
ABSTRACT 
 

COMFORT, KRISTEN KRUPA. Intracellular Signaling Networks in the Immune Response: 
Pathways Activated by Interleukin-2 and Interleukin-4 Receptors and their Roles in T Cell 
Proliferation. (Under the direction of Dr. Jason M. Haugh). 
 
Cells sense and respond to chemical and physical stimuli through signal transduction 

pathways, which mediate cell proliferation, differentiation, migration, and survival.  The 

cytokines interleukin-2 (IL-2) and interleukin-4 (IL-4) are key regulators of the adaptive 

immune system, particularly influencing the clonal expansion and differentiation of T cells.  

At least in culture, both synergistic and antagonistic effects of IL-2 and -4 co-stimulation 

have been reported; the antagonism, when observed, is thought to arise from the utilization of 

a common subunit shared by IL-2 and IL-4 receptors.  We have sought to characterize IL-2 

and IL-4 signaling at the level of intracellular pathways activated by these receptors.  IL-2 

receptors are known to activate the Ras/extracellular signal-regulated kinase (Erk) and 

phosphoinositide (PI) 3-kinase pathways as well as the STAT5 transcription factor.  IL-4 is 

unique among cytokines in that it does not activate Ras/Erk; it does activate PI 3-kinase/Akt 

as well as a distinct STAT, STAT6. 

 

The HT-2 mouse T cell line responds to both IL-2 and -4.  We found that IL-4 initially 

antagonizes, and later synergizes with, IL-2-stimulated HT-2 cell proliferation in a dose-

dependent manner.  IL-4 also stimulates cell adhesion in static cultures.  At the level of 

intracellular signaling, IL-4 antagonizes IL-2-stimulated activation of Akt, possibly through 

competition for limiting amounts of common receptor subunit and/or PI 3-kinase.  Because 

IL-4 alone does not promote any Erk activation, we were surprised to find that IL-4 enhances 

IL-2-stimulated activation of Erk.  IL-2/IL-4 co-stimulation provokes transient activation of 

STAT5 and prolonged activation of STAT6.  This extended STAT6 activation may be 

critical in the IL-2/IL-4 induced synergy in T cell growth.  Currently, we are investigating the 

crosstalk between these pathways and their functional roles in IL-2 and IL-4-stimulated T 

cell responses. 
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CHAPTER 1 
 

INTRODUCTION AND OVERVIEW PART 1: 
IL-2 AND IL-4 INDUCED PROLIFERATION AND DIFFERENTIATION 

OF T CELLS AND THEIR FUNCTION IN THE IMMUNE RESPONSE  
 
 
1.1  MOTIVATION AND RESEARCH SIGNIFICANCE 
 

The ability of living cells to recognize and respond to chemical and physical stimuli in their 

surrounding environment is fundamental for life. The biochemical mechanisms responsible 

for processing this information inside the cell are collectively referred to as signal 

transduction.  These mechanisms involve enzyme-catalyzed reactions and formation of 

noncovalent protein-protein and protein-lipid complexes (20). In the simplest case, an 

external perturbation binding to a surface receptor would initiate one signal cascade leading 

directly to the desired outcome.  (Figure 1.1)  However, most receptors are pleiotropic, 

meaning that they simultaneously trigger multiple signaling pathways and outcomes.  

Further, individual signaling pathways have the ability to modulate the activities of other 

pathways; through so-called crosstalk interactions.  When also considering pathway 

cooperation and the presence of multiple concurrent stimuli, it becomes apparent that the 

dynamics of signal transduction are extremely complex (16, 27). 

 

The cytokines interleukin-2 (IL-2) and interleukin-4 (IL-4) are key regulators of the immune 

system, particularly influencing the function of T lymphocytes.  IL-2 induces a strong 

proliferative effect in T cells, whereas IL-4 causes differentiation (18, 22). When T cells are 

exposed to and other stimuli in concert, a synergistic effect transpires that generates rapid 

growth and differentiation, known as clonal expansion (43). 

 

There is a strong desire to fully understand, at the molecular level, how this observed synergy 

arises, particularly the involvement of specific signaling proteins.  Through quantification of 

the signal transduction network, it may be possible to fundamentally analyze and reproduce 



 2

cytokine-induced clonal expansion of T cells.  This knowledge could be a powerful tool in 

bolstering the immune response in the fight against cancer and other diseases.   
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1.2 BACKGROUND 

 
1.2.1 T cell function and its role in the immune system 

 

The innate immune response provides the body’s first line of defense against common 

microorganisms and is essential in combating bacterial infections.  The cells of the innate 

system non-specifically target foreign pathogen for removal or destruction of infected cells.  

However, the innate immunity is not always sufficient to win this battle, and in some cases it 

fails to recognize its pathogenic opponents.  Over time, the immune system has evolved to 

incorporate a more versatile means of guarding itself from these pathogens - the adaptive 

immune response.  Adaptive immunity provides not only increased protection against a wide 

variety of foreign pathogens, but also a means of summoning this protection quickly in the 

face of a subsequent attack.   The innate immune cells serve to activate and direct the cells of 

the adaptive immune system, showing how these two defensive fronts work together to fight 

off foreign invaders and infection. 

 

The T lymphocyte, or T cell, is a key member of the adaptive immune system.  T cells arise 

from the bone marrow, where they begin as hematopoietic stem cells.  These stem cells have 

the ability to differentiate into one of many different immune cells including T cells, B cells, 

dendritic cells and several other leukocytes (45). These precursor T cells then leave the bone 

marrow and migrate to the cortex of the thymus, where they undergo a maturation process 

that involves gene rearrangement.   

 

After successfully completing gene rearrangement, the cells begin the process of positive 

selection.  An antigen presenting cell (APC) binds to and activates a T cell through its major 

histocompatibility complex (MHC), of which there are two classes: MHC class I and MHC 

class II.  Immature T cells that recognize MHC class I develop into cytotoxic T cells (TC 

cells), whereas cells that bind MHC class II mature into helper T cells (TH cells) after further 

selection.  Precursor cells that do not recognize either form of MHC do not receive a 

developmental signal from the APC and die of neglect (23, 52, 54). 
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Immature T cells then migrate into the medulla of the thymus and undergo the process of 

negative selection.  The cells are presented “self” peptides by APCs and are tested to see if 

they respond.  During this phase, any precursor cell that recognizes “self” is given a death 

signal that induces apoptosis and is thus removed from the repertoire (45, 52). Self-reactive T 

cells that mistakenly survive negative selection can lead to the development of several 

autoimmune diseases, causing the immune system to attack one’s own body (19). This total  

process described above is referred to as clonal selection, which produces a collection of 

mature yet naïve T cells that each recognize a unique peptide sequence. 

 

After a foreign pathogen enters the body, it is phagocytosed, broken down into small peptide 

sequences and displayed by an APC.  Upon leaving the thymus each of these mature T cells, 

having now become a naïve TC or TH cell, circulates through the peripheral lymphoid organs 

and searches for the APC that is displaying the sole peptide sequence that it recognizes.  

Once a T cell finds its correct antigen, two independent signals must occur for it to transform 

from a naïve cell to an activated, armed T cell.  First, the peptide/MHC complex must 

successfully bind to the T cell receptor and transmit a signal that the correct antigen has been 

encountered.  A co-stimulatory signal must also be delivered to the T cell from the same 

APC for full activation and the induction of gene alteration (59).  These co-stimulatory 

signals usually involve the interaction between molecules on the surfaces of the T cell and  

APC, such as CD28 and B7, respectively  (13, 51).    

 

After a T cell activated, it initiates the secretion of IL-2, which binds to the specialized IL-2 

receptors on the T cell surface - driving cellular proliferation and differentiation (22).  After 

rapid proliferation, cytotoxic T cells are ready to perform their effector function of seeking 

out and delivering lethal signals to infected cells in the body, whereas helper T cells must 

differentiate further.  

 

Naïve TH cells can differentiate into either TH1 or TH2 cells, which differ in the cytokines they 

produce as well as their functions.  (Figure 1.2)  TH1 cells activate macrophages, enabling 
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them to phagocyte and destroy pathogenic microorganisms more efficiently, whereas TH2 

cells drive B cells to differentiate and initiate the production of antibodies.  The cytokines 

secreted by a helper T cell subset establishes a positive feedback loop that promotes the 

differentiation of other TH cells to that particular subset while simultaneously blocking the 

differentiation into the second subset (1, 38). For example, interferon-γ (IFN-γ) is produced 

in significant quantities from TH1 cells.  IFN-γ can then favor the differentiation of TH to TH1 

cells while acting as an antagonist for TH2 development (6). On the other hand, the secretion 

of IL-4 from TH2 cells promotes the differentiation of more TH2 cells (18, 49). For the TH2 

case, IL-4 can synergize with IL-2 with respect to growth, which greatly enhances T cell 

expansion and effectiveness (53). 

 

After the adaptive immune system is activated, the foreign pathogen can be cleared by 

multiple routes.  TC cells, along with other specialized immune cells, recognize and kill tissue 

cells that have become infected by the pathogen.  As a side note, the possibility of priming 

and activating TC cells with IL-2 has been investigated as a mechanism for cancer therapy, 

however this treatment has been abandoned due to the fact that it is nearly impossible for the 

TC cells to recognize and preferentially attack the tumor (21, 46).  

 

At the same time, the macrophages activated by TH1 cells and the massive amounts of 

antibodies secreted by the B cells following activation by TH2 cells target and eliminate all 

the remaining pathogen.  It becomes nearly impossible for a microorganism to survive such 

an attack, and following its removal, the immune system quickly returns the body to a state 

of homeostasis.  After they have completed their function, most effector cells will die; 

however, a few T and B cells become memory cells, which continue to live and can readily 

proliferate upon reintroduction of the same pathogen. 
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1.2.2  IL-2, IL-4 and their receptors

 

IL-2 function 

 

Interleukin-2 is a 15.5 kDa pleiotropic cytokine, secreted by activated T cells, that plays an 

immensely important role in activating the adaptive immune system; due to it’s capability of 

serving as both an autocrine and a paracrine factor.  In simple terms, a cytokine is a molecule 

secreted by one cell that acts upon another (40). Because IL-2 is critical for the clonal 

expansion of T cells, it is also commonly referred to as T cell growth factor (25).  Clonal 

expansion consists of two concurrent processes: accelerated progress through the cell cycle 

and the induction of increased cell survival.  In addition to its role in T cell growth, IL-2 

mediates multiple biological processes, including growth and differentiation of B cells, 

creation of lymphokine-activated killer cells and expansion of natural killer cells (28).  

Recently, the role of IL-2 as a negative regulator of cell growth has also arisen.  It is believed 

that after antigen eradication, IL-2 triggers activation-induced cell death (AICD), reversing 

its effect on T cell expansion and returning the body to homeostasis (9). 

 

IL-2 receptor structure 

 

After its secretion, IL-2 binds to a specific, multi-subunit receptor complex.  The cell surface 

IL-2 receptor (IL-2R) is composed of three distinct subunits; the IL-2Rα, IL-2Rβ and γc (γ 

common) chains.  (Figure 1.3 a)  The IL-2Rα subunit is a 55 kDa membrane glycoprotein 

capable of binding IL-2.  Although the α chain plays a critical role in ligand capture and 

stabilization of the complex, it does not directly contribute to intracellular signaling, due to 

an extremely short cytoplasmic tail (25).  In contrast, the IL-2Rβ (p75) and γc (p64) chains 

together are both necessary and sufficient to initiate the signaling cascades.   

 

The three subunits can be assembled to give various forms of the IL-2 receptor, which 

predictably display vastly different ligand affinities and signaling capabilities.  Three distinct 

IL-2R complexes have been identified and are summarized in Table 1.1: a low affinity, an 
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intermediate affinity and a high affinity.  Neither IL-2Rβ nor γc alone has significant affinity 

for IL-2 or is capable of inducing signal transduction (28).  On the other hand, IL-2Rα by 

itself has a low but significant binding affinity for IL-2 (Kd = 10 nM).  When IL-2Rβ and γc 

come together, they form an intermediate affinity receptor (Kd = 1 nM), which commences 

an low level of signaling (25).  Finally, the trimeric IL-2Rα/IL-2Rβ/γc complex represents the 

“classic” high affinity IL-2 receptor (Kd = 10 pM) which signals efficiently after stimulation 

with biological concentrations of ligand (11, 25, 28). 

 

A common theme in cytokine signaling is that the cytokines themselves are both pleiotropic 

and redundant.  A possible explanation for this becomes clear when one considers the 

reoccurrence and sharing of receptor subunits among cytokines.  For instance, the γc subunit 

utilized in the IL-2 system is also a component of the IL-4, IL-7, IL-9, IL-15 and IL-21 

receptor complexes (40). Loss of γc can have wide-ranging consequences on the immune 

system, correlating with a cell’s inability to respond to any of the aforementioned cytokines.  

This is demonstrated by the discovery that a deleterious mutation in γc causes severe 

combined immunodeficiency (SCID) in humans (37, 47). 

 

 It was quickly discovered that the majority of signaling events that occur after cytokine 

stimulation are mediated by the IL-2Rβ chain; hence, a functional analysis of this subunit 

was undertaken.  Analysis of the amino acid sequence of the IL-2Rβ cytoplasmic region 

identified 3 distinct regions (15).  The region closest to the plasma membrane was called the 

serine-rich region (S region) and consists of amino acids 267-322.  Directly following the S 

region of the receptor was found to be an acidic-rich region (A region), comprised of amino 

acids 313-382.  This is followed by the carboxyl terminal proline-rich domain (H region), 

which includes amino acids 378-525 (14, 15).  IL-2Rβ mutants lacking one of these regions 

were created and served as the initial research tool in the determination of the functionality of 

each domain.  For example, it became clear that S region was required for cell proliferation, 

and the A region was necessary for activation of tyrosine kinases such as Lck and Fyn (8, 26, 

29). Further research into the sequence of IL-2Rβ revealed two highly conserved membrane-

proximal sequences dubbed Box1 and Box 2, spanned by a variable domain termed the V 
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Box (39).  Later, it became clear that characterizing the IL-2Rβ in terms of three domains 

was not specific enough, and a more detailed receptor analysis was undertaken. 

 

IL-2 signaling initiation 

 

The binding of IL-2 to its receptor complex induces a heterodimerization of the IL-2Rβ and 

γc cytoplasmic domains.  Studies have shown that this heterodimerization is both required 

and sufficient for the initiation of IL-2 dependent intracellular signal transduction in T cells 

(34, 36). Many growth factor receptors have intrinsic tyrosine kinases, which upon ligand 

addition auto-activate and phosphorylate the receptor (50). This is not the case with IL-2 and 

most multi-subunit cytokine receptors.   

 

After receptor dimerization, the tyrosine kinases Janus kinase 1 (Jak1) and Jak3 are recruited 

from the cytosol and non-covalently attach to the Box 1 and Box 2 motifs on the IL-2Rβ and 

γc, respectively (12, 24). Being in close proximity, the Jak kinases are able to sequentially 

transactivate each other via tyrosine phosphorylation (62). Once activated, it was found that 

the Jak kinases phosphorylate six specific tyrosine residues on the IL-2Rβ resulting in full 

activation of the receptor complex for signaling-  four of which (Y-338, Y-355, Y-358 and 

Y-361) are located within the acidic-region and the additional two (Y-392 and Y-510) in the 

proline-rich region (9, 10).  (Figure 1.3 a)  Once phosphorylated, these specific, conserved 

tyrosine sites on the receptor subunit serve as docking sites for signaling proteins.  

 

Other non-receptor tyrosine kinases, such as Syk, Lck and Fyn, bind to these 

phosphotyrosine sites and are poised to promote  activate further signaling proteins that bind 

to IL-2Rβ (26, 30, 31, 56). There are three major cascades involved with IL-2 signaling that 

are responsible for the survival and proliferation of T cells: Jak/STAT, Ras/extracellular 

signal-regulated kinase (Erk)  and phophatidylinositol 3-kinase (PI3K)/Akt (9); each of these 

pathways is discussed in greater detail in Chapter 2.  In general, signals are transmitted 

through a cascade by phosphorylation or conformational changes, involving multiple signal 
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transducers and adapters, leading to either the amplification or attenuation of a cellular 

consequence (5). 

 

IL-4 function 

 

IL-4 is a multifunctional cytokine produced by activated TH2 cells, mast cells and basophils.  

In addition to its function in T cell differentiation, IL-4 plays several other decisive roles in 

the immune response.  IL-4 can stimulate B cells to  proliferate, induce their class-switching 

of immunoglobulin to IgE and IgG, and enhance their expression of class II MHC molecules 

(32, 33). During inflammation, IL-4 cooperates with tumor necrosis factor (TNF) to induce 

expression of vascular cell adhesion molecule-1 (VCAM-1) on endothelial cells, and it 

downregulates the expression of E-selectins.  This shift in adhesion molecule expression by 

IL-4 is thought to favor the recruitment of T cells and eosinophils into an inflammation site 

and aid in healing (2). For millions of people, the overproduction of IL-4, especially in the 

respiratory system, leads to airway hyper-reactivity and the development of asthma.  Asthma, 

generally triggered by allergic reactions, perfect illustrates why it is critical to maintain a 

proper balance of cytokines within the body (4, 58). 

 

IL-4 receptor structure  

 

The IL-4 receptor is a heterodimer composed of the 140 kDa IL-4Rα and the γc subunit.  

(Figure 1.3 b)  The IL-4Rα binding epitope contains a series of acidic residues that attracts 

the large positively charged areas on the IL-4 surface created by several basic residues (32).  

This attraction is responsible for the extremely high affinity observed for IL-4Rα and its 

ligand (Kd = 20-100 pM) (35). 

 

Over several years, four distinct domains within the IL-4Rα were discovered and 

characterized.  The membrane proximal region contains the conserved “Box 1” and “Box 2” 

sequences, which serve as a docking site for Jak1.  The second domain, the insulin/IL-4 

receptor (I4R) domain, is critical for the initiation of proliferative and anti-apoptotic signals. 
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The gene-activating motif, the third region, is responsible for activating transcription factors 

that alter gene expression.  The last section contains the immunoreceptor tyrosine-based 

inhibitory motif (ITIM), which is responsible for the downregulation of the proliferative 

signals induced by IL-4 (41). 

 

As with the IL-2Rβ, it was determined that the IL-4Rα subunit contains several specific 

tyrosine residues that become phosphorylated and serve as docking sites for signaling 

proteins.  The I4R domain contains one of the five tyrosine sites (Y-497), the gene-activating 

motif includes three conserved residues (Y-575, Y-603 and Y-631) and the remaining 

tyrosine site (Y-713) lies within the ITIM region (35).  (Figure 1.3 b) 

 

IL-4 signaling initiation 

 

In a similar manner as IL-2, the binding of IL-4 causes the heterodimerization of its receptor 

subunits.  The dimerization of the cytoplasmic regions is essential and sufficient for the 

initiation of IL-4 receptor signaling (55). Neither the IL-4Rα or the γc chain possesses 

endogenous kinase activity, therefore, the IL-4R requires receptor-associated kinases for the 

initiation of signal transduction.  The non-receptor tyrosine kinases Jak1 and Jak3 bind to 

either the Box 1 or Box 2 motifs on the IL-4Rα and γc, respectively, followed by their 

transactivation.  Very quickly after IL-4 engagement, Jak1 phosphorylates the five conserved 

tyrosine residues on the IL-4Rα, thus activating the receptor complex (44). Additional 

tyrosine kinases, Lck and Fyn for example, may also be recruited from the cytosol, bind to 

the IL-4Rα and help to activate other signaling proteins (55). IL-4 efficiently activates two 

major signaling cascades in T and B cells that lead to cellular proliferation; the Jak/STAT 

and PI3K/Akt pathways (17, 35). The IL-4Ris unique among cytokines and growth factors in  

that it does not incite the Ras/Erk signaling cascade, as will be further discussed in Chapter 

(42, 48, 60, 61). 
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IL-2 and IL-4 induced synergy

 

IL-2 and IL-4 are both T cell growth factors that employ many of the same mechanisms to 

accomplish their functions.  When T cells are exposed to IL-2 and IL-4 simultaneously, they 

exert a synergistic effect that enhances the rapid expansion of the target cells (43, 57). 

Synergy must be accomplished by altering the balance of the intracellular signaling pathways 

involved in T cell proliferation and/or survival.  At the same time, IL-2 and IL-4 receptors 

must compete for a common pool of γc subunits, suggesting an antagonistic relationship at 

high concentration levels.  It is believed that this modification is in part due to the 

downregulation in functional IL-2R complex by IL-4, owing to the fact that both cytokines 

utilize the γc subunit (3, 7).     
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Table 1.1  IL-2 receptor compositions and ligand affinities 
 

 Low Intermediate High 
Subunits α β/γc α/β/γc

Approximate Kd 10 nM 1 nM 10 pM 
Signaling? No Yes – Incomplete Yes – Complete 
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Adapted from J.M. Haugh 

 
Figure 1.1  Activation pathways of signal transduction networks  Linear signal 
transduction networks are initiated by a perturbation, in this case a cytokine (C), binding to 
its specific receptor (R) and triggering the activation of a signaling pathway (S), which leads 
to a cellular outcome (O).  A pleiotropic cytokine will give rise to multiple signaling 
pathways that may each control a unique outcome.  As these multiple pathways have the 
potential to laterally influence each other, known as signal crosstalk, it adds another layer of 
complexity to the transduction network.  Often more than one stimulus can concurrently 
affect a cell, with each growth factor activating several pathways that could potentially 
initiate crosstalk. 
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Adapted from J.M. Haugh 
 
Figure 1.2  Cytokine induced TH cell differentiation  After a mature, yet naïve TH cell 
encounters its specific antigen it secretes IL-2, inducing rapid proliferation.  Once primed, a 
TH cell can differentiate into either a TH1 or a TH2 subset, responsible for stimulating the 
development of either macrophages or B cells, respectively.   This differentiation is cytokine 
driven, with IFN-γ provoking TH1 development and IL-4 stimulating TH2 cells.  These 
cytokines not only trigger the differentiation of one TH subset, but also act as an antagonist 
toward the other; for example IL-4 simultaneously induces TH2 progression while inhibiting 
TH1 differentiation.  
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Figure 1.3  The IL-2 and IL-4 receptor complexes  a)  The IL-2R is composed of three 
subunits: the IL-2Rα, the IL-2Rβ and γc.  Only the IL-2Rβ and the γc chains participate in 
signal transduction, with each containing a Box 1 and Box 2 motif to which Jaks bind.  The 
IL-2Rβ can be functionally broken down into three domains: a serine-rich (S) domain, an 
acidic-rich (A) domain and a proline-rich (H) domain.  Within the A and H domains lie six 
conserved tyrosine residues that serve as docking sites for signaling proteins following 
receptor activation.  b)  The IL-4R consists of the IL-4Rα and γc subunits, both of which 
contain the membrane proximal Box 1 and Box 2 regions necessary for receptor activation.  
In addition to the Jak binding region, the IL-4Rα contains three additional domains: the I4R 
region that binds with the IRS 1/2, the gene activating and the inhibitory ITIM domains.  
Within the IL-4Rα there exist five conserved tyrosine residues necessary for signal 
transduction.   
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CHAPTER 2 
 

INTRODUCTION AND OVERVIEW PART 2: 
SIGNALING PATHWAYS STIMULATED BY IL-2 AND IL-4 

 
2.1  BACKGROUND 
Following IL-2 stimulation, three signaling pathways are induced:  Jak/STAT5, PI3K/Akt 

and Ras/Erk.  IL-4 stimulates the Jak/STAT6 and PI3K/Akt pathways, but is unique among 

cytokines and growth factors that it does not employ the Ras/Erk cascade.  Chapter 2 will 

discuss each of these pathways in greater detail; including the members of each pathway, 

their protein structures, ways of activation, regulation mechanisms and downstream targets.  

Additionally, any known crosstalk mechanisms between these pathways will be divulged.  

 

2.1.1  The Jak/STAT pathway

 

Overview

 

The Jak/STAT pathway is one of the most direct and simplistic cascades known to date in 

signal transduction. STATs (signal transducers and activators of transcription) are 

transcription factors that bind to the phosphotyrosine sites on a cytokine receptor, become 

activated via tyrosine phosphorylation by Jaks, dimerize and translocate to the nucleus, 

where they induce gene expression (31, 66, 67). STATs also are capable of triggering the 

activation of additional transcription factors, promoting progression through the cell cycle 

and initiating differentiation (112).  The Jak/STAT pathway also induces several negative 

regulatory mechanism, without which the established signals would lead to uncontrolled 

growth and differentiation (104, 161). 

 

The Jak family

 

Four mammalian protein tyrosine kinases have been identified in the Jak family: Jak1, Jak2, 

Jak3 and Tyk2 (66).  Jak1, Jak2 and Tyk2 are widely expressed and are used in the activation 
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of several cytokine receptors, whereas Jak3 expression is highly regulated and binds solely to 

γc.  Consequently, as seen with the γc subunit itself, inactivating mutations in Jak3 have been 

linked to the development of SCID, marked by a dramatic reduction in responsive 

lymphocytes (95, 134).  Mutational studies in Jak family proteins have shown severe 

immunodeficiencies, non-responsiveness to cytokine stimulation and even death, making it 

clear that these four kinases possess non-redundant functions in vivo (80). 

 

Analysis and comparison of Jak family sequences revealed seven regions of high homology, 

JH1-JH7.  Although the biological importance of all these regions has not yet been fully 

elucidated, the function of several of the domains are well characterized.  After noting that 

JH1 is critical for proper Jak activity, it was discovered to contain the kinase domain.  Jak 

proteins are unique in containing two kinase domains, with JH2 represents a pseudokinase 

domain required for full catalytic activity (152).  The JH3-JH4 regions share some similarity 

with Src Homology-2 (SH2) domains, but lacks phosphotyrosine binding ability.  JH4-JH7 

has been denoted the FERM (Four-point-one, Ezrin, Radixin, Moesin) domain and mediates 

the association of Jak with other proteins; JH7 binds specifically to the Box 1 motif in 

receptor subunits, while JH4-JH6 allows for associations with other Jak or non-receptor 

kinases (116, 152). 

 

The role of Jaks in cytokine signaling

 

IL-2 and IL-4 receptors both lack intrinsic tyrosine kinases, so they must associate with non-

receptor kinases to initiate signaling.  Inactive Jak1 and Jak3 have been shown to quickly 

become coupled with IL-2Rβ or IL-4Rα and γc, respectively, following IL-2/IL-4 stimulation 

(116), although there is still some debate about whether these kinases are recruited from the 

cytosol or are pre-coupled to the receptor subunits in an inactive state. The JH7 domain of 

Jak proteins associates with the membrane proximal, proline rich conserved regions in the 

cytokine receptors, termed Box 1 or Box 2.  This is the only known portion of the receptor 

where Jak1 and Jak3 will bind, and deletion of this region abrogates cytokine-induced 

signaling (66, 70, 106, 150). 
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Dimerization of the cytoplasmic domains of the receptor chains is required for signaling and 

is proposed to bring Jaks into sufficient proximity to allow for cross-phosphorylation and 

kinase activation.  The Jaks in IL-2 and IL-4 induced signaling are turned on sequentially, 

with Jak3 activating Jak1 via tyrosine phosphorylation (175). Within the kinase domain of 

Jak1 and Jak3 there exists an activation loop that is regulated by two conserved tyrosine 

residues: Y1033 and Y1034 for Jak1 and Y975 and Y976 for Jak3 (91).  In the case of Jak1, 

phosphorylation of Y1033 by Jak3 is required for kinase activation, while the second tyrosine 

is dispensable.  Jak3 is unique in the respect that the activation-loop tyrosines are not 

absolutely required for catalytic activity.  Even if Y975 and Y976 are not phosphorylated, 

Jak3 retains a low basal level of kinase ability, though it is greatly diminished compared to 

full Jak3 activation (91). This explains how Jak3 is capable of turning on Jak1 following 

cytokine stimulation, prior to phosphorylation of its own conserved tyrosine residues. 

 

Following its activation, Jak1 is primarily responsible for priming the receptor complex by 

phosphorylating the conserved tyrosine residues, on IL-2Rβ or IL-4Rα (66). These 

phosphotyrosine residues can serve as docking sites for other protein tyrosine kinases, which 

bind to the receptor using their Src homology-2 (SH2) domains.  Once a kinase is bound to 

the phosphotyrosine residues, Jak1 is already poised to turn on these proteins via 

phosphorylation (69, 175). These additional kinases play a crucial role in intracellular 

signaling by phosphorylating and activating other proteins that are bound to the receptor.  

Another responsibility of the Jak family is the phosphorylation of STAT transcription factors, 

after they bind to the receptor through their SH2 domains.  STATs are the preferential 

substrate of Jaks, which will choose to phosphorylate them over other proteins (67, 116). The 

recruitment and full catalytic activity of Jak1 and Jak3 are essential for IL-2 and IL-4 

induced signals; if either of these kinases is deleted or mutated, all of the ensuing signal 

transduction is abolished (106). 
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The STAT family 

 

To date, the STAT family of transcription factors consists of seven members; STAT1, 

STAT2, STAT3, STAT4, STAT5a, STAT5b and STAT6 (64).  Each STAT protein has 

critical and non-redundant biological functions that operate through the cytokine receptor 

superfamily.  Most of the STAT transcription factors mediate functions that influence the 

response of the immune system, underscoring the importance of these proteins not only for 

cytokine-stimulated signal transduction but for pathogen removal and maintenance of 

homeostasis (64). 

 

Analysis of the STAT family has revealed six conserved functional domains.  First, the 130 

N-terminal amino acids represents a domain believed to regulate STAT nuclear translocation 

(80).  The coiled-coil motif follows, consisting of four α-helices that when folded together 

form a large, predominantly hydrophilic surface that can interact with other helical proteins.  

Amino acids 320-480 form the DNA-binding domain (DBD), which contains the few 

residues capable of associating with DNA (116).  Next is a small linker area that connects the 

DBD to the SH2 domain.  The SH2 domain is an essential feature for protein activation and 

function, as it mediates both receptor and association and dimerization.  The STAT family is 

the only group of transcription factors that requires a SH2 domain for operation (31).  

Finally, at the carboxyl terminus is the transcriptional activation domain (TAD) is located, 

which contains two conserved residues, one tyrosine and one serine, that must become 

phosphorylated for transcriptional activity of STAT proteins (31, 80).    

 

Following cytokine stimulation and receptor activation, the STAT proteins are recruited to 

the receptor through their SH2 domains, whereupon they are tyrosine phosphorylated by the 

receptor-bound Jaks (116).  Research has shown that Jaks must be present for 

phosphorylation of STATs to occur, suggesting that STAT proteins are a direct substrate of 

the Jaks (67). STATs may then dissociate from the receptor and dimerize through reciprocal 

phosphotyrosine/SH2 interactions. These dimers may then migrate to the nucleus, where they 

bind to DNA and induce target gene upregulation.  Homodimers and heterodimers (in the 
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case of STAT5a and STAT5b), but not monomers, are capable of associating with DNA (31, 

116). While phosphorylation of the tyrosine residue within the TAD is necessary for 

dimerization and translocation of STATs, it has been found that serine phosphorylation is 

required for maximal transcriptional activity.  Serine phosphorylation of the STAT dimers is 

believed to stabilize the complex and prevent the proteins from uncoupling (163).  

 

STAT5 

 

It is believed that the STAT family of proteins originated from an initial STAT gene that 

underwent duplication multiple times.  Nowhere is this more evident than when comparing 

STAT5a and STAT5b, which are over 96% homologous (111, 136). STAT5 was originally 

discovered as a transcription factor important in prolactin-dependent mammary gland 

development (64).  It has since been determined that STAT5 plays an important role in the 

immune system, regulating B cell development, directing macrophage response to 

inflammation, and inducing T cell expansion (80, 116). Transcriptional activity of STAT5 is 

stimulated in T cells following treatment with IL-2 and has been proven to be critical for IL-

2-stimulatedcell cycle progression and proliferation (153).  

 

Following activation of the IL-2 receptor complex, STAT5 is recruited from the cytosol and 

binds to IL-2Rβ at one of two phosphotyrosine sites, Y-392 and Y-510 (45, 49). These two 

tyrosine residues are functionally redundant; only one site is required to elicit the full 

proliferative effect induced by STAT5 (43). Once bound to the receptor, Jak1 phosphorylates 

the conserved tyrosine residue located within the TAD sequence - Y-694 in STAT5a and Y-

699 in STAT5b.  After phosphorylation, the activated STAT proteins may dissociate from 

their docking sites, dimerize, translocate to the nucleus and bind to certain motifs in the DNA 

(89). 

 

Once in the nucleus, STAT5 plays an important role in regulating transcription of target 

genes that are critical for T cell clonal expansion.  One of the best characterized responses to 

STAT5 is the induction of the IL-2Rα gene.  This leads to the increased presence of high 
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affinity IL-2 receptors, which helps promote the T cell response to IL-2 in an autocrine 

fashion (6).  STAT5 also can control the transcription of several genes that are critical for 

cell cycle progression.  Through knock-out studies, it has been shown that STAT5a/b 

controls the induction of cyclin D1, cyclin D2, cyclin D3 and cdk6, all of which have 

essential roles in cell cycle progression. Several proteins that are required for the proliferative 

response can also be induced by STAT5 binding, including c-myc, Bcl-x and Bcl-2 (92). 

STAT5 is also responsible for the upregulation of cytokine-inducible SH2-containing (CIS) 

proteins, which negatively regulate STAT activation and prevent excessive STAT-mediated 

signaling in T cells (89).   

 

As with all intracellular signaling proteins that play a role in proliferation, lack of STAT5 

negative regulation contributes to cancer development (2, 167). Several regulatory 

mechanisms are in place to help police the Jak/STAT5 pathway.  Following ligand binding, 

the cytosolic protein-tyrosine phosphatase, SH2-containing protein 2 (SHP-2), is recruited to 

IL-2Rβ, where it is capable of dephosphorylating and deactivating both Jak1 and STAT5 

(168).  Further, as previously mentioned, STAT5 induces the expression of CIS-1, which 

negatively regulates Jak/STAT signaling by associating with Jak1 and blocking its catalytic 

activity.  Additionally, CIS-1 can bind to the IL-2Rβ on the same phosphotyrosine sites as 

STAT5, reducing STAT5 activation by competitive inhibition (5, 101). A third mediator of 

STAT5 regulation is suppression of cytokine signaling 3 (SOCS-3), a member of a 

phosphatase family that regulates cytokine signaling.  After IL-2 stimulation, SOCS-3 

associates with the receptor, becomes activated by Jak1 and dephosphorylates receptor-

bound STAT5, thus suppressing STAT5 induced gene expression (24). All of these cellular 

mechanisms in combination are capable of regulating STAT5 activation and cellular 

proliferation in response to IL-2, helping to maintain homeostasis and avoid tumorigenesis. 

 

STAT6 

 

STAT6 was the most recently discovered member of the STAT family of transcription 

factors (64).  By knocking out its expression, it was revealed that STAT6 is required for T 
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cells to respond to IL-4 and differentiate into TH2 subsets and for B cells to engage in class 

switching and IgE production.  STAT6-null mice also express a reduced pathology for 

asthma development and tumor formation, illuminating the role of IL-4 and STAT6 in these 

diseases (64, 80, 116). 

 

Following IL-4 stimulation and receptor activation, STAT6 molecules translocate from the 

cytosol to the IL-4Rα, where they bind to the conserved phosphotyrosines Y-575, Y-603 and 

Y-631 (59, 159). After associating with the receptor, STAT6 monomers are tyrosine 

phosphorylated and activated by Jak1 on the conserved residue Y-641, after which they may 

dissociate from the receptor, dimerize, and migrate to the nucleus to activate transcription of 

target genes (165).   

 

Activated, dimerized STAT6 is capable of both inducing the expression of and activating 

several other transcription factors to aid in signal transduction, including GATA-3, AP1, 

NFAT, NFκB and c-maf (52). The general transcription factor hierarchy in the IL-4 signaling 

cascade is as follows: STAT6 optimally induces the expression of GATA-3, which in turn 

induces c-maf, AP1, NFAT and NFκB in the nucleus.  Once co-localized, this entourage of 

transcription factors selectively binds to target DNA segments and together initiate extensive 

gene expression (56, 57, 118). 

 

The primary gene target of this collection of transcription factors is the IL-4 promoter, which 

contains binding sites for NFAT, NFκB, STAT6 and c-maf.  Additionally, the IL-4 3' 

enhancer region specifically requires GATA-3 and NFAT binding to initiate transcription 

(87, 174).  Beyond IL-4 ligand secretion, STAT6 also regulates the transcription of several 

other genes.  A STAT6 DNA binding site has been identified within the promoter of the IL-

4Rα gene, demonstrating how STAT6 contributes to IL-4 autocrine signaling (82).  STAT6 

also factors into IL-4-induced T cell cycle progression and is required for normal 

proliferation of lymphocytes.  It has been shown that STAT6 inhibits the activity of p27kip, a 

protein that downregulates cdk2 and thus negatively regulates the G1 to S phase transition 

(73). 
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As with all members of the STAT family, STAT6 must be carefully regulated to prevent 

excessive gene transcription.  The c-terminus of the IL-4Rα contains an inhibitory ITIM 

motif, where SHP-1/2 may bind to Y-713 and dephosphorylate both the IL-4Rα and any 

local STAT6 (75, 79). As in IL-2 receptor signaling, the SOCS family plays an important 

role in inhibiting IL-4 signal transduction via STAT6.  In the IL-4 system SOCS-1, and to a 

lesser extent SOCS-3, are capable of potently blocking the Jak1 and STAT6 response (93, 

165). Finally, gene induction by STAT6 can be blocked by B cell lymphoma-6 (Bcl-6), a 

powerful transcriptional repressor that recognizes and associates with the same DNA 

elements as STAT6, competing for specific DNA binding sites.  Interestingly, the 

transcription of Bcl-6 is initiated by STAT6 through a negative feedback loop; as STAT6 

activity decreases, the expression of Bcl-6 correspondingly diminishes (34, 35). These 

mechanisms that control the signaling and gene induction following the activation of the 

Jak/STAT6 pathway are crucial in the regulation of T cell growth and differentiation. 

 

2.1.2  The PI3K pathway 

 

Overview 

 

The phosphoinositide 3-kinases (PI3Ks) are a well characterized, conserved family of lipid 

kinases, which also possess a less understood serine-threonine protein kinase activity. A great 

variety of stimuli including, antigens, costimulatory molecules, growth factors and cytokines 

are all able to recruit and activate PI3K at the plasma membrane, upon which 3΄ 

phosphoinositide (PI) lipids are produced (44).  The lipid products of PI3K are important 

second messengers that bind and activate an array of cellular target proteins, which control 

cell proliferation, differentiation, survival, migration and metabolism (44, 117).  As PI3K 

impacts numerous cellular responses, it is not surprising that activating mutations or 

overexpression of PI3K is linked with both cancer and leukemia (123, 156). 
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Structure and activation of PI3K 

 

The PI3K family members are subdivided into four classes based upon their structural 

characteristics and substrate specificities: class Ia, Ib, II and III.  Class Ia PI3Ks are activated 

in response to cytokine stimulation, and hence will be the only class discussed here (155).  

Class Ia PI3Ks are heterodimeric proteins comprised of a regulatory subunit and a catalytic 

subunit, which are constitutively associated.  

 

There are five different isoforms of the regulatory subunit: p85α, p55α, p50α, p85β and 

p55γ; of these, p85α is the prototype.  The p85α regulatory subunit consists of an N-terminal 

SH3 domain followed by a BcR homology (BH) domain that is flanked by proline rich 

sequences.  The remaining structure of p85α is comprised of two SH2 domains, used to 

associate PI3K with tyrosine-phosphorylated proteins, separated by an “inter-SH2” domain 

that is responsible for binding to the catalytic subunit (155, 166). There are three genes for 

the p110 catalytic subunit of the type Ia class- p110α, p110β and p110δ.  Structural analysis 

of the class Ia p110 catalytic domain revealed an N-terminal p85 binding domain, followed 

by a Ras binding domain, a C2 domain and the PI3K catalytic domain (76). 

 

Prior to PI3K association with a phosphorylated protein, the p85 regulatory subunit inhibits 

the catalytic activity of p110.  At the same time, p85 also stabilizes and prevents the 

degradation of p110 (169).  The two SH2 domains of p85 can bind to certain 

phosphotyrosine sites, which induce a conformational change that allows the catalytic site of 

PI3K to be exposed.  This change releases the inhibitory role p85 has over p110, and allows 

for full catalytic activity of PI3K (29, 68).  p85 may also be tyrosine phosphorylated by Src 

family kinases, such as Lck or Fyn, on Y-688, which stabilizes this conformational changes 

and prolongs PI3K activation (158).  

 

Following IL-2 stimulation, the IL-2R complex becomes phosphorylated and primed for 

induction of signaling cascades.  Prior to receptor phosphorylation, p85 will not associate 

with the receptor in any way nor will PI3K become activated (103, 149). There are two 
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routes for PI3K activation in response to IL-2 stimulation, either through association with the 

collective receptor complex or through binding to Ras-GTP (68), the latter will be discussed 

in a later section.  Because the IL-2R lacks direct binding sites for PI3K, how this cascade is 

activated remains somewhat controversial.  It is established that p85 can associate with and 

be phosphorylated by tyrosine kinases that are bound to the IL-2Rβ.  For example, both Lck 

and Fyn will preferentially bind to Y-355 or Y-361 on the IL-2Rβ and serve as a docking site 

for and activator of PI3K (54, 74, 145). The mechanism in which PI3K can be recruited and 

induced through a Shc/Grb2/Gab2 pathway is also well understood and documented (58).  

Shc is an adapter protein that binds to Y-338 of the IL-2Rβ and is capable of concurrently 

associating with other adapter proteins including Grb2 and Gab2 (Grb2 associated binding 

protein 2).  The strong affinity of p85 for Gab2 tends to recruit PI3K to this complex where 

upon binding PI3K is activated (21, 58, 113).  

 

How PI3K is activated following IL-4 stimulation is a well studied and understood process.  

Following receptor phosphorylation, the 170 kDa insulin receptor substrate-1 (IRS-1) binds 

to the phosphorylated Y-497 of the IL-4Rα and is phosphorylated by Jak1 (78, 160). IRS-1 

has approximately 20 conserved tyrosine residues that can be phosphorylated by Jak1, 

making it capable of serving as a hub for several protein-protein interactions, including the 

recruitment of the PI3K regulatory subunit (143). Inactive PI3K translocates from the cytosol 

to the phosphorylated IRS-1 protein, where the p85 subunit binds via its dual SH2 domains, 

undergoing the necessary conformational change for PI3K activation (36, 170). 

 

3΄ phosphoinositide (PI) lipids  

 

The major lipid substrate of active PI3K is phosphatidylinositol(4,5)biphosphate, PI(4,5)P2.  

Class Ia PI3Ks phosphorylate this membrane lipid at the 3΄ position of its inositol ring, 

producing phosphatidylinositol(3,4,5)triphosphate, also known as PI(3,4,5)P3 or PIP3 (85, 

154). Although PI3K preferentially catalyzes the phosphorylation of PI(3,4)P2, it will also 

convert PI(4)P to PI(3,4)P2 or PIP2.  PIP2 and PIP3 are usually absent in quiescent cells, then 

appear within minutes of PI3K stimulation (61, 128). PIP3 lipids act as second messengers 
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and recruit numerous signaling proteins that contain pleckstrin homology (PH) domains, due 

to the strong affinity of many PH domains for PIP3 (124). Target proteins include Vav, TEC 

family kinases and p70 S6kinase, which are activated following IL-2 stimulation and help 

regulate proliferation (8, 108). However, the two principal effectors of PI3K signaling are 

Akt and 3-phosphoinositide-dependent protein kinase 1 (PDK1), which both have wide-

ranging effects on cell behavior.   

 

In order to maintain homeostasis, PI3K signaling must remain strictly regulated.  In an effort 

to maintain this balance, several mechanisms are in place to control both PI3K and the lipid 

secondary messenger, PIP3.  The phosphatase SHP-2 controls PI3K-induced signaling by 

dephosphorylating Y-668 in the regulatory domain, increasing the likelihood that PI3K will 

dissociate from the receptor (29). Two proteins play an important role in the regulation of 

PIP3 levels: PTEN (phosphates and tensin homologue deleted on chromosome ten) and 

SHIP-1 (SH2-domain containing inositol polyphosphatases-1) (7). PTEN was originally 

identified as a tumor suppressor, due to the fact that a deletion or mutation in PTEN can 

promote the development of cancer (37, 135). PTEN is a dual specificity phosphatase that 

can target either proteins or lipids, with its main substrate being 3′ phosphorylated 

phosphoinositides such as PIP3.  PTEN hydrolyzes PIP3 to PI(4,5)P2, specifically 

dephosphorylating the 3΄ position of the inositol ring and reversing the actions of PI3K (96, 

144).  SHIP is a 145 kDa phosphatase that is activated by a wide variety of stimuli, including 

IL-2 and IL-4, and aids in controlling cellular survival and proliferation (98). SHIP-1 

substrates include both signaling proteins and the lipid messenger PIP3.  In contrast to PTEN, 

SHIP removes the 5΄ phosphate from the inositol ring of PIP3 to generate PI(3,4)P2, thus 

hindering PI3K dependent signaling (42, 131). 

 

The role of PDK1 in Akt activation 

 

Akt is a proto-oncogene and serine/threonine kinase that plays a central role in cell survival 

and proliferation.  Akt is perhaps the most important, and definitely the most studied, 

downstream target of PI3K, because it influences the activation of numerous other signaling 
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proteins (11).  The amino acid sequence of Akt reveals a very simple structure, consisting of 

an N-terminal PH domain, a catalytic region and a C-terminal regulatory domain (11).   

 

The signaling pathway involved in Akt activation is fairly straightforward, though it contains 

multiple steps.  Briefly, Akt binds to PIP3 at the plasma membrane through its PH domain, 

causing a conformational change in the protein that relieves an autoinhibition of the active 

site (18). PIP3 is also responsible for activating PDK1, another serine/threonine kinase.  With 

these two kinases in close proximity, PDK1 threonine phosphorylates Akt on T-308, which 

lies in the activation loop (3, 13). Following phosphorylation of T-308, Akt is phosphorylated 

a second time on S-473 for full functionality (16). Determining which kinase is responsible 

for S-473 phosphorylation has proved to be a major challenge.  It has been proposed that a 

second kinase, PDK2, exists to complete this task, though this protein has not been identified 

(3).  It has also been suggested that PDK1 phosphorylates both Akt sites sequentially (147).  

 

PDK1 was first discovered in the context of Akt signaling, however its importance in the 

activation of other signaling proteins has since been elucidated.  PDK1 regulates the activity 

of several other protein kinases, including protein kinase A (PKA), protein kinase C(PKC), 

p90RSK and p70 S6kinase (83, 147). As a key regulator of these kinases and of Akt, with 

each exhibiting different cellular functions, PDK1 activation illustrates how PI3K can impact 

so many cellular processes.   

 

Akt functions and targets 

 

Through serine/threonine phosphorylation, Akt regulates several signaling proteins, all of 

which impact one of two cellular outcomes - cell survival or proliferation.  While all three 

signaling pathways involved in the IL-2 response contribute to cell cycle progression and 

proliferation, the PI3K/Akt pathway is solely responsible for inhibiting apoptosis, or 

programmed cell death.  First and foremost, Akt activates the B cell lymphoma 2 (Bcl-2) 

family, which is responsible for regulating apoptotic pathways.  The two main pro-survival 

proteins, Bcl-2 and Bcl-xL, prevent apoptosis by associating with the mitochondria and 
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maintaining the membrane integrity (26).  If the protein cytochrome c is released from the 

mitochondrial membrane, it will activate Apaf-1, which then binds to and activates caspase-

9, triggering apoptosis (26). Both Bcl-2 and Bcl-xL are activated in an Akt-dependent manner 

and are necessary in preventing programmed cell death (1, 22, 54, 90).   

 

Akt is also able to restrict pro-apoptotic members of the Bcl-2 family, such as Bax and Bad.  

Upon activation, Bax will associates with the mitochondria, where it binds to the membrane 

and advances the release of cytochrome c; however, once Akt phosphorylates Bax, it 

becomes sequestered in the cytosol (151). Bad encourages apoptosis by forming a 

heterodimer with Bcl-xL or Bcl-2, preventing the pro-survival proteins from maintaining the 

stability of the mitochondrial membrane.  After Akt phosphorylates Bad on S-136 and S-112, 

it becomes bound and sequestered by the adapter protein 14-3-3  (32, 33).  

 

Additionally, Akt can directly phosphorylate caspase-9 on S-183 and S-196, blocking 

caspase-9 self cleavage, which in turn inhibits the caspase cascade and apoptosis (17). 

Similarly, it has been found that caspase-3 activity can be reduced by a PI3K-dependent 

mechanism, preventing DNA fragmentation (14). Lastly, how Akt dependent activation of 

NFκB leads to cell survival has been well studied.  In the cytosol, NFκB is dimerized with a 

class of inhibitory proteins called IκBs, which prevents NFκB from migrating to the nucleus 

and initiating gene transcription.  Following the activation of PI3K, IκB is phosphorylated by 

Akt, causing a conformational change that leads to the release of NFκB (72, 132). NFκB is 

then free to upregulate the expression of several anti-apoptotic proteins and assist in 

maintaining cell survival (41). 

 

The second major role of Akt target proteins is to induce the cell cycle progression necessary 

to stimulate proliferation.  Cell cycle progression is brought on by a two wave response 

consisting of an immediate burst of signaling followed by the activation of cyclin dependent 

kinases approximately twelve hours later (71). One downstream target of Akt that promotes 

cell cycle entry is E2F, a crucial regulator whose activation is required to pass the G1 to S 

checkpoint (12). Secondly, the transcription factor c-myc is induced following Akt activation.  
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Although the exact mechanism behind the c-myc response is not understood, it is known that 

its expression enhances the progression through the cell cycle (1, 23). p27kip is a cell cycle 

inhibitor that binds to cyclin dependent kinases and blocks progress through the cell cycle.  

Akt opposes this interference by phosphorylating p27kip on threonine-157, causing it to be 

sequestered in the cytosol (25, 140). In a similar fashion, the obstruction of cell cycle 

progression brought on by the transcription factor FoxO is negated in a PI3K-dependent 

manner.  After phosphorylation on T-24, S-253 and S-316 by Akt, nuclear translocation is 

halted, preventing the transcription of FoxO target genes (137, 142). While the number of 

downstream signaling proteins induced by PI3K/Akt are too numerous to discuss here, the 

aforementioned targets are some of the most critical in promoting survival and cell cycle 

progression.    

 

2.1.3  The Ras/Erk cascade 

 

Overview 

 

Ras/Erk is the third major signaling pathway stimulated by IL-2, but, importantly, it is not 

activated in response to IL-4.  Ras/Erk is also known as the mitogen-activated protein kinase 

pathway (MAPK) due to the fact that Erk (also known as MAPK) is the final kinase activated 

in the cascade. Ras belongs to a large superfamily of small GTPases that are critical for 

transmitting intracellular signals.  Following IL-2R activation, Ras becomes activated, 

triggering a signaling cascade of protein kinases that include Raf, MEK and Erk.  Activated 

Erk activates several transcription factors that influence a plethora of cellular fates (81). In 

response to IL-2, Ras/Erk regulates cell differentiation, proliferation, apoptosis and cell cycle 

progression in T cells (53, 55, 86). A significant percentage of human cancers are caused by 

activating mutations in the Ras/Erk pathway, leading to unregulated cell growth and 

differentiation (19, 102). 
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Ras: The GTPase family and activation 

 

Ras is a member of the superfamily of small GTPases, whose activation states depend on the 

species of guanine nucleotide bound.  Active GTPases are bound to guanosine triphosphate 

(GTP), whereas inactive forms are associated with guanosine diphosphate (GDP).  In 

quiescent cells, most small GTPases are usually coupled with GDP, making them inactive.  

Following stimulation, the removal of GDP and the loading of GTP is facilitated by a class of 

enzymes known as guanine nucleotide exchange factors (GEFs).  Since small GTPases have 

a low intrinsic GTPase activity, GTPase accelerating proteins (GAPs) are utilized in the 

hydrolysis of GTP to GDP, which completes the activation cycle and is crucial in the 

regulation of Ras and other GTPases (10, 100). 

 

Four isoforms of Ras exist, H-Ras, N-Ras and two K-Ras proteins, which are nearly identical 

except for the hypervariable region at the C-terminus.  This variability causes the Ras 

proteins to differ in their membrane targeting sequences, which affects their localization. H-

Ras is the isoform most studied and is generally activated in response to growth factors or 

cytokines (139).  

 

Stimulation of the Ras/Erk pathway by IL-2 begins with the recruitment and tyrosine 

phosphorylation of the adapter protein Shc, which binds to the IL-2Rβ solely at Y-338 

through its phosphotyrosine binding (PTB) domain.  Shc is a unique adapter protein in that it 

contains both a PTB and an SH2 domain, making it capable of coupling several proteins at 

once (40, 77, 125). Once Shc is bound to Y-338 on the IL-2R, it is phosphorylated on Y-239 

and Y-317, priming it to serve as a docking protein for other signaling molecules (15, 171). 

Grb2 serves as a linker protein that binds the GEF Son of Sevenless (Sos) through one of its 

two SH3 domains.  The Grb2/Sos dimer then couples with the phosphorylated, receptor-

bound Shc bringing the exchange factor into close proximity with the membrane-bound Ras-

GDP, promoting the formation of Ras-GTP (39, 50, 88, 119). 
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There is a possibility that another step is involved in the activation of Ras, though it remains 

controversial.  This step involves the tyrosine phosphatase SHP-2, which may be required to 

achieve full activation of Ras (99).  SHP-2 either binds directly to Shc or indirectly through 

the adapter protein Gab2 followed by its two-step activation.  Once SHP-2 binds and both 

SH2 domains are engaged by phosphotyrosines, the two tail tyrosine residues, Y-542 and Y-

580, become phosphorylated by neighboring kinases, activating the phosphatase (94). SHP-2 

now can serve as a binding site specifically for the Grb2/Sos dimer, positively modulating 

the level of Ras activation.  It has also been suggested that the phosphatase activity of SHP-2 

is somehow involved in the recruitment and activation of Ras, though this mechanism has 

never been fully clarified (9, 114). Once GTP-bound, Ras is proficient in recruiting its target 

proteins to the membrane, which starts the signaling cascade.  

 

Downstream signaling of Ras 

 

The first target of Ras in the Ras/Erk pathway is the serine/threonine kinase Raf.  Exactly 

how Raf is activated following its interaction with Ras-GTP is still under scrutiny (81).  

What is clear is that Raf activation involves membrane recruitment, the action of adapter 

proteins, conformational changes and phosphorylation (109).  Once activated, Ras binds Raf 

kinase with high affinity. recruiting inactive Raf to the membrane.  Raf binds to Ras-GTP 

through both a Ras binding domain (RBD) and a cysteine-rich domain (CRD) (97).  If S-259 

on Raf is phosphorylated, the adapter protein 14-3-3 can bind to that phosphoserine residue 

and inhibit successful Raf dimerization with Ras (109).  The binding to Ras induces a 

conformational change in Raf, exposing conserved sites S-338 and Y-341 for 

phosphorylation by different kinases (97, 162). Following recruitment to the cell membrane, 

proper conformational changes and phosphorylation, Raf is eventually activated.    

 

The principal downstream target of Raf is the dual specificity kinase MEK, also known as 

MAPK kinase.  Within the catalytic domain of MEK lies two serine sites that need to be 

phosphorylated by Raf for the kinase to become functional: S-217 and S-221 (4). The 

inactivation of MEK, and the obstruction of the proliferative signal, requires the 
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dephosphorylation of both conserved serine residues (4, 27). MEK is responsible for the 

phosphorylation and activation the of serine/threonine kinase Erk.  Erk is highly regulated 

and requires both tyrosine and threonine phosphorylation to be operative, specifically at sites 

T-183 and Y-185 (120, 173).  Additionally, if either of theses sites becomes dephosporylated, 

Erk loses all of its catalytic activity (173).  Following activation by MEK, Erk dimerizes and 

regulates several intracellular targets, notably certain transcription factors (121). 

 

One target of activated Erk is the AP-1 (activating protein-1) family of transcription factors, 

which includes c-jun and c-fos. Erk regulates these proteins by serine phosphorylation, after 

which they form the homodimers or heterodimers necessary for DNA binding (20, 62, 107). 

Additionally, Erk activates Elk-1, another transcription factor that upregulates the expression 

of important signaling proteins such as c-fos (51). It has been proposed that in addition to its 

role in differentiation and cell cycle progression, c-fos also induces the expression of c-myc, 

creating a greater influence over cellular functions (105). However, the expression and 

activation of c-myc appears to be regulated by two pathways, one that is dependent and one 

that is independent of c-fos (23, 105). 

 

Following the formation of Ras-GTP, a signaling cascade ensues resulting in the activation of 

scores of transcription factors (81).  These transcription factors have the capability of 

activating and negatively regulating the expression levels of each other and themselves, 

helping to maintain a proper balance.  These proteins have the power to control functions that 

are essential to T cell expansion, including IL-2 secretion, proliferation, survival and cell 

cycle progression (104, 126, 138). 

 

Negative regulation of the Ras/Erk pathway 

 

In order to prevent uncontrolled cell growth and differentiation due to Ras signaling, several 

negative regulatory mechanisms are in place.  First and possibly most important is the 

involvement of Ras-GAP, which stimulates the GTPase activity of Ras.  Ras-GAP directly 

binds to Ras, leading to hydrolysis of GTP to GDP and inactivation of Ras (146, 148, 157). 
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The phosphatase SHIP also plays an important role in the control of Ras signaling.  It has 

been revealed that SHIP can bind directly to Shc following IL-2 stimulation, displacing the 

Grb2/Sos dimer (30, 98). Within the Ras/Erk pathway, there is also a negative feedback loop 

that controls signal output.  Active Erk can phosphorylate Sos, causing it to dissociate from 

Grb2 (84). Lastly, there are several non-specific, cytosolic protein phosphatases that 

dephosphorylate the proteins involved in the Ras/Erk cascade.  All of these mechanisms help 

control the cellular functions induced by Ras.    

 

2.1.4  Signal crosstalk 

 

No signaling pathway is able to elicit a full cellular response on its own.  Distinct pathways 

often converge on select signaling molecules, which require multiple inputs for full 

activation and functionality. For example, both the PI3K and Ras/Erk pathways are needed to 

fully activate the anti-apoptotic protein Bad and the transcription factor c-myc (63, 127). This 

convergence is also seen at the level of the response brought on by these pathways.  For 

example, full proliferation following IL-2 stimulation requires the activation of at least two 

of the three major signaling pathways involved (43, 110). 

 

In addition to the convergence of two pathways on a single downstream target (e.g., 

transcription factor), the signaling proteins in one pathway have the potential to laterally 

modulate proteins in other pathways, altering the signaling dynamics and balance.  One 

striking instance crosstalk in IL-2 signal transduction is the direct activation of PI3K by Ras-

GTP (68, 76).  The p110 subunit of PI3K can be directly bound and stimulated by Ras-GTP, 

activating PI3K (130, 141). The adapter protein Shc can also activate both Ras and PI3K 

simultaneously, with the aid of Grb2 and Gab2 (58, 60, 115). The co-localization of these 

pathways is the perfect opportunity for Ras to bind to p110 and positively modulate the PI3K 

pathway.  

 

It has also been shown that PI3K can increase the activation of Ras, though the exact 

mechanism has yet to be clarified.  Utilizing PI3K inhibitors, it has been shown that both 
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MEK and Erk are partially dependent on PI3K induction (28, 38, 164). One theory is that 

PI3K influences Ras through the PH domain-containing adapter protein Gab2. Following IL-

2 stimulation, PI3K generates PIP3 in the plasma membrane, which recruits Gab2 through its 

PH domain (48, 129). Grb2/Sos associates with the membrane bound Gab2 with surprisingly 

high affinity, allowing for Sos/Ras interaction to occur away from the IL-2 receptor complex 

(47, 172). This secondary mechanism is thought to increase signal transmission through the 

Ras/Erk pathway.   

 

An additional instance of crosstalk between signaling pathways is serine phosphorylation of 

STAT dimmers by Erk.  After tyrosine phosphorylation by Jaks, STAT molecules dimerize 

and translocate to the nucleus.  During this process, or once within the nucleus, dimerized 

STATs are subject to dephosphorylation, causing them to disassemble and become inactive.  

Erk phosphorylation of STAT dimers stabilizes their association and helps protect against 

dephosphorylation from cytosolic or nuclear phosphatases (46, 65, 122).   

  

The crosstalk that occurs between signaling pathways does not always enhance signaling; it 

can also serve a regulatory function.  One well known example of this is the inhibition of Raf 

through Akt-mediated phosphorylation.  Active Akt can phosphorylated Raf on S-259, which 

permits 14-3-3 binding to Raf, hindering its ability to associate with Ras and become 

activated (133, 176).  The implication of this mechanism is that PI3K signaling can have 

either positive or negative effects on Ras/Erk pathway activation. 

 

In reality, the signal transduction network is far more complex than depicted here; however, 

by focusing on the major pathways and key players involved, a general idea of what is 

occurring within the T cell following stimulation with IL-2 and IL-4 can be obtained.  This 

approach allows several signaling molecules to be targeted for experimentation, in the hopes 

of quantifying not only the activation of these proteins but their interactions as well.  The 

results of these studies may not completely divulge all the answers that were sought, but will 

hopefully direct future work; eventually lead to the determination of the key signaling 

proteins involved in IL-2 and IL-4 induced T cell expansion.    



 38

2.2  REFERENCES 
 
1. Ahmed, N. N., H. L. Grimes, A. Bellacosa, T. O. Chan, and P. N. Tsichlis. 1997. Transduction of 

the interleukin-2 antiapoptotic and proliferative signals via Akt protein kinase. Proc. Natl. Acad. Sci. 
USA 94:3627-3632. 

2. Ahonen, T. J., J. W. Xie, M. J. LeBaron, J. Q. Zhu, M. Nurmi, K. Alanen, H. Rui, and M. T. 
Nevalainen. 2003. Inhibition of transcription factor STAT5 induces cell death of human prostate 
cancer cells. J. Biol. Chem. 278:39259-39259. 

3. Alessi, D. R., S. R. James, C. P. Downes, A. B. Holmes, P. R. J. Gaffney, C. B. Reese, and P. 
Cohen. 1997. Characterization of a 3-phosphoinositide-dependent protein kinase which 
phosphorylates and activates Protein Kinase B α. Curr. Biol. 7:261-269. 

4. Alessi, D. R., Y. Saito, D. G. Campbell, P. Cohen, G. Sithanandam, U. Rapp, A. Ashworth, C. J. 
Marshall, and S. Cowley. 1994. Identification of the sites in MAP Kinase Kinase-1 phosphorylated 
by p74Raf-1. EMBO 13:1610-1619. 

5. Aman, M. J., T. S. Migone, A. Sasaki, D. P. Ascherman, M. H. Zhu, E. Soldaini, K. Imada, A. 
Miyajima, A. Yoshimura, and W. J. Leonard. 1999. CIS associates with the interleukin-2 receptor β 
chain and inhibits interleukin-2-dependent signaling. J. Biol. Chem. 274:30266-30272. 

6. Ascherman, D. P., T. Migone, M. C. Friedmann, and W. J. Leonard. 1997. Interleukin-2 (IL-2)-
mediated induction of the IL-2 receptor α chain gene. J. Biol. Chem. 272:8704-8709. 

7. Astoul, E., C. Edmunds, D. A. Cantrell, and S. G. Ward. 2001. Pl3-K and T-cell activation: 
Limitations of T-leukemic cell lines as signaling models. Trends Immunol. 22:490-496. 

8. Benczik, M., and S. L. Gaffen. 2004. The interleukin (IL)-2 family cytokines: Survival and 
proliferation signaling pathways in T lymphocytes. Immunol. Invest. 33:109-142. 

9. Bennett, A. M., T. L. Tang, S. Sugimoto, C. T. Walsh, and B. G. Neel. 1994. Protein-tyrosine-
phosphatase SHPTP2 couples platelet-derived growth-factor receptor-β to Ras. Proc. Natl. Acad. Sci. 
USA 91:7335-7339. 

10. Bourne, H. R., D. A. Sanders, and F. McCormick. 1991. The GTPase superfamily: conserved 
structure and molecular mechanism. Nature 349:117-126. 

11. Brazil, D. P., and B. A. Hemmings. 2001. Ten years of Protein Kinase B signalling: A hard Akt to 
follow. Trends Biochem. Sci. 26:657-664. 

12. Brennan, P., J. W. Babbage, B. M. T. Burgering, B. Groner, K. Reif, and D. A. Cantrell. 1997. 
Phosphatidylinositol 3-Kinase couples the interleukin-2 receptor to the cell cycle regulator E2F. 
Immunity 7:679-689. 

13. Burgering, B. M. T., and P. J. Coffer. 1995. Protein-Kinase-B (c-Akt) in Phosphatidylinositol-3-OH 
Kinase signal-transduction. Nature 376:599-602. 

14. Burgess, W., K. Jesse, Q. S. Tang, S. R. Broussard, R. Dantzer, and K. W. Kelley. 2003. Insulin-
like growth factor-I and the cytokines IL-3 and IL-4 promote survival of progenitor myeloid cells by 
different mechanisms. J. Neuroimmunol. 135:82-90. 

15. Burns, L. A., L. M. Karnitz, S. L. Sutor, and R. T. Abraham. 1993. Interleukin-2-induced tyrosine 
phosphorylation of p52shc in T lymphocytes. J. Biol. Chem. 268:17659-17661. 

16. Cantrell, D. 2002. Protein Kinase B (Akt) regulation and function in T lymphocytes. Semin. Immunol. 
14:19-26. 

17. Cardone, M. H., N. Roy, H. R. Stennicke, G. S. Salvesen, T. F. Franke, E. Stanbridge, S. Frisch, 
and J. C. Reed. 1998. Regulation of cell death protease caspase-9 by phosphorylation. Science 
282:1318-1321. 

18. Chan, T. O., S. E. Rittenhouse, and P. N. Tsichlis. 1999. AKT/PKB and other D3 phosphoinositide-
regulated kinases: Kinase activation by phosphoinositide-dependent phosphorylation. Annu. Rev. 
Biochem. 68:965-1014. 

19. Chang, F., L. S. Steelman, J. T. Lee, J. G. Shelton, P. M. Navolanic, W. L. Blalock, R. A. 
Franklin, and J. A. McCubrey. 2003. Signal transduction mediated by the Ras/Raf/MEK/ERK 
pathway from cytokine receptors to transcription factors: Potential targeting for therapeutic 
intervention. Leukemia 17:1263-1293. 



 39

20. Chen, R. H., C. Abate, and J. Blenis. 1993. Phosphorylation of the c-fos transrepression domain by 
Mitogen-Activated Protein Kinase and 90 kDa ribosomal S6 kinase. Proc. Natl. Acad. Sci. USA 
90:10952-10956. 

21. Cipres, A., S. Carrasco, and I. Merida. 2001. Deletion of the acidic-rich domain of the IL-2Rβ chain 
increases receptor-associated PI3K activity. FEBS Lett. 500:99-104. 

22. Cipres, A., S. Gala, C. Martinez-A, I. Merida, and P. Williamson. 1999. An IL-2 receptor β 
subdomain that controls Bcl-XL expression and cell survival. Eur. J. Immonol. 29:1158-1167. 

23. Cleveland, J. L., U. R. Rapp, and W. L. Farrar. 1987. Role of c-myc and other genes in interleukin-
2 regulated CT6 T-lymphocytes and their malignant variants. J. Immunol. 138:3495-3504. 

24. Cohney, S. J., D. Sanden, N. A. Cacalano, A. Yoshimura, A. Mui, T. Migone, and J. A. Johnston. 
1999. SOCS-3 is tyrosine phosphorylated in response to interleukin-2 and suppresses STAT5 
phosphorylation and lymphocyte proliferation. Mol. Cell. Biol. 19:4980-4988. 

25. Collado, M., R. H. Medema, I. Garcia-Cao, M. L. N. Dubuisson, M. Barradas, J. Glassford, C. 
Rivas, B. M. T. Burgering, M. Serrano, and E. W. F. Lam. 2000. Inhibition of the Phosphoinositide 
3-Kinase pathway induces a senescence-like arrest mediated by p27Kip1. J. Biol. Chem. 275:21960-
21968. 

26. Cory, S., and J. M. Adams. 2002. The Bcl-2 family: Regulators of the cellular life-or-death switch. 
Nat. Rev. Cancer 2:647-656. 

27. Cowley, S., H. Paterson, P. Kemp, and C. J. Marshall. 1994. Activation of Map Kinase Kinase is 
necessary and sufficient for PC12 differentiation and for transformation of NIH 3T3 cells. Cell 77:841-
852. 

28. Craddock, B. L., J. Hobbs, C. E. Edmead, and M. J. Welham. 2001. Phosphoinositide 3-Kinase-
dependent regulation of interleukin-3-induced proliferation - Involvement of Mitogen-Activated 
Protein kinases, SHP2 and Gab2. J. Biol. Chem. 276:24274-24283. 

29. Cuevas, B. D., Y. L. Lu, M. L. Mao, J. Y. Zhang, R. LaPushin, K. Siminovitch, and G. B. Mills. 
2001. Tyrosine phosphorylation of p85 relieves its inhibitory activity on Phosphatidylinositol 3-
Kinase. J. Biol. Chem. 276:27455-27461. 

30. Damen, J. E., L. Liu, P. Rosten, R. K. Humphries, A. B. Jefferson, P. W. Majerus, and G. 
Krystal. 1996. The 145-kDa protein induced to associate with Shc by multiple cytokines is an inositol 
tetraphosphate and phosphatidylinositol 3,4,5-trisphosphate 5-phosphatase. Proc. Natl. Acad. Sci. USA 
93:1689-1693. 

31. Darnell, J. E. 1997. STATs and gene regulation. Science 277:1630-1635. 
32. Datta, S. R., H. Dudek, X. Tao, S. Masters, H. A. Fu, Y. Gotoh, and M. E. Greenberg. 1997. Akt 

phosphorylation of Bad couples survival signals to the cell-intrinsic death machinery. Cell 91:231-241. 
33. delPeso, L., M. GonzalezGarcia, C. Page, R. Herrera, and G. Nunez. 1997. Interleukin-3-induced 

phosphorylation of Bad through the protein kinase Akt. Science 278:687-689. 
34. Dent, A. L., J. Hu-Li, W. E. Paul, and L. M. Staudt. 1998. T helper type 2 inflammatory disease in 

the absence of interleukin 4 and transcription factor STAT6. Proc. Natl. Acad. Sci. USA 95:13823-
13828. 

35. Dent, A. L., A. L. Shaffer, X. Yu, D. Allman, and L. M. Staudt. 1997. Control of inflammation, 
cytokine expression, and germinal center formation by Bcl-6. Science 276:589-592. 

36. Dhand, R., I. Hiles, G. Panayotou, S. Roche, M. J. Fry, I. Gout, N. F. Totty, O. Truong, P. 
Vicendo, K. Yonezawa, M. Kasuga, S. A. Courtneidge, and M. D. Waterfield. 1994. PI3-Kinase is 
a dual-specificity enzyme - Autoregulation by an intrinsic protein-serine kinase-activity. EMBO 
13:522-533. 

37. Di Cristofano, A., and P. P. Pandolfi. 2000. The multiple roles of PTEN in tumor suppression. Cell 
100:387-390. 

38. Duckworth, B. C., and L. C. Cantley. 1997. Conditional inhibition of the Mitogen-Activated Protein 
Kinase cascade by wortmannin - Dependence of signal strength. J. Biol. Chem. 272:27665-27670. 

39. Egan, S. E., B. W. Giddings, M. W. Brooks, L. Buday, A. M. Sizeland, and R. A. Weinberg. 1993. 
Association of Sos Ras exchange protein with Grb2 is implicated in tyrosine kinase signal transduction 
and transformation. Nature 363:45-51. 

40. Evans, G. A., M. A. Goldsmith, J. A. Johnston, W. Xu, S. R. Weiler, R. Erwin, O. M. Z. Howard, 
R. T. Abraham, J. J. O'Shea, W. C. Greene, and W. L. Farrar. 1995. Analysis of the interleukin-2-



 40

dependent signal transduction through the Shc/Grb2 adapter pathway. J. Biol. Chem. 270:28858-
28863. 

41. Francois, S., J. E. Benna, P. M. C. Dang, E. Pedruzzi, M. A. Gougerot-Pocidalo, and C. Elbim. 
2005. Inhibition of neutrophil apoptosis by TLR agonists in whole blood: Involvement of the 
Phophinositide 3-Kinase/Akt and NF-κB signaling pathways, leading to increased levels of Mcl-1, A1, 
and phosphorylated Bad. J. Immunol. 174:3633-3642. 

42. Freeburn, R. W., K. L. Wright, S. J. Burgess, E. Astoul, D. A. Cantrell, and S. G. Ward. 2002. 
Evidence that SHIP-1 contributes to phosphatidylinositol 3,4,5-trisphosphate metabolism in T 
lymphocytes and can regulate novel Phosphoinositide 3-Kinase effectors. J. Immunol. 169:5441-5450. 

43. Friedmann, M. C., T. Migone, S. M. Russell, and W. J. Leonard. 1996. Different interleukin 2 
receptor β-chain tyrosines couple to at least two signaling pathways and synergistically mediate 
interleukin 2-induced proliferation. Proc. Natl. Acad. Sci. USA 93:2077-2082. 

44. Fruman, D. A., and L. C. Cantley. 2002. Phosphoinositide 3-Kinase in immunological systems. 
Semin. Immunol. 14:7-18. 

45. Fujii, H., Y. Nakagawa, U. Schindler, A. Kawahara, H. Mori, F. Gouilleux, B. Groner, J. N. Ihle, 
Y. Minami, T. Miyazaki, and T. Taniguchi. 1995. Activation of STAT5 by interleukin 2 requires a 
carboxyl-terminal region of the interleukin 2 receptor β chain but is not essential for the proliferative 
signal transmission. Proc. Natl. Acad. Sci. USA 92:5482-5486. 

46. Fung, M. M., F. Rohwer, and K. L. McGuire. 2003. IL-2 activation of a PI3K-dependent STAT3 
serine phosphorylation pathway in primary human T cells. Cell. Signal. 15:625-636. 

47. Gadina, M., C. Sudarshan, and J. J. O'Shea. 1999. IL-2 but not IL-4 and other cytokines induces 
phosphorylation of a 98 kDa protein associated with SHP-2, Phosphatidylinositol 3-Kinase and Grb2. 
FASEB J. 13:A1144-A1144. 

48. Gadina, M., C. Sudarshan, R. Visconti, Y. J. Zhou, H. H. Gu, B. G. Neel, and J. J. O'Shea. 2000. 
The docking molecule Gab2 is induced by lymphocyte activation and is involved in signaling by 
interleukin-2 and interleukin-15 but not other common γ chain-using cytokines. J. Biol. Chem. 
275:26959-26966. 

49. Gaffen, S. L., S. Y. Lai, W. Xu, F. Gouilleux, B. Groner, M. A. Goldsmith, and W. C. Greene. 
1995. Signaling through the interleukin 2 receptor β chain activates a STAT-5-like DNA-binding 
activity. Proc. Natl. Acad. Sci. USA 92:7192-7196. 

50. Gale, N. W., S. Kaplan, E. J. Lowenstein, J. Schlessinger, and D. Barsagi. 1993. Grb2 mediates the 
EGF-dependent activation of guanine nucleotide exchange on Ras. Nature 363:88-92. 

51. Gille, H., M. Kortenjann, O. Thomae, C. Moomaw, C. Slaughter, M. H. Cobb, and P. E. Shaw. 
1995. Erk phosphorylation potentiates Elk-1 mediated ternary complex formation and transactivation. 
EMBO 14:951-962. 

52. Glimcher, L. H., and H. Singh. 1999. Transcription factors in lymphocyte development - T and B 
cells get together. Cell 96:13-23. 

53. Gomez, J., C. Martinez, B. Fernandez, A. Garcia, and A. Rebollo. 1996. Critical role of Ras in the 
proliferation and prevention of apoptosis mediated by IL-2. J. Immunol. 157:2272-2281. 

54. Gonzalez-Garcia, A., I. Merida, C. Martinez, and A. C. Carrera. 1997. Intermediate affinity 
interleukin-2 receptor mediates survival via a Phosphatidylinositol 3-Kinase-dependent pathway. J. 
Biol. Chem. 272:10220-10226. 

55. Graves, J. D., J. Downward, M. Izquierdo-Pastor, S. Rayter, P. H. Warne, and D. A. Cantrell. 
1992. The growth factor IL-2 activates p21ras proteins in normal human T lymphocytes. J. Immunol. 
148:2417-2422. 

56. Grogan, J. L., and R. M. Locksley. 2002. T helper cell differentiation: on again, off again. Curr. 
Opin. Immunol. 14:366-372. 

57. Grogan, J. L., M. Mohrs, B. Harmon, D. A. Lacy, J. W. Sedat, and R. M. Locksley. 2001. Early 
transcription and silencing of cytokine genes underlie polarization of T helper cell subsets. Immunity 
14:205-215. 

58. Gu, H. H., H. Maeda, J. J. Moon, J. D. Lord, M. Yoakim, B. H. Nelson, and B. G. Neel. 2000. 
New role for Shc in activation of the Phosphatidylinositol 3-Kinase/Akt pathway. Mol. Cell. Biol. 
20:7109-7120. 



 41

59. Harada, N., K. Higuchi, H. Wakao, N. Hamasaki, and K. Izuhara. 1998. Identification of the 
critical portions of the human IL-4 receptor α chain for activation of STAT6. Biochem. Biophys. Res. 
Co. 246:675-680. 

60. Harmer, S. L., and A. L. DeFranco. 1997. Shc contains two Grb2 binding sites needed for efficient 
formation of complexes with Sos in B lymphocytes. Mol. Cell. Biol. 17:4087-4095. 

61. Harriague, J., and G. Bismuth. 2002. Imaging antigen-induced PI3K activation in T cells. Nat. 
Immunol. 3:1090-1096. 

62. Hatakeyama, M., A. Kawahara, H. Mori, H. Shibuya, and T. Taniguchi. 1992. c-fos gene 
induction by interleukin-2 - Identification of the critical cytoplasmic regions within the interleukin-2 
receptor-β chain. Proc. Natl. Acad. Sci. USA 89:2022-2026. 

63. Hinton, H. J., and M. J. Welham. 1999. Cytokine-induced Protein Kinase B activation and Bad 
phosphorylation do not correlate with cell survival of hemopoietic cells. J. Immunol. 162:7002-7009. 

64. Ihle, J. N. 2001. The STAT family in cytokine signaling. Curr. Opin. Cell Biol. 13:211-217. 
65. Ihle, J. N. 1996. STATs and MAPKs: Obligate or opportunistic partners in signaling. BioEssays 

18:95-98. 
66. Ihle, J. N., and I. M. Kerr. 1995. Jaks and STATs in signaling by the cytokine receptor superfamily. 

Trends Genet. 11:69-74. 
67. Ihle, J. N., B. A. Witthuhn, F.W.Quelle, K. Yamamoto, W. E. Thierfelder, B.Kreider, and O. 

Silvennoinen. 1994. Signaling by the cytokine receptor superfamily: Jaks and STATs. Trends 
Biochem. Sci. 19:222-227. 

68. Jimenez, C., C. Hernandez, B. Pimentel, and A. C. Carrera. 2002. The p85 regulatory subunit 
controls sequential activation of Phosphoinositide 3-Kinase by Tyr kinases and Ras. J. Biol. Chem. 
277:41556-41562. 

69. Johnston, J. A., C. M. Bacon, M. C. Riedy, and J. J. Oshea. 1996. Signaling by IL-2 and related 
cytokines: Jaks, STATs, and relationship to immunodeficiency. J. Leokocyte Biol. 60:441-452. 

70. Johnston, J. A., M. Kawamura, R. A. Kirken, Y. Q. Chen, T. B. Blake, K. Shibuya, J. R. Ortaldo, 
D. W. McVicar, and J. J. Oshea. 1994. Phosphorylation and activation of the Jak-3 janus kinase in 
response to interleukin-2. Nature 370:151-153. 

71. Jones, S. M., and A. Kazlauskas. 2000. Connecting signaling and cell cycle progression in growth 
factor-stimulated cells. Oncogene 19:5558-5567. 

72. Kane, L. P., V. S. Shapiro, D. Stokoe, and A. Weiss. 1999. Induction of NF-κB by the Akt/PKB 
kinase. Curr. Biol. 9:601-604. 

73. Kaplan, M. H., C. Daniel, U. Schindler, and M. J. Grusby. 1998. STAT proteins control 
lymphocyte proliferation by regulating p27Kip1 expression. Mol. Cell. Biol. 18:1996-2003. 

74. Karnitz, L. M., S. L. Sutor, and R. T. Abraham. 1994. The Src-family kinase, Fyn, regulates the 
activation of Phosphatidylinositol 3-Kinase in an interleukin 2-responsive T-cell line. J. Exp. Med. 
179:1799-1808. 

75. Kashiwada, M., C. C. Giallourakis, P. Y. Pan, and P. B. Rothman. 2001. Immunoreceptor tyrosine-
based inhibitory motif of the IL-4 receptor associates with SH2-containing phosphatases and regulates 
IL-4-induced proliferation. J. Immunol. 167:6382-6387. 

76. Katso, R., K. Okkenhaug, K. Ahmadi, S. White, J. Timms, and M. D. Waterfield. 2001. Cellular 
function of Phosphoinositide 3-Kinases: Implications for development, immunity, homeostasis, and 
cancer. Annu. Rev. Cell Dev. Biol. 17:615-675. 

77. Kavanaugh, W. M., and L. T. Williams. 1994. An alternative to SH2 domains for binding tyrosine-
phosphorylated protein. Science 266:1862-1865. 

78. Keegan, A. D., K. Nelms, M. White, L. M. Wang, J. H. Pierce, and W. E. Paul. 1994. An IL-4 
receptor region containing an insulin-receptor motif is important for lL-4-mediated IRS-1 
phosphorylation and cell growth. Cell 76:811-820. 

79. Kelly-Welch, A. E., E. M. Hanson, M. R. Boothby, and A. D. Keegan. 2003. Interleukin-4 and 
interleukin-13 signaling connections maps. Science 300:1527-1528. 

80. Kisseleva, T., S. Bhattacharya, J. Braunstein, and C. W. Schindler. 2002. Signaling through the 
Jak/STAT pathway, recent advances and future challenges. Gene 285:1-24. 

81. Kolch, W. 2000. Meaningful relationships: the regulation of the Ras/Raf/MEK/ERK pathway by 
protein interactions. Biochem. J. 351:289-305. 



 42

82. Kotanides, H., and N. C. Reich. 1996. Interleukin-4-induced STAT6 recognizes and activates a target 
site in the promoter of the interleukin-4 receptor gene. J. Biol. Chem. 271:25555-25561. 

83. Koyasu, S. 2003. The role of PI3K in immune cells. Nat. Immunol. 4:313-319. 
84. Langlois, W. J., T. Sasaoka, A. R. Saltiel, and J. M. Olefsky. 1995. Negative feedback regulation 

and desensitization of insulin and epidermal growth factor stimulated p21Ras activation. J. Biol. Chem. 
270:25320-25323. 

85. Leevers, S. J., B. Vanhaesebroeck, and M. D. Waterfield. 1999. Signalling through 
Phosphoinositide 3-Kinases: The lipids take centre stage. Curr. Opin. Cell Biol. 11:219-225. 

86. Lewis, T. S., P. S. Shapiro, and N. G. Ahn. 1998. Signal transduction through MAP Kinase cascades, 
p. 49-139, Adv. Cancer Res., vol. 74. 

87. Li-Weber, M., and P. H. Krammer. 2003. Regulation of IL-4 gene expression by T cells and 
therapeutic perspectives. Nat. Rev. Immunol. 3:534-543. 

88. Li, N., A. Batzer, R. Daly, V. Yajnik, E. Skolnik, P. Chardin, D. Barsagi, B. Margolis, and J. 
Schlessinger. 1993. Guanine-nucleotide-releasing factor hSos1 binds to Grb2 and links receptor 
tyrosine kinases to Ras signaling. Nature 363:85-88. 

89. Lin, J., and W. J. Leonard. 2000. The role of STAT5a and STAT5b in signaling by IL-2 family 
cytokines. Oncogene 19:2566-2576. 

90. Lindemann, M. J., M. Benczik, and S. L. Gaffen. 2003. Anti-apoptotic signaling by the interleukin-2 
receptor reveals a function for cytoplasmic tyrosine residues within the common γ (γc) receptor 
subunit. J. Biol. Chem. 278:10239-10249. 

91. Liu, K. D., S. L. Gaffen, M. A. Goldsmith, and W. C. Greene. 1997. Janus kinases in interleukin-2-
mediated signaling: Jak1 and Jak3 are differentially regulated by tyrosine phosphorylation. Curr. Biol. 
7:817-826. 

92. Lord, J. D., B. C. McIntosh, P. D. Greenberg, and B. H. Nelson. 1998. The IL-2 receptor promotes 
proliferation, Bcl-2 and Bcl-x induction, but not cell viability through the adapter molecule Shc. J. 
Immunol. 161:4627-4633. 

93. Losman, J. A., X. P. Chen, D. Hilton, and P. Rothman. 1999. SOCS-1 is a potent inhibitor of IL-4 
signal transduction. J. Immunol. 162:3770-3774. 

94. Lu, W., D. Q. Gong, D. Bar-Sagi, and P. A. Cole. 2001. Site-specific incorporation of a 
phosphotyrosine mimetic reveals a role for tyrosine phosphorylation of SHP-2 in cell signaling. Mol. 
Cell 8:759-769. 

95. Macchi, P., A. Villa, S. Giliani, M. G. Sacco, A. Frattini, F. Porta, A. G. Ugazio, J. A. Johnston, 
F. Candotti, J. J. O'Shea, P. Vezzoni, and L. D. Notarangelo. 1995. Mutations of Jak-3 gene in 
patients with autosomal severe combined immune deficiency (SCID). Nature 377:65-68. 

96. Maehama, T., and J. E. Dixon. 1998. The tumor suppressor, PTEN/MMAC1, dephosphorylates the 
lipid second messenger, phosphatidylinositol 3,4,5-trisphosphate. J. Biol. Chem. 273:13375-13378. 

97. Marais, R., Y. Light, H. F. Paterson, and C. J. Marshall. 1995. Ras recruits Raf-1 to the plasma-
membrane for activation by tyrosine phosphorylation. EMBO 14:3136-3145. 

98. March, M. E., and K. Ravichandran. 2002. Regulation of the immune response by SHIP. Semin. 
Immunol. 14:37-47. 

99. Maroun, C. R., M. A. Naujokas, M. Holgado-Madruga, A. J. Wong, and M. Park. 2000. The 
tyrosine phosphatase SHP-2 is required for sustained activation of extracellular signal-regulated kinase 
and epithelial morphogenesis downstream from the Met receptor tyrosine kinase. Mol. Cell. Biol. 
20:8513-8525. 

100. Marshall, C. J. 1996. Ras effectors. Curr. Opin. Cell Biol. 8:197-204. 
101. Matsumoto, A., Y. Seki, M. Kubo, S. Ohtsuka, A. Suzuki, I. Hayashi, K. Tsuji, T. Nakahata, M. 

Okabe, S. Yamada, and A. Yoshimura. 1999. Suppression of STAT5 functions in liver, mammary 
glands, and T cells in cytokine-inducible SH2-containing protein 1 transgenic mice. Mol. Cell. Biol. 
19:6396-6407. 

102. Mercer, K. E., and C. A. Pritchard. 2003. Raf proteins and cancer: B-Raf is identified as a 
mutational target. BBA-Rev. Cancer 1653:25-40. 

103. Merida, I., E. Diez, and G. N. Gaulton. 1991. IL-2 binding activates a tyrosine-phosphorylated 
Phosphatidylinositol-3-Kinase. J. Immunol. 147:2202-2207. 

 
 



 43

104. Minami, Y., T. Kono, T. Miyazaki, and T. Taniguchi. 1993. The IL-2 receptor complex: its 
structure, function, and target genes. Annu. Rev. Immunol. 11:245-267. 

105. Minami, Y., Y. Nakagawa, A. Kawahara, T. Miyazaki, K. Sada, H. Yamamura, and T. 
Taniguchi. 1995. Protein-tyrosine kinase Syk is associated with and activated by the IL-2 receptor - 
Possible link with the c-myc induction pathway. Immunity 2:89-100. 

106. Miyazaki, T., A. Kawahara, H. Fujii, Y. Nakagawa, Y. Minami, Z. Liu, I. Oishi, O. Silvennoinen, 
B. A. Witthuhn, J. N. Ihle, and T. Taniguchi. 1994. Functional activation of Jak1 and Jak3 by 
selective association with IL-2 receptor subunits. Science 266:1045-1047. 

107. Miyazaki, T., Z. Liu, A. Kawahara, Y. Minami, K. Yamada, Y. Tsujimoto, E. L. Barsoumian, R. 
M. Perlmutter, and T. Taniguchi. 1995. Three distinct IL-2 signaling pathways mediated by Bcl-2, 
c-myc, and Lck cooperate in hematopoietic cell proliferation. Cell 81:223-231. 

108. Monfar, M., K. P. Lemon, T. C. Grammer, L. Cheatham, J. K. Chung, C. J. Vlahos, and J. 
Blenis. 1995. Activation of pp70/85 s6 kinases in interleukin-2-responsive lymphoid cells is mediated 
by Phosphatidylinositol 3-Kinase and inhibited by cyclic-AMP. Mol. Cell. Biol. 15:326-337. 

109. Moodie, S. A., and A. Wolfman. 1994. The three Rs of life: Ras, Raf and growth regulation. Trends 
Genet. 10:44-48. 

110. Moon, J. J., and B. H. Nelson. 2001. Phosphatidylinositol 3-Kinase potentiates, but does not trigger, 
T cell proliferation mediated by the IL-2 receptor. J. Immunol. 167:2714-2723. 

111. Moriggl, R., V. GouilleuxGruart, R. Jahne, S. Berchtold, C. Gartmann, X. W. Liu, L. 
Hennighausen, A. Sotiropoulos, B. Groner, and F. Gouilleux. 1996. Deletion of the carboxyl-
terminal transactivation domain of MGF-STAT5 results in sustained DNA binding and a dominant 
negative phenotype. Mol. Cell. Biol. 16:5691-5700. 

112. Moriggl, R., D. J. Topham, S. Teglund, V. Sexl, C. McKay, D. Wang, A. Hoffmeyer, J. v. 
Derusen, M. Y. Sangster, K. D. Bunting, G. C. Grosveld, and J. N. Ihle. 1999. STAT5 is required 
for IL-2-induced cell cycle progression of peripheral T cells. Immunity 10:249-259. 

113. Nishida, K., Y. Yoshida, M. Itoh, T. Fukada, T. Ohtani, T. Shirogane, T. Atsumi, M. Takahashi-
Tezuka, K. Ishihara, M. Hibi, and T. Hirano. 1999. Gab-family adapter proteins act downstream of 
cytokine and growth factor receptors and T- and B-cell antigen receptors. Blood 93:1809-1816. 

114. Noguchi, T., T. Matozaki, K. Horita, Y. Fujioka, and M. Kasuga. 1994. Role of SH-PTP2, a 
protein-tyrosine-phosphatase with Src homology-2 domains, in insulin-stimulated Ras activation. Mol. 
Cell. Biol. 14:6674-6682. 

115. Nyga, R., C. Pecquet, N. Harir, H. Gu, I. Dhennin-Duthille, A. Regnier, V. Gouilleux-Gruart, K. 
Lassoued, and F. Gouilleux. 2005. Activated STAT5 proteins induce activation of the PI3-
Kinase/Akt and Ras/MAPK pathways via the Gab2 scaffolding adapter. Biochem. J. 390:359-366. 

116. O'Shea, J. J., M. Gadina, and R. D. Schreiber. 2002. Cytokine signaling in 2002: New surprises in 
the Jak/STAT pathway. Cell 109:S121-S131. 

117. Okkenhaug, K., and B. Vanhaesebroeck. 2003. PI3K in lymphocyte development, differentiation 
and activation. Nat. Immunol. 3:317-330. 

118. Ouyang, W. J., M. Lohning, Z. G. Gao, M. Assenmacher, S. Ranganath, A. Radbruch, and K. M. 
Murphy. 2000. STAT6-independent GATA-3 autoactivation directs IL-4-independent Th2 
development and commitment. Immunity 12:27-37. 

119. Pastor, M. I., K. Reif, and D. Cantrell. 1995. The regulation and function of p21Ras during T-cell 
activation and growth. Immunol. Today 16:159-164. 

120. Payne, D. M., A. J. Rossomando, P. Martino, A. K. Erickson, J. H. Her, J. Shabanowitz, D. F. 
Hunt, M. J. Weber, and T. W. Sturgill. 1991. Identification of the regulatory phosphorylation sites 
in pp42/Mitogen-Activated Protein-Kinase (MAP Kinase). EMBO 10:885-892. 

121. Pearson, G., F. Robinson, T. B. Gibson, B. E. Xu, M. Karandikar, K. Berman, and M. H. Cobb. 
2001. Mitogen-Activated Protein (MAP) Kinase pathways: Regulation and physiological functions. 
Endocr. Rev. 22:153-183. 

122. Pesu, M., K. Takaluoma, S. Aittomaki, A. Lagerstedt, K. Saksela, P. E. Kovanen, and O. 
Silvennoinen. 2000. Interleukin-4-induced transcriptional activation by STAT6 involves multiple 
serine/threonine kinase pathways and serine phosphorylation of STAT6. Blood 95:494-502. 

123. R.-Borlado, L., C. Redondo, B. Alvarez, C. Jimenez, L. M. Criado, J. Flores, M. A. R. Marcos, C. 
Martinez, D. Balomenos, and A. C. Carrera. 2000. Increased Phosphoinositide 3-Kinase activity 



 44

induces a lymphoproliferative disorder and contributes to tumor generation in vivo. FASEB J. 14:895-
903. 

124. Rameh, L. E., A. K. Arvidsson, K. L. Carraway, A. D. Couvillon, G. Rathbun, A. Crompton, B. 
VanRenterghem, M. P. Czech, K. S. Ravichandran, S. J. Burakoff, D. S. Wang, C. S. Chen, and 
L. C. Cantley. 1997. A comparative analysis of the phosphoinositide binding specificity of pleckstrin 
homology domains. J. Biol. Chem. 272:22059-22066. 

125. Ravichandran, K. S., V. Igras, S. E. Shoelson, S. W. Fesik, and S. J. Burakoff. 1996. Evidence for 
a role for the phosphotyrosine-binding domain of Shc in interleukin 2 signaling. Proc. Natl. Acad. Sci. 
USA 93:5275-5280. 

126. Rayter, S. I., M. Woodrow, S. C. Lucas, D. A. Cantrell, and J. Downward. 1992. p21Ras mediates 
control of IL-2 gene promoter function in T cell activation. EMBO 11:4549-4556. 

127. Reed, J. C., D. E. Sabath, R. G. Hoover, and M. B. Prystowsky. 1985. Recombinant interleukin-2 
regulates levels of c-myc messenger-RNA in a cloned murine T-lymphocyte. Mol. Cell. Biol. 5:3361-
3368. 

128. Remillard, B., R. Petrillo, W. Maslinski, M. Tsudo, T. B. Strom, L. Cantley, and L.Varticovski. 
1991. Interleukin-2 receptor regulates activation of Phosphatidylinositol 3-Kinase. J. Biol. Chem. 
266:14167-14170. 

129. Rodrigues, G. A., M. Falasca, Z. T. Zhang, S. H. Ong, and J. Schlessinger. 2000. A novel positive 
feedback loop mediated by the docking protein Gab1 and Phosphatidylinositol 3-Kinase in epidermal 
growth factor receptor signaling. Mol. Cell. Biol. 20:1448-1459. 

130. Rodriguez-Viciana, P., P. H. Warne, R. Dhand, B. Vanhaesebroeck, I. Gout, M. J. Fry, M. D. 
Waterfield, and J. Downward. 1994. Phosphatidylinositol-3-OH Kinase as a direct target of Ras. 
Nature 370:527-532. 

131. Rohrschneider, L. R., J. F. Fuller, I. Wolf, Y. Liu, and D. M. Lucas. 2000. Structure, function, and 
biology of SHIP proteins. Gene. Dev. 14:505-520. 

132. Romashkova, J. A., and S. S. Makarov. 1999. NF-κB is a target of AKT in anti-apoptotic PDGF 
signalling. Nature 401:86-90. 

133. Rommel, C., B. A. Clarke, S. Zimmermann, L. Nunez, R. Rossman, K. Reid, K. Moelling, G. D. 
Yancopoulos, and D. J. Glass. 1999. Differentiation stage-specific inhibition of the Raf-MEK-Erk 
pathway by Akt. Science 286. 

134. Russell, S. M., N. Tayebi, H. Nakajima, M. C. Riedy, J. L. Roberts, M. J. Aman, T. Migone, M. 
Noguchi, M. L. Market, R. H. Buckley, J. J. O'Shea, and W. J. Leonard. 1995. Mutation in Jak3 in 
a patient with SCID: Essential role of Jak3 in lymphoid development. Science 270:797-800. 

135. Sakai, A., C. Thieblemont, A. Wellmann, E. S. Jaffe, and M. Raffeld. 1998. PTEN gene alterations 
in lymphoid neoplasms. Blood 92:3410-3415. 

136. Schindler, C., and I. Strehlow. 2000. Cytokines and STAT signaling. Adv. Pharmacol. 47:113-174. 
137. Schmidt, M., S. F. de Mattos, A. van der Horst, R. Klompmaker, G. Kops, E. W. F. Lam, B. M. 

T. Burgering, and R. H. Medema. 2002. Cell cycle inhibition by FoxO forkhead transcription factors 
involves downregulation of cyclin D. Mol. Cell. Biol. 22:7842-7852. 

138. Shibuya, H., M. Yoneyama, J. Ninomiyatsuji, K. Matsumoto, and T. Taniguchi. 1992. IL-2 and 
EGF receptors stimulate the hematopoietic-cell cycle via different signaling pathways - Demonstration 
of a novel role for c-myc. Cell 70:57-67. 

139. Shields, J. M., K. Pruitt, A. McFall, A. Shaub, and C. J. Der. 2000. Understanding Ras: 'it ain't over 
'til it's over'. Trends Cell Biol. 10:147-154. 

140. Shin, I., F. M. Yakes, F. Rojo, N. Y. Shin, A. V. Bakin, J. Baselga, and C. L. Arteaga. 2002. 
PKB/Akt mediates cell-cycle progression by phosphorylation of p27Kip1 at threonine 157 and 
modulation of its cellular localization. Nat. Med. 8:1145-1152. 

141. Sjolander, A., K. Yamamoto, B. E. Huber, and E. G. Lapetina. 1991. Association of p21Ras with 
Phosphatidylinositol 3-Kinase. Proc. Natl. Acad. Sci. USA 88:7908-7912. 

142. Stahl, M., P. F. Dijkers, G. Kops, S. M. A. Lens, P. J. Coffer, B. M. T. Burgering, and R. H. 
Medema. 2002. The forkhead transcription factor FoxO regulates transcription of p27Kip1 and Bim in 
response to IL-2. J. Immunol. 168:5024-5031. 

143. Sun, X. J., L. M. Wang, Y. T. Zhang, L. Yenush, M. G. Myers, E. Glasheen, W. S. Lane, J. H. 
Pierce, and M. F. White. 1995. Role of IRS-2 in insulin and cytokine signaling. Nature 377:173-177. 



 45

144. Suzuki, A., M. T. Yamaguchi, T. Ohteki, T. Sasaki, T. Kaisho, Y. Kimura, R. Yoshida, A. 
Wakeham, T. Higuchi, M. Fukumoto, T. Tsubata, P. S. Ohashi, S. Koyasu, J. M. Penninger, T. 
Nakano, and T. W. Mak. 2001. T cell-specific loss of PTEN leads to defects in central and peripheral 
tolerance. Immunity 14:523-534. 

145. Taichman, R., I. Merida, T. Torigoe, G. N. Gaulton, and J. C. Reed. 1993. Evidence that protein-
tyrosine kinase p56Lck regulates the activity of Phosphatidylinositol-3'-Kinase in interleukin-2-
dependent T-cells. J. Biol. Chem. 268:20031-20036. 

146. Tocque, B., I. Delumeau, F. Parker, F. Mauier, M. C. Multon, and F. Schweighoffer. 1997. Ras-
GTPase activating protein (GAP): A putative effector of Ras. Cell. Signal. 9:153-158. 

147. Toker, A., and A. C. Newton. 2000. Cellular signaling: Pivoting around PDK-1. Cell 103:185-188. 
148. Trahey, M., G. Wong, R. Halenbeck, B. Rubinfeld, G. A. Martin, M. Ladner, C. M. Long, W. J. 

Crosier, K. Watt, K. Koths, and F. McCormick. 1988. Molecular cloning of two types of GAP 
complementary DNA from human placenta. Science 242:1697-1700. 

149. Truitt, K. E., G. B. Mills, C. W. Turck, and J. B. Imboden. 1994. SH2-dependent association of 
Phosphatidylinositol 3'-Kinase 85-kDa regulatory subunit with the interleukin-2 receptor-β chain. J. 
Biol. Chem. 269:5937-5943. 

150. Tsujino, S., T. Miyazaki, A. Kawahara, M. Maeda, T. Taniguchi, and H. Fujii. 1999. Critical role 
of the membrane-proximal, proline-rich motif of the interleukin-2 receptor γc chain in the Jak3-
independent signal transduction. Genes Cells 4:363-373. 

151. Tsuruta, F., N. Masuyama, and Y. Gotoh. 2002. The Phosphatidylinositol 3-Kinase (PI3K)-Akt 
pathway suppresses Bax translocation to mitochondria. J. Biol. Chem. 277:14040-14047. 

152. Valentino, L., and J. Pierre. 2006. Jak/STAT signal transduction: Regulators and implication in 
hematological malignancies. Biochem. Pharmacol. 71:713-721. 

153. Van Parijs, L., Y. Refaeli, J. D. Lord, B. H. Nelson, A. K. Abbas, and D. Baltimore. 1999. 
Uncoupling IL-2 signals that regulate T cell proliferation, survival, and Fas-mediated activation-
induced cell death. Immunity 11:281-288. 

154. Vanhaesebroeck, B., S. J. Leevers, G. Panayotou, and M. D. Waterfield. 1997. Phosphoinositide 3-
Kinases: A conserved family of signal transducers. Trends  Biochem. Sci. 22:267-272. 

155. Vanhaesebroeck, B., and M. D. Waterfield. 1999. Signaling by distinct classes of Phosphoinositide 
3-Kinases. Exp. Cell Res. 253:239-254. 

156. Vivanco, I., and C. L. Sawyers. 2002. The Phosphatidylinositol 3-Kinase-Akt pathway in human 
cancer. Nat. Rev. Cancer 2:489-501. 

157. Vogel, U. S., R. A. F. Dixon, M. D. Schaber, R. E. Diehl, E. M. Scolnick, I. S. Sigal, and J. B. 
Gibbs. 1988. Cloning of bovine GAP and its interaction with oncogenic Ras p21. Nature 335:90-93. 

158. von Willebrand, M., S. Williams, M. Saxena, J. Gilman, P. Tailor, T. Jascur, G. P. Amarante-
Mendes, D. R. Green, and T. Mustelin. 1998. Modification of Phosphatidylinositol 3-Kinase SH2 
domain binding properties by Abl- or Lck-mediated tyrosine phosphorylation at Tyr-688. J. Biol. 
Chem. 273:3994-4000. 

159. Wang, H. Y., W. E. Paul, and A. D. Keegan. 1996. IL-4 function can be transferred to the IL-2 
receptor by tyrosine containing sequences found in the IL-4 receptor α chain. Immunity 4:113-121. 

160. Wang, H. Y., J. Zamorano, J. L. Yoerkie, W. E. Paul, and A. D. Keegan. 1997. The IL-4-induced 
tyrosine phosphorylation of the Insulin Receptor Substrate is dependent on Jak1 expression in human 
fibrosarcoma cells. J. Immunol. 158:1037-1040. 

161. Weber-Nordt, R. M., R. Mertelsmann, and J. Finke. 1998. The Jak-STAT pathway: Signal 
transduction involved in proliferation, differentiation and transformation. Leukemia  Lymphoma 
28:459-467. 

162. Wellbrock, C., M. Karasarides, and R. Marais. 2004. The Raf proteins take centre stage. Nat. Rev. 
Mol. Cell Bio. 5:875-885. 

163. Wen, Z. L., Z. Zhong, and J. E. Darnell. 1995. Maximal activation of transcription by Stat1 and 
Stat3 requires both tyrosine and serine phosphorylation. Cell 82:241-250. 

164. Wennstrom, S., and J. Downward. 1999. Role of Phosphoinositide 3 Kinase in activation of Ras and 
Mitogen-Activated Protein Kinase by epidermal growth factor. Mol. Cell. Biol. 19:4279-4288. 

165. Wurster, A. L., T. Tanaka, and M. J. Grusby. 2000. The biology of STAT4 and STAT6. Oncogene 
19:2577-2584. 



 46

166. Wymann, M. P., and L. Pirola. 1998. Structure and function of Phosphoinositide 3-Kinases. 
Biochim. Biophys. Acta 1436:127-150. 

167. Xi, S. C., Q. Zhang, W. E. Gooding, T. E. Smithgall, and J. R. Grandis. 2003. Constitutive 
activation of STAT5b contributes to carcinogenesis in vivo. Cancer Res. 63:6763-6771. 

168. Yu, C. L., Y. J. Jin, and S. J. Burakoff. 2000. Cytosolic tyrosine dephosphorylation of STAT5 - 
Potential role of SHP-2 in STAT5 regulation. J. Biol. Chem. 275:599-604. 

169. Yu, J. H., Y. T. Zhang, J. McIlroy, T. Rordorf-Nikolic, G. A. Orr, and J. M. Backer. 1998. 
Regulation of the p85/p110 Phosphatidylinositol 3-Kinase: Stabilization and inhibition of the p110 α 
catalytic subunit by the p85 regulatory subunit. Mol. Cell. Biol. 18:1379-1387. 

170. Zamorano, J., and A. D. Keegan. 1998. Regulation of apoptosis by tyrosine-containing domains of 
IL-4Rα: Y497 and Y713, but not the STAT6-docking tyrosines, signal protection from apoptosis. J. 
Immunol. 161:859-867. 

171. Zhang, L., U. Lorenz, and K. S. Ravichandran. 2003. Role of Shc in T-cell development and 
function. Immunol. Rev. 191:183-195. 

172. Zhao, C. M., D. H. Yu, R. Shen, and G. S. Feng. 1999. Gab2, a new pleckstrin homology domain-
containing adapter protein, acts to uncouple signaling from Erk kinase to Elk-1. J. Biol. Chem. 
274:19649-19654. 

173. Zheng, C. F., and K. L. Guan. 1994. Activation of MEK family kinases requires phosphorylation of 2 
conserved Ser/Thr residues. EMBO 13:1123-1131. 

174. Zheng, W. P., and R. A. Flavell. 1997. The transcription factor GATA-3 is necessary and sufficient 
for Th2 cytokine gene expression in CD4 T cells. Cell 89:587-596. 

175. Zhou, Y. J., K. S. Magnuson, T. P. Cheng, M.Gadina, D. M. Frucht, J. Galon, F. Candotti, R. L. 
Geahlen, P. S. Changelian, and J. J. O'Shea. 2000. Hierarachy of protein tyrosine kinases in 
interleukin-2 (IL-2) signaling: Activation of Syk depends on Jak3; however neither Syk nor Lck is 
required for IL-2 mediated STAT activation. Mol. Cell. Biol. 20:4371-4380. 

176. Zimmermann, S., and K. Moelling. 1999. Phosphorylation and regulation of Raf by Akt (Protein 
Kinase B). Science 286:1741-1744. 

 
 
 
 



 
 
 
 

IL-2R

STAT5 Shc PI3K

Ras

Gene Expression

PIP3

Akt

Dimerized
STAT5

Cell Cycle Progression Survival

CLONAL EXPANSION

Raf

MEK

Erk

IL-2R

STAT5 Shc PI3K

Ras

Gene Expression

PIP3

Akt

Dimerized
STAT5

Cell Cycle Progression Survival

CLONAL EXPANSION

Raf

MEK

Erk

Raf

MEK

Erk

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Adapted from J.M. Haugh 
 
Figure 2.1  IL-2 induced signaling pathways  Following IL-2/IL-2R ligation, three 
signaling cascades are activated – the Jak/STAT5, Ras/Erk and PI3K/Akt pathways.  All 
three pathways cooperate to induce the cell cycle progression and survival necessary in to 
achieve rapid proliferation and differentiation, also known as clonal expansion.  
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Figure 2.2  The IL-4 dependent signaling pathways  Following activation of the IL-4R, 
two major signaling pathways are activated – the Jak/STAT6 and PI3K/Akt pathways.  This 
signal transduction network is essential for cell differentiation, cell cycle progression and 
survival.  IL-4 is unique among cytokines in the respect that it does not employ the Ras/Erk 
pathway.  
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Figure 2.3  Crosstalk in the IL-2/IL-4 system  There are several possible crosstalk 
pathways occurring the IL-2/IL-4 co-stimulation system.  Erk has the potential to serine 
phosphorylate the STAT dimers, increasing their stability.  Ras is also able to positively 
modulate the activation of PI3K by activating the p110 catalytic domain.  Following the 
creating of PIP3 at the membrane by PI3K, Gab2 will be recruited and associate with 
Grb2/Sos, which in turn can activate Ras away from the receptor complex.  It has been 
demonstrated that Akt may serine phosphorylate Raf, preventing its association with Ras.  
Additionally, Erk can phosphorylate and inhibit the exchange factor Sos, creating a negative 
feedback loop within the Ras cascade.   
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CHAPTER 3 
 

THE T CELL PROLIFERATION RESPONSE TO 
 INTERLEUKIN-2 AND INTERLEUKIN-4 AND THE  

SIGNALING MECHANISMS INVOLVED 
 
 
3.1   INTRODUCTION 
 
Cells sense and respond to chemical and physical stimuli through signal transduction 

pathways, which mediate cell proliferation, differentiation, migration, and survival.  

Signaling networks are the main process through which cells internalize biological cues and 

convert them to a cellular function (21).  Interleukin-2 (IL-2) and interleukin-4 (IL-4) are key 

regulators of the adaptive immune response, mediating T cell clonal expansion and 

differentiation (20, 24).  Additionally, the co-stimulation with these two cytokines leads to a 

synergistic effect on T cell growth, although the mechanism behind this effect has not been 

fully elucidated (42, 48).  It is believed that the synergy induced by IL-2 and IL-4 is 

accomplished by altering the balance of intracellular signaling pathways induced in T cell 

proliferation. 

 

The IL-2-dependent signaling events are induced by the binding of IL-2 to its high affinity 

receptor complex: composed of the IL-2Rα, IL-2Rβ and γc subunits (26, 34).   In the case of 

IL-4, the ligand binds to a dimeric receptor, consisting the IL-4Rα and γc chains (37).  Upon 

cytokine/receptor ligation, an intracellular dimerization occurs between the cytoplasmic tails 

of the receptor subunits, which triggers signaling initiation (36, 44).  IL-2 receptors are 

known to activate the Ras/extracellular signal-regulated kinase (Erk), phosphoinositide 3-

kinase (PI3K)/Akt and Janus kinase (Jak)/STAT5 pathways (11).  IL-4 is unique among 

cytokines in that it does not activate Ras/Erk; it does, however, activate the PI3K/Akt 

pathway as well as a distinct Jak/STAT6 cascade (19, 37, 51). 

 

Following IL-2 or IL-4 addition, Jaks 1 and 3 are the first signaling proteins recruited to the 

receptor complex, where they bind and phosphorylate conserved tyrosine residues on the IL-



 51

2Rβ or the IL-4Rα (22, 25).  STAT5 and STAT6 are the primary isoforms activated by IL-2 

and IL-4, respectively, and following receptor association are targeted for phosphorylation by 

Jak1 (23).  Dual tyrosine phosphorylation results in the STAT reciprocal dimerization, 

translocation to the nucleus and DNA binding (8).    

 

The lipid and serine/threonine kinase PI3K, comprised of a p85 regulatory domain and a 

p110 catalytic domain, is activated following stimulation with either IL-2 or IL-4 and is 

responsible for cell proliferation and survival (10).  After stimulation, PI3K is recruited to the 

receptor where upon binding to a Shc/Grb2/Gab2 trimer, the resulting conformational change 

induces activation (15, 33).  Following activation, PI3K produces 3΄ phosphoinositide (PI) 

lipids that act as second messengers, recruiting downstream signaling proteins to the plasma 

membrane (10).  One central protein attracted to the plasma membrane is the serine/threonine 

kinase Akt, which becomes activated following association with the lipid messenger 

PI(3,4,5)P3 and is responsible for the subsequent activation of numerous pro-survival and cell 

cycle progression proteins (1, 4).   

 

The Ras/Erk cascade is a well characterized signaling pathway utilized by a variety of stimuli 

leading to cell proliferation and differentiation (14).  Phosphorylation of the IL-2R complex 

leads to the formation of the Shc/Grb2/Sos trimer, which controls activation of the membrane 

bound Ras (32, 39).  Ras then triggering a signaling cascade of protein kinases that include 

Raf, MEK and Erk, which are regulated by tyrosine, threonine and serine phosphorylation (3, 

27, 40).  Once active, Erk translocates to the nucleus where it phosphorylates additional 

transcription factors including c-fos, c-jun, Elk-1 and c-myc (7, 13, 41).     

 

Although many studies have contributed to the knowledge of the roles of signaling proteins 

in T cell growth, very little has been done in the analysis of these proteins following co-

stimulation with IL-2 and IL-4.  Proliferation profiles under concurrent IL-2 and IL-4 

stimulation revealed an initial antagonistic effect followed by synergistic growth in the 

murine T cell line HT-2.  Additionally, both of these responses followed an IL-4 dose 

dependent fashion.  The antagonism is thought to arise from a limitation of available γc 
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receptors, owing to the knowledge that both the IL-2R and the IL-4R require that particular 

subunit (6, 9).   

 

We sought to determine, at the level of intracellular signaling pathways, what is responsible 

for this characteristic growth behavior following cytokine co-stimulation.  Studies were 

performed that evaluated the activation level of several key signaling proteins as a function 

of time after IL-2 and IL-4 addition – mainly Akt, Erk, STAT5 and STAT6.  An IL-4 dose 

dependent downregulation of activated Akt was observed shortly after cytokine stimulation; 

correlating with the antagonistic effect of IL-4 on cell growth.  At extended time frames, the 

induced synergy was observed and was found to parallel high levels of active STAT6.  

Although it is doubtful that STAT6 alone is responsible for IL-2/IL-4 T cell synergy, it is 

clear that this transcription factor plays a key role in this behavior.  
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3.2  MATERIALS AND METHODS 

 

Cell culture and reagents 

 

The murine T helper cell line HT-2, obtained from American Type Culture Collection, is 

responsive to both IL-2 and IL-4 (17, 28). The culture medium consisted of Advanced RPMI 

1640 base supplemented with 2% fetal bovine serum, 2 mM L-glutamine, 100 U/ml 

penicillin, 100 μg/ml streptomycin, 50 μM β-mercaptoethanol and 10 U/ml of recombinant 

human IL-2 (31, 50). The IL-2 was acquired from Peprotech, while the remaining cell culture 

reagents were purchased from Invitrogen.  The HT-2 cells were subcultured in 75 cm2 T 

flasks in an incubator at 37 ºC and 5% CO2.   

 

Recombinant murine IL-4 was bought from Peprotech.  Antibodies, obtained from Cell 

Signaling Technology, include those against phospho-specific Akt (pSer 473), phospho-

specific p44/p42 MAPK (pThr 202/pTyr 204), phospho-specific STAT5 (pTyr 694), STAT5, 

phospho-specific STAT6 (pTyr 641) and STAT6.  Antibodies against Akt 1/2 and Erk-1 

were from Santa Cruz Biotechnology.  The anti-rabbit and anti-goat secondary antibodies 

were acquired from Cell Signaling Technology and Sigma, respectively.   

 

Growth curve analysis 

 

To determine HT-2 proliferation under specific conditions, growth analyses were performed 

in 48 well plates.  Briefly, 3x104 cells were seeded into each well, and the total volume was 

brought to 1 mL with media containing either 0 pM, 5 pM, 15 pM, 50 pM, 200 pM, 500 pM 

or 1 nM IL-2.  Approximately every 12 hours, sampling occurred by mixing and counting the 

number of cells within a well using a Z1 Coulter-Particle Counter (Beckman Coulter).  The 

acquired data was used to construct growth curves that depicted the proliferative response to 

a certain media.  
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Preparation of detergent lysates 

 

For short term stimulation experiments, HT-2 cells were cultured in a 1-L spin flask in 

cytokine-free media for 4 hours prior to stimulation to allow for signaling to return to a basal 

level.  Cells were counted using a Z1 Coulter-Particle Counter and inoculated at a density of 

3x104 cells/mL.  After addition of cytokines, 25 mL of cell culture were removed at pre-

determined time points, pelleted and resuspended in 200 μL of lysis buffer (50 mM HEPES 

pH 7.11, 100 mM NaCl, 1% Triton X-100, 50 mM β-glycerophosphate pH 7.3, 1 mM 

sodium orthovanadate, 10 mM sodium pyrophosphate, 5 mM sodium fluoride, 1 mM EGTA 

and 10 μg/mL each of aprotinin, leupeptin, pepstatin A and chymostatin) (16). All chemicals 

were obtained either from Fisher Scientific or Sigma.  Briefly, cells were vortexed and 

incubated on ice for 20 minutes, then centrifuged at 6000 xg, at 4 ºC for 15 minutes to pellet 

the cellular debris. The supernatants were collected and the lysates were stored at –20 ºC.  

Cell samples were stimulated with the following IL-2/IL-4 conditions: 15 pM IL-2, 1 nM IL-

2, 15 pM IL-2/10 pM IL-4 or 15 pM IL-2/300 pM IL-4. 

 

 

For long-term stimulation, 30 mL of HT-2 cells were plated in a 15 cm non-treated petri dish 

at an initial density of 3x104 cells/mL.  When collecting samples, the plates were first 

scraped with cell lifters to remove any adherent cells from the surface, mixed and counted to 

determine cell density.  Next, 25 mL of cells were pooled and lysed by the aforementioned 

method.  The following stimulation conditions were used: 15 pM IL-2, 15 pM IL-2/10 pM 

IL-4 or 15 pM IL-2/300 pM IL-4. 

 

Adhesion studies 

 

To assess the effect of IL-4 on cell adhesion HT-2 cells were stimulated with varying 

cytokine concentrations.  In non-treated 10 cm petri dishes, 10 mL of cells were plated at a 

density of 3x104 cells/mL.  At each time point, the numbers of cells in both the supernatant 
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and attached to plate were assessed using the Z1 Coulter-Particle Counter. The cells were 

treated with 15 pM IL-2 with one of the following IL-4 concentrations: 0 pM, 1 pM, 10 pM, 

100 pM or 300 pM.   

 

Experiments were also performed to determine if, upon removal of IL-4, the cells would 

detach.  The above experimental setup was repeated, and the cells were given four days to 

fully adhere.  The media was switched and replaced with 15 pM IL-2 only, and an initial cell 

density on the plate was determined.  Over several days, the numbers of cells in the 

supernatant and adhered to the plate were measured. 

 

 

Quantitative Western blotting 

 

Pooled cell lysates were subjected to SDS-PAGE to separate the protein contents.  Samples 

were boiled for five minutes after addition of 4X Laemmli reducing sample buffer (Boston 

Bioproducts), loaded and separated in 10% acrylamide gels and transferred to PVDF 

membranes (29, 47). Membranes were blotted for proteins using the indicated primary 

antibodies and imaged using horseradish peroxidase-conjugated secondary antibodies and 

Super Signal West Femto Maximum Sensitivity Substrate (Pierce). The blots were imaged 

and quantified using a Bio-Rad Fluor-S MultiImager.  Signaling protein activation was 

quantified by normalizing the amount of phosphorylated protein by the total amount of that 

protein, quantified in parallel. 
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3.3  RESULTS 
 

3.3.1  IL-2 stimulates HT-2 cell proliferation in a dose-dependent manner. 

 

The kinetics of HT-2 cell growth in the presence of varying IL-2 concentrations was also 

monitored (Figure 3.1).  Several important growth patterns were observed from these results.  

First, there is an initial lag in growth, approximately 48 hours long, which occurs while the 

cells are readjusting to their new environment.  Next, an IL-2 dose-dependent growth phase 

arises, illustrating an IL-2 saturation for concentrations above 50 pM.  This IL-2 dose-

dependent growth pattern could be caused by a ligand depletion in the cultures with an initial 

IL-2 concentrations less than 50 pM.  This possible ligand depletion effect is most significant 

after approximately 90 hours post stimulation, in static conditions.  Focusing on the HT-2 

growth following 15 pM IL-2 stimulation, it is observed that this concentration gives a 

definite response without saturating the IL-2 receptor complexes.  All these results are 

consistent with a reported, effective Kd of approximately 10 pM (12, 26).  

 

3.3.2  IL-4 antagonizes, but later cooperates with, IL-2-stimulated HT-2 cell 

proliferation in static culture. 

 

At least in culture, both synergistic and antagonistic effects of IL-2 and IL-4 co-stimulation 

have been reported.  Interestingly, we observed both behaviors in static culture (Figure 3.2).  

IL-4 dose-dependent inhibition of IL-2 stimulated growth was seen at early times.  Over 

time, concurrent stimulation with IL-2 and IL-4 clearly produces a synergistic response in T 

cells, again in a dose-dependent manner.  Cells were incubated with either no IL-2 or a sub-

saturating dose of IL-2 (15 pM) and various concentrations of IL-4 (0, 10 or 300 pM)  IL-2 

and IL-4 co-stimulation eventually yields a higher cell density than for either cytokine alone. 
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3.3.3  IL-4 stimulates adhesion of HT-2 cells in static culture.

 

IL-4 induces many significant changes in T cells, one of which is the expression of surface 

integrins and receptors which can mediates T cell adhesion and migration. Prior studies have 

demonstrated that following IL-4, but not IL-2, treatment, T cells are able to adhere to plastic 

dishes through an undetermined mechanism (38, 46).  We therefore assessed the extent of 

HT-2 adhesion following IL-4 treatment (Figure 3.3).  It was found that the number of HT-2 

cells adhered to a non-treated, polystyrene dishes increased in an IL-4 dose-dependent 

fashion with time (Figure 3.3a).  The addition of 1 pM IL-4 showed a negligible effect, 

whereas 100 pM and 300 pM IL-4 induced a dramatic adhesion response after 3 days in 

culture.  After 5 days in culture, cells begin to detach from the plate, perhaps due to depletion 

of cytokines.   

 

To further the adhesion response, we tested to see if continuous IL-4 stimulation was 

required to maintain HT-2 cell adhesion (Figure 3.3b).  Cells were pretreated under the same 

conditions used in the adhesion studies, allowing time cell attachment to occur.  The IL-4-

supplemented media was then removed and replaced with fresh media containing only IL-2.  

The numbers of adhered cells were monitored over several days; after approximately 3 days 

over half of the adhered cells had detached from the plates.  This behavior was consistent in 

all the conditions that induced significant adhesion (IL-2 plus 10 pM, 100 pM or 300 pM IL-

4).  These results demonstrate that the IL-4-dependent HT-2 cell adhesion response is at least 

partially reversible.  

 

3.3.4  Early signal transduction events induced by IL-2 and IL-4: IL-4 antagonizes IL-2 

stimulation of Akt and STAT5 activation, but synergizes with IL-2 in the activation of 

Erk. 

Cell lysates were collected over a span of eight hours in an attempt to characterize the initial 

stages of IL-2/IL-4 co-stimulation at the level of well-known signaling pathways.  From the 

protein extracts, activation of the signaling molecules Akt, Erk, STAT5 and STAT6 were 

measured by quantitative Western blotting (Figure 3.4).  IL-4 antagonizes the activation of 
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Akt in response to IL-2 in a dose-dependent fashion, with significant inhibition seen in the 

presence of 300 pM IL-4 (Figure 3.4a).  Both IL-2 and IL-4 stimulate the PI3K/Akt pathway 

independently, but these results suggest that they do so to different extents; consistent with a 

receptor competition effect.  Alternatively the inhibition of Akt might result from interactions 

between signals unique to IL-2 and Il-4 receptors. 

 

Interestingly, the addition of IL-4 generated an augmentation of the IL-2 stimulated 

activation of Erk (Figure 3.4b).  This is notable because IL-4 alone does not activate the 

Ras/Erk pathway (results not shown).  These results strongly suggest that there is significant 

crosstalk between IL-2 and IL-4 receptor signaling that converges on the Ras/Erk pathway.  

Finally, the STAT activation results are consistent with a receptor competition effect.  IL-4 

stimulated a significant decrease and increase in the activation of STAT5 and STAT6, 

respectively (Figure 3.4 c&d).  Even with equal IL-2 stimulation, levels of STAT5 

phosphorylation were reduced in the presence of IL-4.  A corresponding increase of STAT6 

illustrates mounting signaling from the IL-4 receptor complex. 

 

3.3.5  IL-4 induces prolonged activation of STAT6. 

 

Extended time course were performed to further characterize IL-2- and IL-4-stimulated 

signal transduction in static cultures (Figure 3.5).  As in the shorter time courses, levels of 

activated Akt, Erk, STAT5 and STAT6 were quantified.  Although the early activation 

responses of Akt, Erk and STAT5 are likely to functionally significant, all of these responses 

were downregulated to near basal levels within 48 hours (Figure 3.5 a-c).  In contrast, 

STAT6 activation remained high in an IL-4 dose-dependent manner (Figure 3.5d).   
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3.4  DISCUSSION 
 

In this study, we assessed the functional responses and signal transduction stimulated by IL-

2, administered alone or in combination with IL-4.  The mouse T cell line, HT-2, responded 

to both IL-2 and IL-4 as predicted, but the complexity of the response was somewhat 

surprising.  IL-4 delays and then later enhances the rate of IL-2 stimulated HT-2 

proliferation.  Accordingly, IL-4 inhibits IL-2 stimulation of certain signaling intermediates 

while enhancing others.  Although great headway was made, more work will need to be done 

to fully elucidate the mechanisms involved in the cellular response to concurrent IL-2 and IL-

4 stimulation. 

 

Potential role and mechanism of adhesion 

 

IL-4 induced upregulation of the surface receptor protein CD8α on CD4+ T cells (TH cells) is 

well-documented, but has never been noted for IL-2 (18, 30).  In addition, it has been found 

that following IL-4 removal, the induced CD8 expression diminishes (5).  It is striking that 

this expression profile of IL-4 induced CD8 corresponds with and may be the cause of our 

observed adhesive response in HT-2 cells.  It will be important to first confirm that CD8 is 

being induced by IL-4 in our cells and what signaling pathways are contributing to this 

response; STAT6-mediated transcription is a plausible mechanism for example.  Another 

interesting study might be to determine what adhesive, if any, is present in the medium or 

secreted by the HT-2 cells.  A likely candidate is an exopolysaccharide that is recognized by 

surface receptors (43).  The adhesive response may also be due to the presence of a yet 

unknown receptor or ligand induced by either IL-4 or IL-4 in combination with serum.  IL-4 

induced expression of numerous integrins on the T cell surface, including E-Selectin, L-

Selectin and Very Late Activating Antigen 4 (VLA-4), may also be the cause of HT-2 

adhesion to plastic dishes (35, 45).  It would also be advantageous to establish the role that 

cell adhesion plays in IL-4 induced proliferation.  If the surface receptor expression were 

determined and could be reduced by siRNA, or other methods, it would be interesting to see 
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if the HT-2 cells still adhere in response to IL-4 and if the synergistic growth in response to 

IL-2/IL-4 co-stimulation was affected.  

 

IL-4 antagonism of IL-2-stimulated signaling is consistent with a competition mechanism 

 

It has been supposed that the antagonistic effect of IL-4 on IL-2-stimulated growth, when 

observed, is caused by competition for limiting amounts of the γc receptor subunit.  The 

short-term analysis of Akt activation showed a decreased in signaling with IL-4 addition, 

even though both IL-2 and IL-4 activate the PI3K/Akt pathway.  If this is caused by 

competition for γc or other common components, it must be assumed that the IL-4R is not as 

efficient as the IL-2R in the activation of PI3K/Akt.  This is currently being tested by 

comparing Akt phosphorylation in cells stimulated with IL-2 or IL-4 alone, or co-stimulated 

with IL-2 and IL-4.  Further support for the competition mechanism is found in the inhibition 

of IL-2 stimulated STAT5 activation by IL-4.  If this mechanism is correct, the effect of IL-4 

on Akt and STAT5 activation should disappear for saturating conditions of IL-2 (e.g., 1 nM).  

We are currently performing these experiments. 

 

The mechanism and functional importance of signaling crosstalk 

 

Our results also indicate that there is significant crosstalk between the IL-2R and the IL-4R at 

the level of Erk activation, thought the underlying mechanism remains to be elucidated.  

Utilizing pharmacological inhibitors may help to clarify this issue.  For example, if blocking 

PI3K activity with drug LY 294002 (49) results in a change in the Erk response, it would 

establish an interaction between these pathways.  Additional studies with LY 294002 could 

help strengthen the argument that a decrease in Akt activity is inducing the inhibition of IL-2 

stimulated cell growth by IL-4 at early times. 

 

Similarly, blocking MEK, and thus Erk, activation with PD 098059 would resolve the 

question of how strongly Erk influences the other signaling pathways (2).  Whether Erk is 

capable of stabilizing the STAT6 dimer is still unknown and could possibly be determined by 
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analyzing lysates obtained following co-stimulation with IL-2/IL-4 in the presence of PD 

098059.  We also plan to us the MEK inhibitor to ascertain the role of Erk in the IL-2/IL-4 

stimulated HT-2 cell proliferation.  

 

Synergistic growth and the possible role of STAT6

 

Studies have revealed the existence of a synergistic effect on T cell growth following the co-

stimulation with IL-2 and IL-4.  During this time course, it was found that the activity of 

STAT6 was elevated, whereas the levels of active Akt, Erk and STAT5 were downregulated.  

It is therefore tempting to speculate that STAT6 plays a central role in the induction of IL-

2/IL-4 growth synergy.  This supposition is consistent with the action of STAT6 in inducing 

other transcription factors and also IL-4 secretion, potentially establishing an autocrine 

STAT6 activation loop.  Although STAT6 activation is, in all probability, not the only 

necessary trigger for synergy, it can serve as a foundation for future work.  One study that 

would shed more light on the role of STAT6 is to knock down its expression, e.g. using the 

siRNA approach.  After removing the effects of STAT6 and repeating the growth analysis, it 

could be determined if STAT6 is required for IL-4R-mediated inhibition or enhancement of 

IL-2-stimulated growth at early and later times, respectively.  Looking beyond STAT6, other 

signaling proteins could be targeted for future study as well.  The most promising candidates 

would be transcription factors that STAT6 activates, including GATA-3, NFAT and NFκB. 
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Figure 3.1  IL-2 dependent growth of T cells  HT-2 cells were incubated with varying IL-2 
concentrations to characterize the proliferation response of the cell line.  (mean ± S.E., n=3) 
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Figure 3.2  Growth response to IL-2 and IL-4 co-stimulation  Growth kinetics of HT-2 
cells were monitored following stimulation with IL-2 only, IL-4 only and IL-2 or IL-4 
together.  (mean ± S.E., n=3) 
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Figure 3.3  IL-4-induced adhesion of HT-2 cells  a) Following IL-4 addition the number of 
cells that adhered to a 10 cm non-treated petri dish was monitored over time.  The HT-2 cells 
attached to the plate after IL-4 induced expression of a yet unknown surface receptor.  b) 
Cells were allowed to adhere for 4 days in the presence of the cytokines indicated, after 
which they were incubated with 15 pM IL-2 only for the times indicated.  (mean ± S.E., n=3) 
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igure 3.4  Early signal transduction responses to IL-2 and IL-4 co-stimulation  HT-2 
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F
cells were cultured with a 1-L spin flask in either IL-2 only or IL-2 and IL-4 containing 
medium.  Over a period of eight hours, samples were collected and lysed.  Quantitative 
Western blotting was performed as described in Section 3.2.  a)  Akt phosphorylation  b)  
Erk phosphorylation  c)  STAT5 phosphorylation  d)  STAT6 phosphorylation (mean ± S.E., 
n=3) 
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Figure 3.5  Long-term signal transduction responses to IL-2 and IL-4 co-stimulation 
Cells were stimulated with either IL-2 or IL-2 and IL-4 and cultured statically in 15 cm non
treated petri dishes.  Quantitative Western blotting was performed as described in Section 
3.2.  a)  Akt phosphorylation  b)  Erk phosphorylation  c)  STAT5 phosphorylation  d)  
STAT6 phosphorylation (mean ± S.E., n=3) 
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