expressed, but among different cell types 

and organs, a heterogeneous pattern of expression has been described (148). Foxo1 is 

highly expressed in B cells, T cells and ovaries. Constitutive deletion of Foxo1 gene 

causes embryonic lethality in mice at day 10.5 due to impaired vascular development 

(149-151). Lymphocytes and myeloid cells express high levels of Foxo3. Foxo3-mutant 

mice exhibit minimally noticeable phenotype with the exception of early ovarian follicle 
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depletion in female mice (150, 152). Foxo4 is expressed at a lower level, and no apparent 

phenotype has been reported in the Foxo4 knockout animal (151). 

One mechanism by which Foxo proteins regulate gene transcription is through 

their binding as monomers to cognate DNA-binding sequence (5ô-TTGTTAC-3ô) (153). 

Besides, they can associate with many transcriptional cofactors, including STATs, Smad3, 

p300 and ɓ-catenin, to regulate context-dependent transcription programs (154). The 

activity of Foxo proteins is tightly regulated by post-translational modifications, 

primarily phosphorylation and acetylation, which alter the subcellular localization and 

protein abundance of Foxo (153).  In response to growth factors, insulin or cytokines 

stimulation, kinases downstream of PI3K, such as Akt and serum glucocorticoid kinase 

(SGK1) phosphorylate Foxo proteins, resulting in their nuclear export into the cytoplasm 

and potentially proteasomal degradation (56, 155). Conversely, oxidative stress 

stimulates JNK signaling, activates Foxo and triggers the relocalization of Foxo members 

from the cytoplasm to the nucleus (56). Cell starvation results in nuclear transportation of 

Foxo proteins as well (147).  

 

2.1.3 Foxo proteins in conventional T cells 

 

A number of studies have implied that the evolutionarily ancient Akt-Foxo 

signaling has been co-opted to play a highly specialized role in the immune system. 

Foxo1 controls the homing of T cells to secondary lymphoid organs. Activation of Foxo1 

promotes expression of trafficking molecules S1P1, CD62L and CCR7, potentially 

through induction of Klf2, the transcription factor known to have a specialized function 
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in regulating T cell trafficking (151, 156, 157). In addition, Foxo1 is required to sustain 

naive T cell survival. Adult mice with T cell specific Foxo1-deficiency harbor a 

significantly reduced population of naive T cells, mainly due to the loss of IL-7R 

expression and anti-apoptotic protein Bcl2 (151, 157). 

Besides naive T cell homeostasis, Foxo proteins are involved in the differentiation 

and function of effector and memory T cells. Foxo1 interacts with RORɔt and suppresses 

its activity, thereby serving as a negative regulator of Th17 cell differentiation (158, 159). 

Activation of the salt-sensing kinase SGK1 phosphorylates Foxo1, relieving RORɔt from 

Foxo1-mediated inhibition (159). In acute viral and bacterial infection models, Foxo1 and 

Foxo3 have been shown to promote the differentiation and maturation of memory CTLs, 

via positive regulation of genes involved in memory T cell survival and trafficking, 

including Il7r , Ccr7, Tcf7, Eomes and Bcl2 (160-166). Moreover, Foxo proteins might 

counterbalance effector CTL differentiation by repressing the expression of T-bet, IFN-ɔ 

and granzyme B (160, 166, 167). In a chronic infection model, Foxo1 is shown to sustain 

the expression of PD-1 and survival of virus-specific CTLs (168). 

 

2.1.4 Foxo proteins in regulatory T cells 

 

In addition to the control of conventional T cell responses, Foxo proteins are 

crucial regulators of T cell tolerance. Foxo1 and Foxo3 cooperatively induce Foxp3 

expression during thymic Treg cell development as well as TGF-ɓ-induced Treg cell 

differentiation in vitro (169-171). Mechanistic studies reveal that Foxo1 and Foxo3 bind 

to the promoter and a conserved intronic enhancer region (conserved noncoding sequence 
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2: CNS2) of Foxp3 locus, and regulate the transcription of Foxp3 gene (170, 171). In 

mature Tregs, Foxo1 rather than Foxo3, is highly expressed (172). Disruption of Foxo1 in 

mature Tregs triggers a fatal lymphoproliferative disease in mice, which is in part caused 

by the loss of Foxo1-dependent repression of IFN-ɔ (172).  

 

2.1.5 Other PI3K/Akt signaling molecules in regulatory T cells 

 

 Dynamic regulation of the PI3K/Akt signaling pathway has central functions in 

the differentiation, maintenance and function of Tregs. Compared to conventional T cells, 

Treg exhibit dampened activation of PI3K/Akt signaling in response to TCR, 

costimulatory and ɔc cytokine stimulation (172-174). The distinct signaling regulation is 

associated with heightened expression of negative regulators in Tregs, such as Pten and 

the protein phosphatase PHLPP (173-175). Recruitment of Pten to the immunological 

synapse relies on the scaffold protein Disc large homolog 1 (Dlgh1), depletion of which 

impairs the suppressive function of human Tregs in vitro (176).  

Consistent with the reduced PI3K/Akt signaling in Tregs, numerous studies have 

shown that activation of PI3K/Akt pathway is inhibitory to the differentiation of Tregs, 

including tTreg development in the thymus, conversion of Treg from naive CD4
+
 T cells 

in the peripheral (pTreg), as well as TGF-ɓ-dependent induction of Tregs in vitro (iTreg) 

(177-182).  These reports utilized various models to introduce elevated PI3K/Akt 

signaling, for instance, overexpression of a constitutively active form of Akt or 

sphingosine 1-phosphate receptor (S1P1), or inactivation of negative regulators such as 

Cbl-b or PTEN, which all resulted in profound defects in Foxp3 induction (169, 178-181). 
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Conversely, blockade of the PI3K/Akt signaling, either through pharmacological 

inhibition, limitation of essential amino acid, expression of a kinase-inactive version of 

PI3K p110ŭ, or disruption of mTOR or S1P1, facilitates differentiation of Tregs (177, 

180-185). Mechanistically, the PI3K/Akt/mTOR signaling and the transcriptional 

regulation of Foxp3 can be connected by aligning the Foxo family of transcription factors 

in this pathway (170, 171).  

 Beyond the differentiation stage, the maintenance of Treg population as well as 

their suppressive activity depends on the PI3K/Akt signaling axis. Compared to 

conventional T cells, Tregs have elevated steady-state mTORC1 activity (186). Depletion 

of Raptor, the defining element of mTORC1, results in loss of Treg suppressive activity, 

which is associated with mTORC1-mediated regulation of lipid metabolism (186). 

Additionally, activation of the Treg-enriched receptor neuropilin-1 by semaphoring-4a 

potentiates Treg function by recruiting Pten at the immunological synapse, which limits 

Akt phosphorylation and retains nuclear localization of Foxo proteins (187). Recent 

studies on Pten revealed that it is required for the maintenance of Treg stability as well as 

its suppressive function. Treg-specific disruption of Pten triggers unrestrained Th1 and 

Tfh cell responses in mice (188, 189). Moreover, depletion of Pten in Tregs or 

pharmacologic inhibition reverses the Treg-induced immune suppression, resulting in 

tumor regression (190).  
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2.1.6 Regulatory T cells heterogeneity  

 

The PI3K/Akt signaling pathway controls many aspects of Treg biology ï 

differentiation, proliferation, stability and function ï perturbation of any of these causes a 

wide spread of deleterious consequences, such as rampant autoimmunity, abnormal 

responses to infection and cancer. Therefore, in order to accomplish such a plethora of 

tasks, an emerging concept in the field of Tregs implies that Tregs are broadly distributed 

and possess context-specific functions. Rather than a homogenous population, Tregs are a 

diverse collection of phenotypically and functionally specialized subsets (191, 192). The 

Tregs heterogeneity includes distinct developmental origins, antigen-specificities, tissue-

tropisms, homeostatic requirements and functions (193, 194). Accordingly, expression of 

adhesion and chemoattractant receptors directs preferential migration of Tregs, for 

instance, integrin Ŭ4ɓ7 for intestinal Tregs and CCR4 for skin Tregs (195, 196). 

Moreover, colonic Tregs mainly exhibit peripherally converted phenotype (197-199), and 

environmental factors such as the metabolites of commensal organisms influence their 

development and homeostasis (200-202). Sequencing studies revealed that the TCR 

repertoire of colonic Tregs is distinct from that of Tregs in other tissue sites (203).  

Aside from the phenotypical diversity, Tregs also exhibit distinct functional 

specificity ï specialized Treg populations are recruited to control different types of 

inflammation. Expression of the helper T cell lineage-specific transcription factors, T-bet, 

IRF4 and Stat3, in Tregs has been shown to be indispensible for the control of Th1, Th2 

and Th17 responses, respectively (204-206). Additionally, Blimp-1, a transcription factor 

induced upon Treg activation is required for effector Treg function (207). Blimp-1 
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promotes IL-10 expression in Tregs, disruption of which causes exaggerated immune 

responses in the intestine, skin and lung (208).  

 

2.2 Results 

 

2.2.1 Resting and activated Treg subsets with distinct homeostatic characteristics 

 

Despite the incredibly complicated heterogeneity, Tregs can be broadly divided 

into two subsets based on differential expression of the lymph node homing molecule 

CD62L and the T cell activation marker CD44. Similar as conventional CD4
+
 T cells, the 

CD62L
hi
CD44

lo
 subset represents the resting phenotype Tregs (rTregs), whereas the 

CD62L
lo
CD44

hi
 population is considered as activated Tregs (aTregs) (209-211). rTreg 

and aTreg subsets reside at different anatomic sites and possess distinct homeostatic 

characteristics. rTregs were abundant in secondary lymphoid tissues, including lymph 

nodes (LNs) and spleens (Fig. 2-1). aTregs were present in secondary lymphoid organs as 

well, and they were the predominant Treg population in nonlymphoid organs, such as the 

liver and lamina propria (LP) of the intestine (Fig. 2-1). Since Tregs in the nonlymphoid 

organs contained a very minor rTreg subset (Fig. 2-1), we treat them as one population 

without further dividing into rTregs and aTregs for the sake of simplicity. 

To examine the homeostatic characteristics of different Treg subsets, we 

established parabiosis between mice expressing two distinct CD45 allotypes, CD45.1 and 

CD45.2 (Fig. 2-2a). In line with a recent study (212), rTregs as well as naïve CD4
+
 T 

cells were completely exchanged, whereas aTregs, in particular LP Tregs, were skewed 
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towards the host at 2 weeks post-surgery (Fig. 2-2b and Fig. 2-3a). Nevertheless, in 

contrast to liver-resident CD49a
+
NK1.1

+
 innate lymphoid cells (213), all Treg 

populations were mixed by 4 weeks after initiation of parabiosis (Fig. 2-2b and Fig. 2-3a). 

These observations reveal that despite different kinetics, both rTregs and aTregs cells 

recirculated through the blood and/or the lymph, and they were not locally sustained for 

an extended period. 

Antigen-experienced conventional T cells that recirculate through non-lymphoid 

tissues, the blood and the lymph can be either short-lived effector cells or long-lived 

effector memory cells (35). To directly determine homeostatic characteristics of rTregs 

and aTregs, we separated parabiotic mice after Treg equilibration (4 weeks), and 

measured the rate of Tregs loss that was originated from the non-host parabiont (Fig. 2-

2a). LN or splenic rTregs turned over at a rate close to that of naïve CD4
+
 T cells with a 

decay half time between 4 to 7 weeks (Fig. 2-2b and Fig. 2-3b). In contrast, aTregs from 

these tissues turned over at a substantially slower rate with a half time of around 14 

weeks (Fig. 1b, p=0.0025 for LN and p=0.0335 for spleen). Notably, liver or LP Tregs 

had a comparable decay half time between 13 to 15 weeks (Fig. 2-3b). Thus, compared to 

rTregs, aTregs from both lymphoid and non-lymphoid tissues turn over more slowly, 

resembling the homeostatic features of effector memory T cells. 
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Figure 2-1: rTregs and aTregs reside in distinct anatomic locations. Flow cytometric 

analysis of CD44 and CD62L in Tregs (CD4
+
Foxp3

+
) from lymph node (LN), spleen, 

liver, and colon lamina propria (LP) of C57BL/6 mice. Percentage of rTregs and aTregs 

are shown.  
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Figure 2-2: Parabiotic analysis of Tregs from different organs. a, Graphical 

representation of the parabiosis experiments. Congenically mismatched C57BL/6 mice 

were surgically connected (time point -4). Parabionts were analyzed 2 or 4 weeks post-

surgery (time point -2 or 0). In separation experiments, parabiotic mice that had been 

connected for 4 weeks were surgically disconnected from each other (time point 0). 

Separated mice were analyzed 2, 6, 12 or 18 weeks after surgery (time point 2, 6, 12 18). 

b, Representative flow cytometric plots showing chimerism of naive CD4
+
 T cells or 

different Treg subsets in a CD45.2/2
+
 parabiont at various time points. 
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Figure 2-3: aTregs have a slow turnover, but are not locally maintained in 

nonlymphoid tissues. a, The frequencies of non-host derived cells in parabiotic mice 2 

or 4 weeks after surgery, including naive CD4
+
 T cells (CD4

+
Foxp3

-
CD62L

hi
CD44

lo
), 

rTregs (CD4
+
Foxp3

+
CD62L

hi 
CD44

lo
), aTregs (CD4

+
Foxp3

+
CD62L

lo
CD44

hi
) in the 

lymph node (LN) and spleen, total Tregs (CD4
+
Foxp3

+
) in the liver and colon lamina 

propria (LP), and CD49a
+
NK1.1

+
 innate lymphoid cells in the liver. n=6. b, Parabionts 

were separated 4 weeks after connection, and percentages of non-host chimerism at 2, 6, 

12, 18 weeks post-separation are shown. t1/2 depicts the amount of time it took until the 

population decayed to half of its original size. n=4 for each time point. Mean values ± 

SEM are shown. Two-way ANOVA. 
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2.2.2 Foxo1-dependent transcriptional program is repressed in aTregs 

 

We wanted to understand how the distinct trafficking pattern and homeostasis 

features between rTregs and aTregs were established, and whether this process could be 

manipulated. The transcription factor Foxo1 integrates diverse environmental signals to 

control T cell homeostasis and differentiation (143, 214). Previous reports have shown 

that expression of Foxo1 is crucial for Treg function (172, 215), but whether it plays a 

role in differentiating the aTreg and rTreg subsets remains elusive. 

To address this question, we purified splenic aTreg and rTreg subsets and 

performed gene-expression profiling experiments. By cross-referencing the differentially 

expressed genes between aTreg and rTreg and the Foxo1-regulated genes (172), we 

found that aTregs preferentially expressed the Foxo1-downregulated transcripts, whereas 

rTregs contain higher expression of Foxo1-upregulated genes (Fig. 2-4a). Furthermore, in 

reference to a Foxo1 direct target gene signature (172), the Foxo1-repressed or -activated 

transcripts were enriched in aTregs or rTregs, respectively (Fig. 2-4b), suggesting that 

Foxo1-dependent gene expression is repressed in aTregs.  

In line with the different trafficking pattern between aTregs and rTregs, several 

Foxo1-activated genes that promote T cell homing to secondary lymphoid organs, 

including the transcription factor Klf2 and the cell trafficking receptors CCR7 and S1pr1, 

were highly expressed in rTregs (Fig. 2-5a). In addition, the Foxo1-repressed genes 

potentially involved in T cell migration or retention in tissues, such as the extracellular 

matrix glycoprotein Lamc1, the basement protein Nid2, and the matrix metalloproteinase 

Mmp9, were induced in aTregs (Fig. 2-5a and 5c). The attenuated expression of two 
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well-defined Foxo1-activated targets, CCR7 and Bim, in aTregs was validated on the 

protein level (Fig. 2-5b). 

We then sought to understand the molecular mechanisms that contributed to the 

dampened Foxo1 program in aTregs. Using a report strain containing a Foxo1
tag

 allele 

that encodes an in-frame fusion of GFP (172), we could assess Foxo1 protein abundance 

by Foxo1tag-GFP. We found that compared to rTregs, aTregs expressed lower amounts 

of Foxo1 protein (Fig. 2-6a). Foxo1 protein stability and subcellular localization are 

negatively modulated by the PI3K/Akt signaling axis (143). Indeed, we found that the 

reduced protein level of Foxo1 in aTregs was associated with its cytosolic localization 

(Fig. 2-6b). In contrast, Foxo1 predominately resided in the nucleus of rTregs (Fig. 2-6b). 

Furthermore, phosphorylation of Akt, Foxo1, as well as the mTORC1 signaling pathway 

marker S6 ribosomal protein was elevated in aTregs (Fig. 2-6c to 6e). Together, these 

observations demonstrate that aTreg differentiation is associated with activation of the 

Akt kinase with concomitant repression of Foxo1 nuclear localization and expression. 

Accordingly, inclusion of an Akt inhibitor (MK-2206) in the in vitro culture diminished 

Foxo1 phosphorylation and prevented the conversion of rTregs into aTregs (Fig. 2-7d). 
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Figure 2-4: aTreg differentiation is associated with downregulation of Foxo1-

dependent gene expression. a, Gene expression comparison of Foxo1-regulated genes in 

splenic aTregs (CD62L
lo
CD44

hi
) versus rTregs (CD62L

hi
CD44

lo
). Foxo1-regulated genes 

were defined by the following criteria: 1) differentially expressed between wild-type and 

Foxo1 knockout Tregs; 2) the expression was corrected by expression of a constitutively 

active mutant of Foxo1 (Foxo1CA). b, Gene expression comparison of Foxo1 direct 

target genes in splenic aTregs versus rTregs. Foxo1 direct target genes are defined as: 1) 

differentially expressed between wild-type and Foxo1 knockout Tregs; 2) the expression 

was corrected by Foxo1CA; 3) Foxo1 was recruited to the gene locus. 
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Figure 2-5: Differential expression of Foxo1-direct target genes in aTregs compared 

with rTregs. a, Normalized expression of all transcripts isolated from splenic aTregs 

were plotted against transcripts from splenic rTregs. Some of the Foxo1 direct target 

genes were highlighted. b, Flow cytometric analysis of Foxo1-activated target genes, 

CCR7 and Bim, in splenic aTregs and rTregs. c, Comparison of Lamc1, Nid2, Mmp9 

mRNA levels in rTreg versus aTreg subsets. 
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Figure 2-6: aTregs show reduced expression and cytoplasmic localization of Foxo1. 

a, Flow cytometric analysis of Foxo1 protein (Foxo1tag-GFP) in splenic aTregs and 

rTregs. Mean values ± SEM of mean fluorescence intensity (MFI), normalized to rTregs 

are shown. n=4. Paired t-test. b, Immunofluorescence staining of Foxo1 in splenic rTregs 

and aTregs. Original magnification, ×60. n=70. Nuc, Foxo1 in the nucleus; Nuc/Cyto, 

Foxo1 in both the nucleus and cytoplasm; Cyto, Foxo1 in the cytoplasm.  
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Figure 2-7: Conversion of rTreg to aTreg is associated with Akt -triggered 

suppression of Foxo1. a-c, Flow cytometric analysis of phosphorylated Akt (a), Foxo1 

(b), and S6 ribosomal protein (c), in splenic aTregs and rTregs. Mean values ± SEM of 

mean fluorescence intensity (MFI), normalized to rTregs are shown. n=3. Paired t-test. d, 

aTreg differentiation experiments in vitro. rTregs (CD4
+
Foxp3

+
CD62L

hi
CD44

lo
) from 

spleen and LNs of Foxp3-YFP reporter mice were purified by flow cytometric sorting, 

and were stimulated with Ŭ-CD3/CD28 and IL-2 for 3 days. Akt inhibitor (Akti, MK-

2206) or DMSO solvent control were added to the culture. Phospho-Foxo1, CD44 and 

CD62L levels were determined by flow cytometry. Quantification shows percentages of 

rTregs and aTregs in DMSO control or Akt inhibitor group. n=3. Unpaired t-test. All data 

are presented as the mean values ± SEM. 
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2.2.3 Mice with constitutively active Foxo1 contain reduced aTregs 

 

To determine the specific role of Foxo1 inactivation in aTregs in vivo, we used a 

mouse strain carrying a mutant allele of Foxo1 in which amino acids at the Akt 

phosphorylation sites are substituted with alanines, rendering the mutant protein 

refractory to Akt-triggered inhibition (172). The constitutively active Foxo1 mutant, 

herein designated as CA, preceded by a loxP-flanked óneo-STOPô cassette, was inserted 

into the ROSA26 locus. Mice harboring CA were bred to the Foxp3
cre

 background to 

induce Treg-specific expression of CA. As expected, CA was expressed at increasing 

levels in CA/+ or CA/CA Tregs, and was constitutively localized in the nucleus (Fig. 2-

8a and 8b). In addition, CA triggered a dose-dependent induction of its target gene 

expression, including CCR7 and Bim (Fig. 2-8c).  

Thymocytes development or thymic Treg differentiation was unperturbed in CA/+ 

or CA/CA mice (Fig. 2-9). However, CD62L
lo 

aTreg phenotype cells in LNs were 

proportionally decreased in 9 to 12-day-old CA/+ or CA/CA mice (Fig. 2-10a), which is 

in line with a role for Foxo1 in inducing CD62L expression possibly via Klf2 (151, 156, 

157). T cell activation markers CD69 and ICOS were comparably expressed among 

Tregs from wild-type (WT), CA/+, or CA/CA mice, yet a lower fraction of CD62L
lo
 

aTreg phenotype cells in CA/+ or CA/CA mice expressed these molecules (Fig. 2-10b 

and 10c). Collectively, these data revealed a substantial reduction of aTreg population in 

CA-expressing mice.  
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Figure 2-8: Mice expressing the constitutively nucleus-localized form of Foxo1. a-b, 

Tregs (CD4
+
Foxp3

+
) from spleens and lymph nodes (LNs) of wild-type (WT), 

Foxp3
Cre

Foxo1CA/+ (CA/+) or Foxp3
Cre

Foxo1CA/Foxo1CA (CA/CA) mice were 

purified by flow cytometric sorting. a, HA-Foxo1CA protein in the whole cell lysate was 

measured by immunoblotting with Ŭ-HA. b, Subcellular localization of HA-Foxo1CA 

was determined by immunofluorescence staining with Ŭ-HA. c, Flow cytometric analysis 

of Foxo1-activated target genes CCR7 and Bim in LN Tregs from 9 to 12-day-old WT, 

CA/+, CA/CA mice. Grey shaded lines represent isotype controls.  
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