
Abstract 
 

 

Helper T lymphocytes are master regulators of the adaptive immune response. Recent years have 

demonstrated the existence of four functionally distinct effector subsets: type 1, type 2, regulatory and IL-17 

producing T helper cells. Manipulation of T helper cell differentiation may prove useful for effective vaccine 

development and treatment of allergic and autoimmune diseases.  

Here, I discuss which signals control T helper cell lineage commitment, how these multiple signals are 

integrated during the polarisation process and subsequent cross-regulatory mechanisms that effectuate lineage 

stabilisation, affording new insights into the role of T cell receptor-mediated and co-stimulatory signals in T 

helper cell polarisation and the role of suppressors of cytokine signalling (SOCS) family members in lineage 

stabilisation. 
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Introduction 

General 

Since the inception of multi-cellular life, mechanisms have been selected to protect these clusters of cells 

from foreign invaders. The immune system is a fascinating and ingenious way in which life has evolved to 

cope with the increasing complexity of organisms themselves and their pathogens. Although we generally 

tend to envision the immune system as the one human kind has been equipped with, research on a wide 

variety of organisms has shown that the concept of immunity is as old as metazoan life itself and that it has 

diversified tremendously throughout evolution (see [1] for a recent review). 

Originally, all elements of the immune system were gene-encoded and innately acquired. Vertebrate 

immunity, in contrast, sets itself apart by the presence of a highly adaptable set of systemic cells, that allow 

the organism to mount more effective responses after prior exposure to a pathogen. This so-called “acquired” 

or “adaptive” immune system results in functionally different immune systems in genetically identical 

individuals; it attracts the lion’s share of research interest and has both cellular and molecular components. 

Perhaps the most intriguing aspect of our adaptive immune system we have come to recognise, is its two-

facedness. On the one hand, it protects us against countless pathogen-derived diseases when triggered 

correctly, but on the other, it can lead to numerous severe conditions and diseases when elicited incorrectly. 

For example, type 1 diabetes, celiac disease, systemic lupus erythematosus, multiple sclerosis and rheumatoid 

arthritis are typical inflictions caused by reactivity of the immune system against the body’s own tissues. These 

diseases are generally severely debilitating and of medical significance. Furthermore, when the immune 

system reacts against innocuous substances, known as allergy, this gives rise to a whole other set of 

conditions. These, too, are of medical significance and in industrialised countries more than half of the 

population suffers from allergic disease [2]. 

Tight regulation of the adaptive immune system and communication with the innate immune system are 

essential for the all-important distinction between beneficial and adverse reactions. Accordingly, many 

mechanisms control the activation and inactivation of the immune system. 

Decision-making 

Innate and acquired immune systems are intertwined and communicate extensively. The evolutionarily 

older innate immune system remains the first line of defence and also forms the basis of the adaptive 

immune system, instructing it how to react. Information is gathered by the innate immune system and 

relayed to the adaptive immune system by means of a host of different molecules accompanied by direct 

interaction with antigen-presenting cells (APC). Central to the initiation of an adaptive immune response are 

the T helper (TH) lymphocytes, which receive their information directly from this interaction with antigen-

presenting cells. 

TH cells arise from bone marrow-derived progenitors by a complex process of selection (reviewed in [3]). 

The selection process eliminates immature T cells that possess T cell receptors (TCR), which recognise 

complexes of self-derived peptide with major histocompatibility complexes (MHC), as these could give rise to 

autoimmune reactions. TH cells are a specific subset of T cells that recognise antigen presented by MHC class 

II-complexes by virtue of the presence of CD4-molecules on their surfaces that reinforce the TCR-MHC class 

II interaction.  

Whereas MHC class I is expressed ubiquitously, MHC class II-expression is restricted to antigen 

presenting cells (APC), which typically include dendritic cells, macrophages and B cells. TH cells are thus 

designed to scan antigens presented by APCs as peptide-MHC complexes (pMHC) and are the first step in 

the activation of the adaptive immune system. Once a TH cell recognises its cognate antigen on such an APC 

with its TCR, it is instructed not to respond any further, set off one of several immune reactions or, 

conversely, to inhibit immune reactions directed at its antigen. 

Upon activation, the TH cell may subsequently activate macrophages and cytotoxic T cells necessary for 

the elimination of intracellular pathogens, such as Mycobacterium tuberculosis or Leishmania major. 

Alternatively, it may activate B cells to produce antibodies to neutralise viruses and attack larger parasites 

such as helminths, stimulate broad-spectrum anti-bacterial innate immune responses for extra-cellular 

bacterial infections, or reduce and inactivate any such on-going responses. 
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In this way, the TH cells stand at the cross-roads of innate and adaptive immune systems and mediate the 

further response of the adaptive immune system after having been instructed by innate immune cells. During 

the interaction with the APC, the still uncommitted, naive T helper (TH0) cell, receives additional signals 

from the APC and environment that will dictate its subsequent differentiation pathway. This commitment to 

a certain response is generated and maintained by an impressively orchestrated cascade of signalling events 

that results in specific and stable expression patterns of secreted molecules, called cytokines, in combination 

with cell surface proteins that affect other immune cells. 

The modern paradigm 

During the last decade of the previous century, a 

paradigm arose of two types of adaptive immune responses, 

type 1 and type 2, which are mediated by either cytotoxic T 

cells or B cells, respectively, and that are directed by T helper 

cells [4]. The past years have added two other types to this 

repertoire, yielding the four functionally distinct types of 

effector TH cells that we recognise today. These are the type 1 

(TH1), type 2 (TH2), interleukin-17 secreting (TH17) and 

regulatory (TREG) T cells (reviewed in [5]). 

TH cells require two signals in order to become activated 

and to continue towards any of these four fates. Signal 1 

confers antigen specificity, as it calls for the TCR to recognise 

the peptide-MHC complex on the APC. The second signal 

bestows the assurance that the recognised antigen is foreign 

and possibly dangerous, entailing the presentation of co-

stimulatory molecules CD80 and CD86 by the APC to their 

receptor, CD28, on the TH cell. These co-stimulatory 

molecules are only up-regulated on the dendritic cell by 

“danger” signals. When absent, the APC-TH cell interaction 

fails to activate the TH cell and results in an anergic 

phenotype or apoptosis of the T helper cell [6, 7]. 

Finally, the APC is thought to confer a third signal that 

conveys the adequate response to the encountered antigen. 

The dogma dictates that interleukin (IL) 12 and interferon 

(IFN) γ give rise to a TH1 response, IL-4 to TH2, transforming growth factor (TGF) β to regulatory T cells and 

TGFβ in concert with IL-6 to TH17 cells. This third signal induces a transcription factor specific for each TH 

cell fate, commonly referred to as “master” transcription factor, that is sufficient to produce the lineage 

phenotype with the secretion of the appropriate cytokines that direct the adaptive immune response (see 

Figure 1). 

Together, signals 1 through 3 ensure that an adequate adaptive immune response is mounted when an 

unknown substance is encountered. 

Objective 

It is evident that TH cells are important first effectors of the adaptive immune system that determine the 

fate of the ensuing immune response. These cells may receive a variety of signals from APCs and the 

environment, which have extensive intracellular effects, involving numerous signal-transduction pathways 

and transcription factors. Proper functioning of these signal integration processes are necessary for adequate 

immune responses to pathogens, but also innocuous substances and auto-antigens. Aberrant T helper cell 

differentiation may lead to a failure to clear a pathogen, such as often seen in infections with Mycobacterium 

tuberculosis and Mycobacterium leprae, but is also underlies auto-immune diseases and allergies. 

The importance of T helper cell lineage commitment is reflected by the tremendous number of studies 

that have been dedicated to its unravelling. Many thousands of papers have been published on the subject, 

providing us with an impressive amount of knowledge. However, the sheer number of publications 

encumbers easy interpretation of the data. Reviews have been written, but they are often restricted to certain 

 
Figure 1 | The modern concept of TH cell fates 

T helper cell activation by TCR- and co-stimulation is 
thought to be accompanied by an additional, third signal 
that gives rise to a certain type of effector T helper cell. 
These inducer signals induce lineage-specific transcription 
factors that are necessary and sufficient for the generation 
of the appropriate lineage. The various effector T helper 
cell types secrete cytokines that subsequently relay the 
adaptive immune response that was decided upon to other 
cells of the immune system. 
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elements of T helper cell lineage commitment which fail to incorporate the many facets that are important to 

the process. Others are out-dated, addressing only the TH1 and TH2 lineages. 

A factor that further complicates interpretation of published data is the number of different systems used 

to investigate T helper cell differentiation. Important information may be deduced from in vivo studies with 

knockouts, pathogens, innocuous peptides, haptens, neutralising antibodies and pharmacological agents. 

Many in vitro systems also exist, to study T helper cell polarisation, varying in the source and nature of T 

helper cells and the means of their activation. These differences in experimental approach affect their 

comparability and complicate the interpretation of results.  

The last years have seen a surge in research on the underlying molecular elements and mechanisms that 

are part of these lineage commitment pathways and call for a comprehensible rather than comprehensive 

review of these mechanisms in the broader context of T helper cell differentiation. 

Here, I discuss the modern perspective on the molecular aspects of T helper cell lineage commitment, 

distilling consistencies out of the vast collection of published studies. My focus will be on how these many 

mechanisms operate in concert to give rise to the defined lineages. Many factors contribute to steer 

differentiation in the appropriate direction and many are interdependent. How are the various factors 

integrated to give rise to this limited number of outcomes? 

I systematically address the mechanisms that drive T helper cell differentiation, using the simple linear 

dogma of each fate as a guideline. There are defined inducers of each lineage, prompting questions as to what 

their origin, signalling and downstream effects are. These are thought to give rise to the lineage-specific 

master transcription factors, of which the upstream regulators and downstream effects are of next great 

interest. I will run over these matters for each lineage to derive an intelligible overview of the signal 

integration that governs each fate and then continue to discuss how signals from each lineage may affect 

other lineages and how factors not included in the prevailing dogma contribute to lineage commitment 

decisions. There is substantial evidence that signals 1 and 2 contribute to T helper cell differentiation. How 

can these signals be incorporated in the network of signal integration for particular lineages? 

Analysis of published works based on the dogmatic view of T helper cell lineage commitment allows the 

identification of caveats that remain to be investigated in these signalling pathways and will itself form a basis 

for the further interpretation of cross-regulatory pathways. As the differentiation pathways of the distinct 

lineages are highly interconnected, it is crucial to evaluate mechanisms in the context of all possible fates. 

This thesis reviews our current understanding of signal transduction and integration in T helper cell lineage 

commitment, re-evaluates the contribution of the earliest events in T helper cell activation and provides an 

intelligible overview of coordination between the differentiation pathways. 

 



The context of T helper cell lineage commitment 

6 

The context of T helper cell lineage commitment 

Signals one and two for TH cell activation 

As with all T cells, the activation of TH0 cells and subsequent induction of differentiation is dependent on 

TCR-engagement and the simultaneous delivery of co-stimulatory signals such as the ligation of CD28 by 

CD80 or CD86 (also known as B7.1 and B7.2), which are expressed on activated APCs [8]. This ensures that 

only those T cells that recognise antigens associated with APC activation can differentiate into effector TH 

cells. Stimulation with cytokines alone may induce cell proliferation, but is insufficient to activate naive cells 

and induce lineage commitment [9]. 

Fascinatingly, both the TCR- and co-stimulatory signals are delivered through a highly organised 

membrane structure, called the immunological synapse, which involves dynamic rearrangement of the actin 

cytoskeleton and both the mitogen-activated protein kinase (MAPK) and phosphatidyl inositol 3 kinase 

(PI3K) pathways [10]. Disruption of the actin cytoskeleton by actin depolymerising agents such as 

cytochalasin D consequently abolishes T cell activation [11]. 

What the exact role of actin cytoskeleton rearrangement and the immunological synapse are in T cell 

activation, is still under investigation. Several models have been proposed to explain how the actin 

cytoskeleton and the synapse may function to isolate the few peptide-MHC complexes (pMHC) that are 

capable of activating the TCR and to both potentiate and limit subsequent signalling [12, 13], which will not 

be discussed any further here. The theories converge on the generation of a sustained Ca2+ flux of several 

hours by the immunological synapse, which is necessary for T cell activation [14]. CD28 co-stimulation is 

thought to function critically at a late point during T cell activation to overcome apoptotic signals 

downstream of the calcium flux [15].  

The exact molecular signalling background of T cell activation is both complex and controversial and a 

comprehensive review of  molecules and pathways involved is beyond the scope of this thesis. I will focus on 

the more agreed-upon segments of TCR-induced signalling, which are relevant for and synergise with further 

TH lineage commitment. 

Proximal signalling 

T cell activation requires prolonged 

stimulation by sustained binding to an 

APC. Using two-photon microscopy, it 

has been recently shown in vivo that 

engagement of a T helper cell with an 

APC pre-incubated with its cognate 

antigen leads to increased basal levels and 

oscillation of intracellular Ca2+–levels in 

single cells [17]. The Ca2+–mobilisation is 

likely mediated by both TCR and CD28 

ligation, resulting in a cascade of kinase 

activity resulting in the generation of 

secondary messenger molecules. 

The earliest known activation step in 

TCR-signalling is the activation by 

dephosphorylation phosphorylation of 

Src-family kinases (SFK) Lck and Fyn, 

although the molecular mechanism 

behind this activation is unclear. This 

possibly involves the recruitment of 

CD45 phosphatase to Lck- and Fyn-

bound signalling proteins. Lck and Fyn 

are protein tyrosine kinases that 

subsequently phosphorylate immuno-

 
Figure 2 | Signals 1 and 2 
A schematic representation of proximal signalling events upon the generation of a 
functional immunological synapse between T cell and APC. Many cell surface 
molecules become clustered during contact between T cell and APC, causing the 
activation of a host of kinases that mediate the recruitment of other signalling 
proteins that eventually lead to the activation of the NF-κB, MAPK and 
Calcineurin/NFAT pathways. Derived from [16]. 
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receptor tyrosine-based activation motives (ITAM) on the CD3 molecule that is part of the TCR-complex, 

predominantly on its ζ-chain. This establishes binding sites for the cytosolic tyrosine kinase ZAP70 (ζ-chain-

associated protein kinase of 70 kDa), which is subsequently activated by the SFKs and auto-phosphorylates in 

trans to generate docking sites for Src-homology 2 domain (SH2)-containing proteins. Activated ZAP70 also 

phosphorylates ITAMs on the adaptor protein LAT (linker of activated T cells), which may also be directly 

phosphorylated by SFKs [18]. These phosphorylated ITAMs result in the recruitment of phospholipase C-γ1 

(PLCγ1), Grb2 (growth factor receptor-bound protein 2) and Gads (Grb2–related adaptor protein), which 

contain SH2-domains. PLCγ1 also contains an SH3-domain that can interact with a proline-rich region in 

SLP-76 (SH2-domain-containing leukocyte protein of 76 kDa), which stabilises the binding of SLP-76 to 

Gads. 

In order for PLCγ1 to be activated, Itk (IL-2-inducible T cell kinase) must be recruited to the complex 

through interaction of its pleckstrin-homology domain with phosphatidylinositol-3,4,5-trisphosphate (PIP3), 

which is generated by PI3K (phosphoinositide-3-kinase) activated by SFKs after recruitment to the 

signalosome through interactions with phosphorylated ITAMs. Itk is activated by interaction with SLP-76 and 

phosphorylates PLCγ1 on an activating tyrosine residue. The activation of PLC is an essential step linking 

proximal signalling at the plasma membrane to calcium release. (reviewed in [19, 20]; see Figure 2) 

Signal transduction: Calcium and NFAT 

Calcium 2+ mobilisation 

The effects of activated PLC are well documented. PLC hydrolyses phosphatidylinositol-4,5-bisphosphate, 

generating second messenger molecules diacyl glycerol (DAG) and inositol-1,4,5-trisphosphate (IP3). DAG 

provides binding sites for several proteins, including protein kinase C θ (PKCθ) and Ras-guanyl release 

protein 1(RasGRP1). IP3 opens IP3-gated Ca
2+-channels of the endoplasmic reticulum, resulting in transiently 

increasing intracellular Ca2+-levels. The decrease in calcium levels in the endoplasmic reticulum is sensed by 

stromal interaction molecule (STIM) 1, which subsequently binds to and opens calcium-release-activated 

calcium (CRAC) channels in the plasma membrane. The influx from the extracellular store of Ca2+ is 

sufficient to sustain elevated intracellular Ca2+-levels which activate Ca2+-dependent proteins. 

(comprehensively reviewed in [21]) 

An important Ca2+-dependent protein is calmodulin, which activates several proteins, including  the 

phosphatase calcineurin, which dephosphorylates nuclear factors of activated T cells (NFAT), exposing their 

nuclear localisation signal and allowing import to the nucleus. 

Nuclear factor of activated T cells 

Nuclear factors of activated T cells represent a family of transcription factors that are not restricted to T 

cells as the name suggests. The family consists of five members that can be alternatively spliced to generate at 

least two proteins with variations in C- and N-terminus. T cells express Ca2+-dependent NFAT1, NFAT2 and 

NFAT4. Several kinases have been shown to phosphorylate these molecules to hide the nuclear localisation 

signal and exclude NFAT from the nucleus. However, when activated, calcineurin dephosphorylates NFAT 

molecules, leading to nuclear import of the transcription factors. Kinases are present in the nucleus to 

rephosphorylate nuclear NFAT, after which it is shuttled back to the cytosol. Interestingly, the kinase PKB 

(also known as AKT), which is downstream of CD28 signalling, has been implicated in the inactivation of 

such an export kinase [22].  

Although differences between the various NFAT members are slight, they may be of importance in overall 

NFAT functioning. For instance NFAT1 is post-translationally modified by the covalent attachment of small 

ubiquitin-like modifier molecules (SUMO), which promotes its retention in the nucleus, while NFAT2 can 

be auto-induced. Some differences in the role of different NFAT members in TH lineage commitment have 

also been described, which will be addressed further on. (NFAT proteins are extensively reviewed in [23]) 

Many genes are controlled by NFAT, but likely require the activation of other transcription factors as well. 

In a microarray analysis of T cell activation in the presence and absence of calcineurin-inhibitors, it was 

shown that transcription of the genes encoding IL-2, tumour necrosis factor alpha (TNFα), signal transducer 

and activator of transcription (STAT) 5a, interferon-regulatory factor 4 (IRF4) and L-selectin are down-

regulated when NFAT signalling is inhibited [24]. 
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Signal transduction: MAPK pathway 

T cell antigen receptor together with co-receptor ligation leads to the activation of the Ras-MAPK 

pathway. Ras is part of a universal signalling pathway, and mutations leading to its continuous activation are 

common in tumorigenesis. Ras is a GTPase which is capable of activating the mitogen-activated protein 

kinase kinase kinase (MAPKKK) Raf, triggering a signalling cascade phosphorylating and activating 

extracellular signal-regulated protein kinase (Erk) 1,2, which phosphorylates and activates transcription factor 

c-Fos. 

Ras is activated by guanosine exchange factors Son of Sevenless (Sos) and Ras guanyl nucleotide-releasing 

protein 1 (RasGRP1). Sos is recruited to activated LAT by association with Grb2, while RasGRP1 is recruited 

to the signalosome by association with diacyl glycerol and SKAP55 (Src kinase-associated protein of 55 kDa), 

which is activated by phosphorylation and subsequently translocates to lipid rafts. In order for RasGRP1 to 

be active, it must also be phosphorylated by protein kinase C, functionally linking two pathways [25]. 

Other members of the MAPK-family are also involved in TCR-signalling, although the mechanism of their 

activation is incompletely understood. Activated ZAP70 has been implicated in the direct phosphorylation of 

p38 and PKCθ is an up-stream regulator of Jun N-terminal kinase (JNK) [26, 27]. Both these pathways lead to 

the phosphorylation of c-Jun [28], which associates with phosphorylated c-Fos to generate a heterodimer of 

transcription factors, called AP-1, that regulates the transcription of cytokine genes. 

Signal integration 

In spite of intricate mechanisms of signal transduction, the final output signals are quite simple and 

coherent. NFAT members contain binding sites for c-Fos and c-Jun, allowing interaction of NFAT with AP-1 

on enhancer regions that contain binding elements for both transcription factors [29]. Such composite 

enhancer sites occur 10 times more frequently in genes induced upon T cell activation than in others [30]. 

Similarly, AP-1 has been shown to form ternary complexes with nuclear factor κB (NF- κB) [31]. What the 

direct targets of these dual transcription factors are has not been comprehensively investigated, although all T 

cell activation pathways are known to act on the IL-2 promoter, which contains binding sites for NFAT, NF- 

κB and AP-1 [32]. 

Genes known to be up-regulated during T cell activation include IL-2, STAT5, the IL-2 receptor alpha 

chain (CD25) and cytotoxic T cell-associated antigen 4 (CTLA4) [33, 34]. CTLA4 is an inhibitor of CD28-

signalling, suggesting a role in the attenuation of CD28-mediated co-stimulation. STAT5 is an important 

mediator of IL-2 signalling, and the concerted up-regulation of IL-2, STAT5 and CD25 suggests an autocrine 

function of IL-2, in which T cell activation leads to a shut-off of CD28-signalling and initiation of continuous 

IL-2 signalling. IL-2 signalling leads to STAT5-, PI3K-, PKB- and MAPK-activation [35], which may 

compensate for the loss of CD28 and TCR-signalling. This IL-2 autocrine loop also seems to play a role in 

preventing clonal deletion upon TCR-signalling [36]. 

It is interesting to note that the strong and persistent activation of NFAT1 during T cell activation, leads 

to the induction of a predominantly short isoform of NFAT2, which is capable of binding its own promoter 

in a positive autoregulatory loop resulting in a 20-fold increase of NFAT2 in activated T cells [37, 38]. 

Sustained high intracellular Ca2+ levels are dependent on the integrity of the actin cytoskeleton and 

necessary for T cell activation [39]. Indeed, interactions of naive T helper cells with dendritic cells pre-

incubated with the cognate antigen last for hours [40, 41]. It may be surmised that the requirement for 

prolonged engagement of the TCR and the generation of a immunological synapse are based on the necessity 

of maintaining a continuous input of activating signals for all the individual activating processes to occur. For 

example, a stabilisation of NFAT-dependent transcription is dependent on the continuous GSK3-deactivating 

activity of PKB, which is in turn dependent on the constant activity of PI3K, which is dependent on 

continuous tyrosine kinase activity due to TCR-ligation. Short-lived signal inputs will not be sufficient to 

stably generate such responses. Moreover, it is conceivable that the immediate-early genes activated by TCR-

signalling synergise with on-going TCR-signalling to achieve T cell activation. Such a mechanism may also be 

expected for switching on the positive autoregulatory loop of NFAT2. 

Furthermore, the possible involvement of altered surface molecule expression-profiles on the APC during 

the interaction with the TH0 cell on T cell activation should not be excluded. This may also set the 

requirement of prolonged APC-TH0 cell interaction. For one, CD86 and CD80 signalling in the APC by 

CD28 and CTLA-4 has been reported and shown to be functionally relevant [42]. 
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T cell activation is not the subject of this manuscript, but we must bear in mind that all polarising signals 

that instruct T cell lineage commitment occur in the context of T cell activation and that such a ‘signal 3’ 

may very well synergise with pre-engaged signal-transduction pathways and some of the transcription factors 

involved in TCR-signalling play a direct role in lineage commitment. With much simplification, signalling 

due to TCR- and CD28-ligation may be summarised as involving many pathways, including PI3K, Ras-

MAPK, p38, NFAT, PKC and NF-κB. Downstream mediators are the transcription factors NF-κB, AP-1 and 

NFAT, which activate auto-regulatory systems, including an autocrine loop of IL-2 signalling and positive 

feedback loop of NFAT2. 
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Type 1 T helper cells 

General 

Physiological function 

Type 1 and type 2 T helper cells were discovered simultaneously in 1986 by Mosmann and Coffman as 

subpopulations of T helper cells producing different sets of cytokines [4]. They defined type 1 T helper cells 

as those secreting interferon (IFN) γ, IL-2 and granulocyte macrophage colony-stimulating factor (GM-CSF). 

IL-1, IL-6, IL-12, IL-18 and tumour necrosis factor β (TNFβ) have since been added to the list of TH1 

cytokines, and IL-2 has become acknowledged as a general cytokine of activated TH cells [43]. It was already 

known that functionally distinct subtypes of TH cells existed, but these were ill-defined. Concerning the 

function of these TH1 cells, IFNγ was already known to have antiviral properties [44] and in subsequent 

research it was shown that IFNγ differentially affects B-cell antibody class-switching [45], that IFNγ inhibits B 

cell activation [46] and, more importantly, that TH1 cells in general are capable of initiating and enhancing 

responses of cytotoxic T lymphocytes [47, 48]. 

TH1 cells thus manifested themselves as key mediators of cellular immunity, directed against intracellular 

pathogens, such as viruses and mycobacteria. As such, they have an important role in autoimmune diseases as 

well. Ulcerative colitis, Crohn’s disease, rheumatoid arthritis and multiple sclerosis have all been shown to be 

driven by TH1 cytokines  [49-52]. 

Signal transduction: inducers 

IFNγ and IL-12 are the key inducers of the type 1 immune responses. T cell activation with anti-CD3 and 

anti-CD28 antibodies accompanied with either recombinant IFNγ or IL-12 induce a TH1 phenotype in the 

effector T cell population [53, 54]. However, improvements in the isolation of TH cells and experiments using 

neutralising antibodies against either IFNγ or IL-12, demonstrated that IFNγ merely augments IL-12-

dependent TH1-differentiation. T cells activated in the presence of IL-12 result in cells that secrete IFNγ upon 

secondary stimulation. Co-stimulation with IFNγ allows this TH1-differentiation in the presence of 

suboptimal amounts of IL-12, but is insufficient to induce TH1 phenotype on its own and in the presence of 

neutralising anti-IL-12 antibodies [55]. This resulted in the hypothesis that IFNγ has a direct role in 

enhancing IL-12-signalling, but in itself is insufficient to trigger TH1-lineage commitment. Finally, also IL-18 

has been shown to play an enhancing role in TH1-induction [56]. 

Interleukin-12 is a heterodimeric protein stabilised by disulfide bonds between the subunits that is 

predominantly produced by APCs. IL-12 signals chiefly through a Tyk2-JAK2-STAT4 pathway [57-59], but IL-

12 stimulation also results in transient activation of the MKK3/6 and downstream p38 MAPK-pathway. 

STAT4; the IL-12 positive feedback loop 

The importance of the Jak2-STAT4 pathway is demonstrated by the fact that TH lymphocytes from 

STAT4-deficient mice are unable to differentiate into IFNγ-producing cells in the presence of IL-12 [60, 61]. 

Activated TH cells express low amounts of the IL-12 receptor complex, which is achieved by chromatin-

remodelling on the IL-12 receptor β2 (Il12rb2)-promoter in a Brg1-dependent manner upon activation [62]. 

Prior engagement of the TCR and CD28 with their ligands is thus required to render TH cells responsive to 

IL-12 secreted by APCs.  

In addition, this Il12rb2-locus is under the control of STAT4, allowing the induction of the IL-12 receptor 

after IL-12 stimulation [62]. This positive feedback-loop is thought to result in a bistable system that 

contributes substantially to the stabilisation of TH1 expression patterns [63], although it also seems to be 

essential for maintaining signalling, as type I interferons, which also signal through STAT4, are able to 

induce transient but not sustained expression of IFNγ and other downstream mediators [64, 65]. This 

possibly reflects the existence of STAT4-induced inhibitory mechanisms of STAT-signalling that result in 

termination of the signal in the absence of continuous up-regulation of signalling. 
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P38 MAPK 

Ligation of the IL-12 receptor complex results in the activation of  growth-arrest and DNA-damage 

inducible GADD45β and –γ, subsequently activating the MEKK4-MKK3/6-p38 pathway [66] and TH cells 

can still respond, albeit differently, to IL-12 when STAT4-signalling is disrupted [60, 67].  

The activation of p38 MAPK by IL-12 was shown to be transient, peaking at ten minutes after IL-12 

addition and entirely extinguished after one hour. In the same study, activating transcription factor 2 (ATF2), 

but not ATF1 and CREB transcription factors, was demonstrated to be activated in a p38 MAPK-dependent 

manner [68]. This MAP kinase pathway is not only activated by IL-12 signalling, it also appears to have a 

crucial function in the canonical IL-12/STAT4 pathway, as both p38 and MKK6 are capable of 

phosphorylating serine residue 721 of murine STAT4 which is necessary for its full activation and its ability 

to induce IFNγ [60, 69]. 

IFNγ 

The Ifng-promoter contains binding sites for STAT4 downstream of IL-12 signalling and AP-1, which is 

downstream of both IL-12-, IL-18- and TCR-signalling [70]. Either transcription factor is capable of initiating 

transcription of the gene, but high levels of transcription are only achieved when binding the promoter 

together [71]. This synergy is explained on a molecular level by binding of STAT4 to the c-Jun-domain of AP-

1. Binding of STAT4 to AP-1, but not to the STAT4-binding site, is necessary for this synergy, suggesting that 

the protein-protein complex is capable of more strongly binding to the AP-1 binding site [72]. 

Naive T helper cells express functional IFNγ receptor complexes, consisting of two copies of both the 

IFNγR1- and IFNγR2-chains. Ligation of IFNγ with its receptor-complex initiates a JAK1/STAT1 pathway, 

resulting in the transcription of target genes, including interferon-regulatory factor 1 (IRF1) [73]. In a recent 

elegant study using CD4+ T cells from IRF1-/- mice, it was shown that IRF1 binds the promoter of the IL-12 

receptor β1 gene and in this way mediates IFNγ-dependent up-regulation of the IL-12 receptor in T helper 

cells [74]. Activation of the Ifng-promoter by downstream mediators of IL-12 and IL-18 completes an 

intertwined set of positive feedback circular pathways. IFNγ-signalling augments auto-activating IL-12 

signalling, which in turn augments autocrine IFNγ-signalling. Interestingly, expression of the IFNγR1-chain is 

down-regulated after T cell activation in a cyclosporine A-sensitive manner, suggesting that NFAT-signalling 

sets a time-frame for IFNγ-mediated Th1 induction [75, 76]. If the T helper cell fails to induce Ifng expression 

in response to IL-12 and IL-18 upon activation, the cell becomes insensitive to IFNγ, severely impairing Th1 

induction. This mechanism may help protect T helper cell lineage commitment from bystander skewing 

effects by constraining the timeframe in which the cell receives polarising signals. 

In summary, activation of TH cells is necessary to allow histone-remodelling around the Il12rb2-promoter. 

In the first place, this enables a low level of transcription of the receptor, rendering the cell responsive to IL-

12, and on the other it subsequently facilitates the binding of transcription factors, such as ATF2 and 

STAT4, to further increase the expression of the receptor. In the presence of IL-12, this suffices to initiate 

intertwined positive feedback-loops of IL-12 and IFNγ, which together maintain the concurrent presence of 

transcription factors IRF-1, STAT4, STAT1 and AP-1 in the nucleus. 

Signal integration: T-bet 

General 

The T-box transcription factor T-bet has become recognised as the master transcription factor of the TH1-

phenotype, as overexpression of T-bet in either naive or TH2 cells commits them to the TH1 lineage [77]. 

However, its expression is not restricted to CD4+ T cells and it may be found in other IFNγ-secreting cells, 

such as CD8+ T cells, B cells, monocytes, myeloid dendritic cells and natural killer cells [78-80]. T-box family 

members are traditionally involved in embryonic development, and the homozygous deletion of T-box factors 

such as Brachyury, Tbx5, Tbx6 or Eomesodermin results in a lethal embryonic phenotype in mouse systems 

[81-84]. Homozygous deletion of T-bet, in contrast, is not lethal, but compromises cellular immunity and 

induces TH2-associated immune abnormalities due to a failure to suppress Th2-induction [85]. 
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Upstream regulators: the Tbet-promoter 

STAT1 and STAT4 control Tbet 

transcription, and the cis-acting elements 

by which they do so have been described 

recently [86-89]. Using chromatin 

immunoprecipitation (ChIP), both 

STAT4 and STAT1 were shown to bind 

an enhancer element approximately 13 

kb upstream from the T-bet-encoding 

DNA. This enhancer element is 

conserved between mouse and man and 

contains two STAT-binding elements. 

Mutations in a single of such STAT-

binding elements that abolish STAT-

binding reduced transactivation of T-bet 

by STAT4 and STAT1, while mutations 

in both elements abrogated 

transactivation completely. Moreover, the 

induction of T-bet was demonstrated to 

require sustained levels of 

phosphorylated STAT4. This induction 

of T-bet by sustained STAT4- and 

STAT1-signalling constitutes a simple 

element of signal-integration from the more complex interrelated signalling-circuits that control signal-

transduction by IL-12, IL-18 and IFNγ (summarised in Figure 3). 

In addition to cytokine-dependent transcription factors, the Tbet gene is also controlled by the abundantly 

expressed transcription factor Sp1, which binds a proximal enhancer element [90]. Sp1 is necessary for 

transcription, but does not seem to play a direct role in its regulation, as it is expressed in both naive and 

activated TH cells [91]. It has, however, been suggested to be a target for inhibitory proteins in the regulation 

of T-bet expression [90].  

Downstream targets:  

The group of Amy Weinmann has recently demonstrated by ChIP on chip analysis, that T-bet binds the 

promoters of a host of genes, including Ifng, Cxcr3, Ccl3, Ksr and Il2rb, of which it was also shown to enhance 

transcription [92]. These data confirm the role of T-bet in stabilising Ifng transcription. 

As for the other genes, the CXCR3 chemokine receptor is expressed in cell-types that express T-bet and 

has been shown to be highly up-regulated in TH1 cells. It constitutes an important G protein-coupled receptor 

and is involved in the recruitment of cells mediating cellular immunity to sites of infection [93]. CCL3 is a 

chemokine typically associated with a TH1 milieu [94]. The scaffolding molecule kinase suppressor of Ras 

(KSR) is a modulator of MAPK signalling and has been shown to couple Ras to Erk. KSR seems to play a very 

fundamental role in MAPK signalling in general, and it remains to be seen whether T-bet mediated up-

regulation has any specific function in TH1 cells [95]. T-bet mediated expression of the IL-2 receptor β-chain 

could complement prior TCR-signalling mediated up-regulation of the IL-2 receptor α-chain, to yield a 

complete IL-2 receptor complex. 

Binding of T-bet to target promoters does not necessarily result in target transcription. Weinmann and co-

workers showed that different cell-types, such as B cells, CD8+ T cells and NK cells respond differently to T-

bet-induction. Unsurprisingly, additional factors affect these genes. These may either directly affect T-bet 

function, regulate the assembly of the RNA-polymerase complex or interfere with other activators or 

repressors of transcription. 

One of such proteins was recently discovered by the laboratories of Ansel and Rao [96]. Runx3 belongs to 

the Runx family of transcription factors that contain the evolutionarily conserved DNA-binding Runt-

domain. Runx3 and Runx1 are both critically involved in CD4+ thymocyte development by controlling the 

Cd4 locus [97]. Ansel and Rao show that Runx3 is also involved in the silencing of Il4 and histone 

 
Figure 3 | Signal integration in T-bet expression 

TCR- and co-stimulation in the presence of IL-12 cause the initiation of the Th1-
differentiation programme, which includes two intertwined positive feedback loops. 
Inducers (bold) and their downstream signalling mediators feed into a signal 
integration network where simultaneous signalling of independent pathways are 
necessary to achieve effects further downstream (symbolised by “&”). These 
integrations can be either mediated by gene promoters or by other mechanisms, 
such as protein association or phosphorylation. The eventual expression of T-bet 
stabilises this pathway by enforcing the transcription of Ifng and Il12rb. Contributions 
of some other signalling pathways are likely, but have not been investigated yet 
(grey). 
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modifications of Ifnγ and that its expression is induced downstream of T-bet. Runx3 and T-bet were shown to 

bind the Ifnγ promoter cooperatively to enhance transcription, while formation of a ternary complex near a 
silencer (DNase I hypersensitivity site IV) of Il4 resulted in repression of transcription. This role of Runx3 in 

the repression of Il4 was independently corroborated [98]. Ansel and Rao also demonstrated that T-bet 

represses Il5 transcription without a need for Runx3. 

T-bet has similarly been shown to cooperate with RelA in the repression of Il2 transcription, which is 

dependent on T-betS385 phosphorylation [99]. In addition, there are indications that T-bet genetically 

synergises with T-bet-induced Hlx [100]. These additional molecules may reveal mechanisms for the 

regulation of T-bet functioning and help us understand how T-bet expression in different cell types affects 

transcription of target genes differently. 

How T-bet activates or suppresses its target genes is incompletely understood. Similar to other known T-

box transcription factors, it is known to recruit histone methyltransferase activity to promote epigenetic 

stabilisation of certain expression patterns. However, it has a trans-activating domain that acts independently 

from histone modifications to enhance transcription in a still unknown fashion [101]. 

Our understanding of the role of T-bet in TH1 lineage commitment has increased tremendously in the 

past five years. It is now clear that T-bet not only mediates TH1 phenotype in CD4+ T cells, but also other 

immune cells involved in cellular immunity. We now understand the molecular background of IFNγ and IL-

12 mediated induction of the TH1 lineage and this molecular background accounts for a true dependency on 

IL-12 and only enhancement by IFNγ, which had been shown in vitro. Further delineating the molecular 

details of protein-protein interactions that contribute to TH1-specific signal-integration may help to design 

pharmacological agents that specifically target and counter TH1-induction, which may be beneficial for 

patients receiving organ transplants and for the treatment of some TH1-driven autoimmune diseases. 
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Type 2 helper T cells 

General 

Physiological function 

Mosmann and Coffman defined TH2 cells as CD4+ T cells that produced IL-3 and IL-4 upon secondary 

stimulation [4]. Currently, we recognise IL-4, IL-5, IL-6, IL-10 and IL-13 as the type 2 cytokines [43]. A role 

for IL-4 and TH2 responses in allergic diseases was rapidly established [102] and TH2 cytokines had already 

been implicated in immune reactions evoked by helminths [103]. TH2 cytokines act on a wide variety of cells, 

such as B cells, eosinophils, basophils, mast cells, goblet cells, macrophages, epithelial cells and smooth 

muscle cells, which all contribute to the immune response [104]. Especially the effect of TH2 cells on the 

proliferation and antibody production of B cells is well-noted [105], as well as the capacity of IL-4 to induce 

IgE class-switching in B cells [106]. 

All in all, the TH2 phenotype promotes predominantly humoral immunity, and seems to be primarily 

directed against helminth infections and other extra-cellular micro-organisms. Aberrant activation of TH2 

responses has also been implicated in various immune-related diseases such as atopy and asthma, which are 

dependent on this humoral component [107-110].  

Signal transduction: inducers 

Studies of TH cell activation by anti-CD3 antibodies together with signature cytokines IL-12 and IL-4 of 

TH1 and TH2 cells, respectively, revealed that IL-4 is a potent inducer of the TH2 phenotype [111]. This 

notion itself is rigid and has withstood fifteen years of research on the topic, but the initial source of IL-4 for 

the induction of TH2 differentiation remains  controversial.  

It is clear that dendritic cells induce lineage commitment of naive T cells depending on various factors 

during their maturation [112, 113]. However, whether TH2-skewing properties of such APCs involve the 

secretion of IL-4 is still unclear. While the induction of IL-12 secretion by dendritic cells upon certain stimuli 

is well documented, there is little evidence that DCs can be induced to secrete IL-4. In a recent report, IL-4 

induced production of IL-4 by dendritic cells was demonstrated, but this IL-4 production could only be 

measured intracellularly [114]. Forced expression of IL-4 in dendritic cells fails to confer the capability to 

induce a TH2 phenotype and paradoxically enhances cytotoxic immune responses in vivo [115]. Moreover, IL-

4 receptor α-chain knockout TH cells respond similar to wild-type cells during the early phase of 

differentiation when incubated with dendritic cells and TH2-skewing antigens, suggesting a very limited role 

altogether of exogenous IL-4 in the first part of lineage commitment [113]. 

Due to the absence of a well-defined TH2-skewing signal by dendritic cells, other mechanisms of the 

induction of TH2 cells have been hypothesised. First of all, activated TH cells themselves secrete low levels of 

IL-4 [116]. It has been surmised that the TH2 pathway is a default pathway that is induced by autocrine IL-4 

and occurs when signals to do otherwise are absent. In support of this hypothesis, repeatedly stimulated naive 

T cells differentiate into TH2 cells in a neutral environment [116, 117]. In contrast to IL-2 and IFNγ, which 

are rapidly induced upon TH cell activation, robust IL-4 production is only observed after repeated 

stimulation [118]. The mechanism responsible for this TCR-signalling mediated induction of IL-4 is 

incompletely understood, but we will address research on this topic. 

It may also be surmised that APCs have other means to induce commitment to a TH2 phenotype, such as 

varying amounts of CD80 and CD86 co-stimulating molecules expressed on the cell surface, or yet unknown 

stimulatory molecules or that the strength of the pMHC-TCR interaction dictates lineage commitment. 

Another hypothesis to circumvent the lack of solid IL-4 expression of antigen-presenting cells, is the three-cell 

model introduced by Corthay [119], which involves a third cell to provide signal 3 to the activated TH cells. 

Mast cells or other TH2 cells have been suggested to fulfil this role for the induction of the TH2 phenotype.  

None of these hypotheses is mutually exclusive, and it is likely that several factors contribute to the 

development of TH2 cells. In this section we will focus on ‘default’ induction as the modern paradigm for the 

TH2 phenotype. Other contributions will be discussed in the ‘discussion’ section. 
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IL-4/STAT6 

Early Il4 transcription occurs independently from STAT6 [120], and seems to be controlled by specific 

complexes of AP-1 and NFAT [29]. AP-1 consists of dimers of Fos and Jun proteins, and interestingly Jun-Jun 

combinations cooperate most strongly with NFAT to induce transcription of Il4, but not Il2 [29, 121]. It has 

been suggested that gradual down-modulation of TCR-mediated Erk-activity leads to altered AP-1 

compositions later during TCR-engagement, allowing Il4 transcription. Another account implicates IL-6 

signalling in early IL-4 induction. IL-6 rapidly induces a TH2-specific transcription factor c-Maf, which is 

necessary for Il4 transcription [122]. Extending the list, early TCR-signalling dependent IL-4 induction was 

demonstrated to be dependent on transcription factor GATA3 and IL-2-STAT5 signalling. Both 

neutralisation of IL-2 during peptide stimulation and interfering with GATA3 expression abrogate early IL-4 

induction [123]. Finally, IL-4 induction has also been reported to rely on IRF4, which is downstream of 

NFAT signalling. IRF4 has been shown to form a ternary complex with DNA and NFAT1 on the IL-4 

promoter to potently induce IL-4 transcription [124]. 

Clearly, elucidation of the molecular mechanisms behind early Il4 transcription requires additional 

research. More factors possibly take part in the initial induction of IL-4, but also the separate contributions of 

the mentioned factors must be assessed and their effect on histone structure and recruitment of RNA 

polymerase II. As early IL-4 production constitutes a pivotal process in TH2-polarisation, control of the Il4 

locus can be expected to be extensive. 

Many cis-acting elements have been identified that regulate Il4 transcription and the entire TH2 cytokine 

locus encompasses approximately 80 kilobases. This region includes the genes for IL-5 and IL-13, which are 

in part co-regulated with IL-4. Conserved non-coding sequences (CNS) within this region correspond to sites 

hypersensitive (HS) to DNase I in TH2 cells (see Figure 4a). Interestingly, two of these sites are sensitive to 

DNase I in naive T helper cells, HS IV and V, which are also known as the Il4 silencer and enhancer, 

containing binding sites for T-bet and GATA3, respectively. DNase I hypersensitivity most likely reflects 

permissive histone H3 K9/14 acetylation and, in the case of HS IV, H3 K4 methylation and S10 

phosphorylation [125]. Activation of naive T helper cells under TH2-skewing conditions rapidly results in H3 

K9/14 acetylation of the HS III region, followed by other HS sites with retarded kinetics. In parallel, HS III 

and promoter CpG regions are demethylated and HS III CpG demethylation correlates with TH2 memory 

[126]. Upstream conserved sequences in the Rad50 gene contribute to transcriptional control of the Il4, as 

well as the Il5 and Il3 loci and are thought of as a locus control region. TH2 differentiation is associated with 

permissive histone acetylation and CpG demethylation of these sites and the these distant regulatory regions 

are found clustered within the nucleus [127]. The mechanisms responsible for this remarkable positioning 

remain elusive, although STAT6 and GATA3 have been implicated [128]. Intriguingly, a rather similar 

organisation of transcriptional enhancers and a locus control region is seen for the β-globin gene, which is 

controlled by GATA1, suggesting a more general role for GATA proteins in juxta-positioning distal 

regulatory elements [129]. 

Either way, there appears to be a distinct sequence of events that takes place in the TH2 cytokine locus 

and leads to ultimate TH2 commitment, the details of which remain to be determined. As far as understood 

now, STATs and GATA3 cooperate in early histone modifications of the Il4 locus to allow Il4 transcription 

and further remodelling of the entire TH2 cytokine locus. Epigenetic modifications of several sites allow 

subsequent Il4 induction upon TCR stimulation, possibly mediated by the many NFAT:AP-1 composite sites 

on the now accessible Il4 promoter. At this point, Il4 transcription is independent of GATA3, suggesting that 

GATA3 serves primarily to effect the permanent epigenetic changes in the locus. Juxta-positioning of the 

various control regions may aid in successive histone modifications of elements upstream from the Il4 

enhancer. 

Even though we do not know how the various transcription factors mechanistically effect Il4 

transcription, the present data suggest that the early induction of IL-4 occurs upon the integration of TCR, 

CD28 and IL-2 signalling, involving NFAT, STATs, AP-1, GATA3 and perhaps IRF4, which are indeed all 

provided by TH cell activation. 

IL-4 is recognised by the IL-4 receptor complex, which consists of an IL-4 receptor α-chain and the 

common γ-chain, CD132. Both are expressed on naive T helper cells [130]. Binding of IL-4 to IL-4Rα is 

thought to result in true dimerisation of the receptor complex, which causes phosphorylation and activation 
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of attached Jak1. This Jak subsequently phosphorylates several residues of IL-4Rα, generating a docking site 

for STAT6, which becomes phosphorylated and dimerises with other STATs to affect gene transcription. 

A number of genes have been shown to be under the control of STAT6, including those for IL-4, IL-4Rα, 

IL-13Rα2, TNFβ, CD40, suppressor of cytokine signalling (SOCS) 1 and BclxL [131]. STAT-6 mediated 

induction of IL-4 and IL-4Rα clearly constitutes another positive feedback-loop, reminiscent of TH1 

signalling. However, in contrast with TH1 induction, there is no clear link between the principal inducing 

agent, IL-4, and the master transcription factor GATA3, although some allusions have been made [132]. 

Master transcription factor: GATA3 

GATA3 belongs to the GATA family of transcription factors that bind to a specific DNA sequence 

[(A/T)GATA(A/T)]2 known as the GATA-box and has been found to be the master transcription factor for 

the TH2 phenotype. High levels of GATA3 are found in TH2 but not TH1 cells [133], transgenic mice 

 
Figure 4 | Signal integration in the control of Th2 differentiation 

A | Early induction of Il4 transcription is pivotal to Th2 polarisation and a focal point of signal integration. In fact, a vast genomic region is 
dedicated to its control that stretches from the upstream Il5 gene to approximately 8 kilobases downstream of the Il4-coding sequence, 
totalling an impressive 80 kb. The panel displays the genomic organisation of and mammalian conservation within the Il13 and Il4 loci 
(genome.ucsc.edu). Conserved sequences generally correspond to exons or sites hypersensitive (HS) to DNase I under certain 
conditions. Many of these have been implicated in the transcriptional control of the Il4 gene and contain important binding sites for 
transcription factors.  Several identified binding sites for transcription factors within these conserved non-coding sequences are shown 
above. Notable are HS IV, otherwise known as the Il4 silencer, and HS V, also known as the Il4 enhancer or conserved non-coding 
sequence (CNS) 2. These sites are sensitive to DNase I in naive T helper cells, whereas others are associated with differentiated Th2 
cells. HS IV contains closely spaced Runx and T-box binding elements that allow T-bet to suppress Il4 transcription. The Il4 enhancer 
contains various binding elements, capable of potently activating the Il4 promoter. This enhancer contains multiple GATA-binding 
elements that allow GATA3 to control early il4 transcription. B | Th2-differentiation requires at least signals by the IL-2 receptor, the 
TCR, CD28 and the IL-4 receptor (bold). These surface receptors transduce signals within the cell that are generally integrated by cis-
acting sequences on the DNA and protein-protein interactions and lead to the concerted activation of three positive feedback loops, 
consisting of GATA3 auto-induction, autocrine IL-2 and autocrine IL-4. GATA-3 is a heavily controlled player in the process, being 
controlled on the transcriptional level by STAT6 and itself, on the level of protein stability by Erk MAPK and on the level of nuclear 
translocation by p38 MAPK. The Il4 locus is a next important party in the control of Th2-polarisation and the exact interdependence of 
its inducers has not yet been determined. For now, it seems that especially the early induction of Il4 requires both STAT5 and GATA3. 
The scheme displays demonstrated relations, but several others are likely to exist. Based on the presence of multiple composite 
NFAT:AP-1 sites in the proximal promoter of Il4 it is likely that both are directly involved in the control of Il4 transcription, not shown 
here. Also, the presence of multiple cATP response elements in CNS-1 suggests a role for CREB. Other interactions that may be of 
importance, but of which the molecular mechanism has not yet been defined, are presented in grey.  
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expressing GATA3 under the control of the CD2 promoter show reduced TH1-, but elevated TH2-levels and 

in vitro GATA3 was demonstrated to be necessary for and directly activate IL-4 transcription [134, 135].  

Interestingly, GATA3 is a multifunctional transcription factor that takes part in several commitment steps 

during development. Accordingly, GATA3-/- mice boast severe developmental defects of the nervous system 

and liver, which are fatal [136, 137]. In addition, it is important for the development of mammary cells [138, 

139], and GATA3 haploinsufficiency has been implicated in a syndrome of combined deafness, 

hypothyroidism and renal dysplasia [140, 141]. Finally, GATA3 is involved in multiple steps in the 

development of thymocytes [142]. Apparently, GATA3 induction may have different effects in different cell-

types, which considerably complicates the interpretation of GATA3 function during TH cell polarisation. 

Adding to this, reports are inconsistent on whether GATA3 is or is not expressed in naive TH cells [143-145]. 

If it is pre-existent, what then is the role of GATA3 during TH2 polarisation? What prevents premature 

induction of TH2 lineage commitment in these naive cells, or what activates GATA3 during T cell activation? 

If it is absent prior to activation, how is Gata3 controlled? 

Controlling GATA3 

Although some relations between cytokine signalling and transactivation have been made, such as TCR- 

and IL-4/STAT6-mediated induction [132, 144], little is known about the induction of Gata3. GATA3 is 

known to control its own transcription. Only recently, Notch intracellular domain binding to the Gata3 

promoter has been found to mediate transcription in TH cells, which will be addressed in the discussion. 

Indirectly, NF-κB was found to be indispensable for GATA3 induction in CD4 T cells, as p50–/– T helper 

cells fail to up-regulate GATA3 and are defective in TH2 polarisation, while the TH1 differentiation pathway 

seems unaffected [146]. 

On the protein level, GATA3 is controlled by various mechanisms to achieve its specific activation during 

TH cell polarisation. First of all, it is functionally repressed in naive TH cells by the expression of friend of 

GATA-1 (FOG1), which is down-regulated upon activation by still unknown mechanisms [147, 148]. Friend 

of GATA proteins have been found to function as co-repressors in several systems [149-151] and in both 

mammalian FOGs (FOG1 and FOG2) this activity was compromised in N-terminal deletion mutants. 

Transcriptional repression was shown to be conferred by the N-terminal 12 amino acids containing the 

conserved sequence RRKQxxPxxI which is also present in several other zinc finger-containing transcriptional 

repressors [152, 153]. The N-terminal domains of FOG1 and FOG2 are capable of recruiting the NuRD 

repressor complex, which affects at least GATA1 and GATA4 gene transcription by histone deacetylation 

[154, 155]. It is likely that FOG1 similarly affects GATA3-mediated transcriptional activation and it would be 

interesting to investigate how FOG expression is controlled during T helper cell activation. 

Although GATA3 mRNA is abundant in naive TH cells, continuous ubiquitination of the protein by 

Mdm2 and subsequent degradation by the proteasome limit its protein levels [156]. Also, the Ras-Erk MAPK 

signalling pathway has been implicated in the inhibition of GATA3 degradation, providing a secondary 

control mechanism for GATA3 function [156]. The Polycomb group gene Bmi-1 has been shown to prevent 

polyubiquitination of GATA3 in TH cells and stabilise GATA3 levels, although this could not be functionally 

linked to Ras-Erk MAPK signalling. Bmi-1-knockout mice display skeletal and neurological defects and have 

reduced numbers of lymphoid cells. Naive T helper cells from these mice preferentially differentiate into TH1 

type cells when activated under neutral conditions, but are still capable of differentiating into TH2 cells when 

conditioned in the presence of IL-4 [157], suggesting that the protein most prominently affects early 

induction of IL-4 by GATA3. A second publication by the same group has shown that growth factor 

independent 1 (Gfi1) as a downstream target of Erk also stabilises GATA3. Gfi1-deficient T helper cells do 

not remodel histones in the TH2 cytokine locus and show increased GATA3 proteasomal degradation
1.  

Finally, it has recently been demonstrated that GATA3 function is controlled on a third level. P38 

mediated phosphorylation of GATA3 was shown to be crucial for importin-α-dependent nuclear 

translocation of GATA3. As such, p38 MAPK activation downstream of TCR-signalling facilitates GATA3-

dependent transactivation of TH2 target genes [145, 158].  

                                                        
1 Shinnakasu, R., Yamashita, M., Kuwahara, M., Hosokawa, H., Hasegawa, A., Motohashi, S., Nakayama, T.. Gfi1-mediated stabilization of 

GATA3 protein is required for Th2 cell differentiation. J. Biol. Chem. 2008 August 13 (Epub ahead of print) 
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The relevance of each of these regulatory pathways on TH cell lineage commitment in vivo must still be 

investigated. However, for now it appears that GATA3, whether present or induced, is kept in an at least 

partially inactive state in naive TH cells by the co-expression of FOG1, rapid proteasomal degradation and 

hampered nuclear translocation. These negative control mechanisms are relieved upon TCR- and co-

stimulation, allowing GATA3 to assist in the early induction of IL-4. 

Moreover, GATA3 is a rather promiscuous protein and has been shown to interact with CREB, Sp1, 

AP4, FOG, Bmi-1, Pias1, Smad3 and T-bet [159-162]. Other GATA proteins are known to physically interact 

with AP-1, YY-1, Runt transcription factors and PU-1 (reviewed in [163]), which may be of importance for 

GATA3 as well. Clearly, GATA3 is highly regulated and has potent means of integrating multiple signals. 

The relevance of many of these in T helper cells remain to be assessed. 

Downstream targets of GATA3 

GATA3 is currently believed to stabilise TH2 lineage commitment in three ways [164]. Its chief function is 

to induce epigenetic changes in the TH2 cytokine locus to enforce the transcription of major TH2 cytokines 

IL-4, IL-5 and IL-13 in progeny. GATA3 has also been noted to induce histone rearrangements around the 

Il10 locus, although this is insufficient for transactivation [165]. The Il5 and Il13 genes are dependent on 

GATA3, as their transcription is completely abrogated in the absence of GATA3 [166, 167], but this is not 

the case for Il4, which is also responsive to many other factors described previously. 

In addition, GATA3 down-regulates STAT4 and thus TH1-inducing signals, which would otherwise result 

in GATA3-inhibitory T-bet expression [168], and it finally synergises with growth factor independent-1 (Gfi-

1), which is downstream of STAT6, to selectively expand TH2 cells [169, 170]. 

On the whole, the commonly used in vitro polarisation experiments, although effective, do not seem to 

reflect the true in vivo priming conditions in which IL-4 as external inducer may assist in but by no means is 

the chief physiological inducer of TH2-polarisation. In such in vitro experiments, IL-4 is added in the range of 

10 ng/mL [171, 172], even though such levels are rarely if ever attained in germinal centres and peripheral 

blood where levels are approximately three orders of magnitude lower [173-176]. 

In this sense, IL-4 appears to play a role secondary to earlier inductive signals, analogous to IFNγ for TH1-

polarisation, and the linear perspective on TH2-induction involving IL-4 as inducer appears to be obsolete. 

This confers all the more importance to the processes that precede early Il4 induction and these most 

prominently include the signals that control GATA3. These will be addressed further in the discussion. 



Getting the message through; signal transduction and integration in T helper cell lineage commitment  

19 

Regulatory T cells 

General 

Physiological function 

During the early 1970s it became clear that T cells are not only capable of augmenting immune responses, 

but that a subset of these cells is capable of specifically suppressing such reactions. Gershon and Kondo [177] 

revealed that in the absence of thymic cells, thymectomised, lethally irradiated and bone-marrow 

reconstituted mice were incapable of eliciting a tolerant state to high doses of antigen, whereas similarly 

treated mice acquire stable tolerance when 15 million thymic cells are given. This seminal finding sparked a 

new line of research, which confirmed tolerogenic properties of subsets of T cells, but failed to identify the 

cells involved. The lack of markers that consistently correlated with these suppressive abilities ultimately led 

to reduced interest until the identification of CD25 (the IL-2 receptor alpha-chain) as a positive marker for 

regulatory T cells by Sakaguchi and co-workers [178]. Depletion of CD4+CD25+ cells from CD4+ cell 

suspensions derived from normal mice prior to inoculation into athymic nude mice resulted in various lethal 

autoimmune reactions, which could be prevented in a dose-dependent manner by adding CD4+CD25+ cells 

shortly thereafter (reviewed in [179]). 

The way in which this subset of TH cells effectuates its suppressive activities is even today poorly 

understood. There have been accounts stating that this group is quite heterogeneous and comprises different 

functional subsets. On the one hand, thymus-derived naturally occurring regulatory T cells (nTREG) are 

believed to suppress responder cells in a cell contact-dependent, TCR-dependent fashion that does not 

require IL-10 or transforming growth factor β (TGFβ). These cells are thought to arise from a unique 

differentiation pathway during positive and negative selection of thymocytes in the thymus and are 

predominantly involved in self-tolerance [180]. As these cells do not arise from the peripheral population of 

naive T helper cells, these will not be discussed in depth. 

In the periphery, on the other hand, CD4+CD25- naive T cells may be induced to differentiate into IL-10 

or TGFβ expressing regulatory T cells. These are sometimes subdivided into IL-10 secreting regulatory type 1 

cells (Tr1) or TGFβ secreting TH type 3 (TH3) cells. However, there is no strict distinction between these 

populations and most induced regulatory T cells express both immunosuppressive cytokines, although the 

expression of one immunosuppressive cytokine may predominate [181, 182]. These induced regulatory T cells 

have been reported to have mostly contact-independent suppressive abilities and are known to play a very 

important role in maintaining a tolerant state in the gut mucosa to food antigens and commensal bacteria. 

Furthermore, they protect against certain autoimmune reactions and depleting such populations leads to 

disruption of tolerance in various mucosal tissues, anaemia and autoimmune disease of muscular tissues 

(reviewed in [183]). However, peripherally induced regulatory T cells that recognise non-self antigens and 

suppress immune reactions in a contact-dependent manner have also been reported (reviewed in [184]). 

Perhaps the heterogeneity ascribed to regulatory T cells is more so a reflection of differences in the assays 

used to assess suppressor activity than of true intrinsic differences. Another interesting possibility is that there 

are various degrees to which regulatory T cells can be induced in the periphery and that these correspond to 

the utilisation of specific suppressive mechanisms. 

Regarding regulatory T cell function, while contact-independent effects are generally attributed to TGFβ 

and IL-10, a plethora of molecules has been implicated in cell-mediated suppression, including 

glucocorticoid-induced TNF receptor-related protein (GITR), CTLA-4 and granzymes (reviewed in [185]). 

Recent work has demonstrated that also ectoenzymes CD39 and CD73 play a key role in suppression by 

producing immunoregulatory extracellular adenosine and that regulatory T cells may shed TNFR [186]. It is 

important to keep in mind that regulatory function does not restrict itself to other T cells, but may also affect 

other immune cells, including antigen-presenting cells. For instance, recognition of cognate pMHC by a 

regulatory T cell on dendritic cells is known to relay tolerogenic signals to the dendritic cell via CTLA-4 [187]. 

As for contact-independent mechanisms, the immunosuppressive cytokines IL-10 and TGFβ affect the 

immune response in a multitude of ways. IL-10 interferes with CD28 co-stimulation and thereby elevates the 

threshold for anergy and clonal deletion upon activation of T cells. TGFβ and IL-10 stimulate B cells to 

switch to the production of tolerant immunoglobulin subtypes IgA and IgG4, respectively. Both can suppress 



Regulatory T cells 

20 

antigen presenting cells, such as by down-regulating FcεRI, MHC class II, co-stimulatory molecules and by 

inhibiting maturation. IL-10 also induces APCs to secrete TGFβ, which in turn aids in the polarisation to a 

regulatory phenotype of other TH cells (reviewed in [188]). 

The following discussion restricts itself to the peripheral induction of regulatory T cells (simply TREG), 

regardless of further distinctions as TH3, Tr1 or contact-dependent adaptive regulatory T cell. The thymic 

development of naturally occurring TREGs is beyond the scope of this thesis. 

Signal transduction: inducers 

Functional regulatory T cells can be induced in vitro by TCR- and co-stimulation in the presence of TGFβ 

and IL-10 [189, 190]. These in vitro cultured cells can protect recipient mice against several immune diseases, 

such as autoimmune colitis [191] and type 1 diabetes [192]. Similarly, certain mature and immature dendritic 

cells are known to be capable of inducing such regulatory T cells in an IL-10 and TGFβ-dependent fashion 

[193, 194]. Although induction of regulatory type TH cells may occur both through IL-10 and TGFβ, both 

types of adaptive TREGs, as well as natural TREGs depend on TGFβ for their maintenance and activity [195, 

196]. TGFβ thus appears to be the principal cytokine for adaptive regulatory T cells. 

TGFβ in mammals constitutes a family of three highly conserved members, named TGFβ1, TGFβ2 and 

TGFβ3. The generation of bio-active TGFβ from monomeric pre-propeptides involves several processing 

steps, aptly described elsewhere [197]. It suffices for this context to mention that neither transcription nor 

secretion of TGFβ directly correspond with downstream effects. The bio-active form consists of a covalently 

linked homo- or –less commonly – heterodimer of either of the three isoforms. Despite the high degree of 

similarity between the isoforms, there are differences in their activating properties and TGFβ1 is the chief 

player in regulatory T cell maintenance and induction.  

TGFβ 

Binding of active dimeric TGFβ to its receptors, TGFβ receptor type I and type II, leads to the formation 

of a heterotetrameric signalling complex in which the type I and type II receptors, which are both Ser-Thr 

kinases, are placed in close proximity to each other. This allows the constitutively active type II receptor to 

phosphorylate and activate the type I receptor, which then continues to recruit and phosphorylate receptor 

regulated Smad protein 3 (R-Smad 3). Phosphorylated R-Smads form complexes with the common mediator 

Smad 4 (Co-Smad 4), which are translocated to the nucleus where they bind GTCT-repeat containing DNA 

to initiate chromatin remodelling. However, TGFβ is known to activate and cross-regulate other pathways 

and both canonical Smad-dependent and alternative MAPK-dependent signalling seem important for the 

induction of regulatory T cells by TGFβ. 

TGFβ receptors are expressed ubiquitously on most tissues, and also naive T helper cells express the type I 

receptor. Upon TCR-stimulation, both the type I and type II receptors are up-regulated, allowing TGFβ-

signalling [198-200]. Accordingly, activated TH cells are sensitive to TGFβ only after 24 to 48 hours, requiring 

first the induction of the type II receptor [201]. This effect seems to be dependent on p38 MAPK-signalling 

after TCR-stimulation [198, 202]. One may surmise that this delay sets a time-frame in which the activated T 

cell collects accumulating pro-inflammatory signals to initiate differentiation into one of the pro-

inflammatory effector fates. In the relative absence of pro-inflammatory signals the T cell will commit to the 

regulatory lineage once a complete receptor is generated.  

Comprehensive studies to identify Smad3 target genes have not been performed, but Smad3 has been 

shown to be involved in the marked induction of CD25 (IL-2Rα) seen in TREGs and concomitant IL-2 down-

regulation [203]. The TGFβ-response element is well-defined for the CD25 promoter and consists of three 

GTCT-repeats 7.6 kb upstream of the transcription initiation site and is flanked by binding sites for AP-1 and 

CREB/ATF. Mutations in one of these binding sites profoundly diminishes the TGFβ-mediated induction, 

effectively integrating two TCR-signals with the TGFβ-signal [204]. Other important Smad3 target genes are 

TGFβ1 itself (co-regulated by Erk and p38) [205], IL-10 (co-regulated by GATA3) [161, 206], and Foxp3 (co-

regulated by NFAT, AP-1 and CREB) [207].  

Curiously, although the importance of the MAPK-signalling arm of TGFβ has been demonstrated in 

various cell types, its importance in lymphocytes has not been investigated. For one, SHP-1-dependent 

activation of the Erk-signalling pathway by TGFβ is important for the inhibition of Ifng transcription and 

thus for antagonising TH1 lineage commitment [208]. 
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Signal integration: Foxp3 

General 

An X-linked, lethal immunoproliferative disorder in mice, characterised by proliferation of and tissue-

infiltration of TH cells and increased levels of various cytokines was found to be caused by a frameshift-

mutation in the Foxp3 gene [209], revealing its importance to immune regulation. Shortly thereafter, various 

mutations in human transcription factor Foxp3 were demonstrated to underlie a similar human disorder: 

immune dysregulation, polyendocrinopathy, enteropathy, X-linked syndrome (IPEX) [210-212]. The groups of 

Shimon Sakaguchi and Alexander Rudensky continued to show that ectopic expression of Foxp3 in naive TH 

cells induced regulatory properties, establishing Foxp3 as main transcription factor for regulatory T cells [213, 

214]. 

Upstream mediators 

The Foxp3 locus comprises a stretch of roughly 14 kb on the genome. Its minimal promoter is weak, 

probably due to the suboptimal position of the TATA-box. The transcription initiation site is followed by 

three exons (-2a, -2b, -1) that precede the AUG start codon and thus do not encode protein. The -2b/1 intron 

is large, covering approximately 5 kb of the locus and contains several conserved sequences that have been 

implicated in transcriptional control (see Figure 5). 

The Foxp3 promoter contains several conserved NFAT and AP-1 binding elements which are essential for 

Foxp3 transcription [215]. The fact that Foxp3 transactivation does not occur in the presence of 

calcineurin/NFAT-inhibitor cyclosporine A, evidences the crucial contribution of NFAT transcription factors 

to Foxp3 induction. Interestingly, though, NFAT is not required for Foxp3 transcription in differentiated 

regulatory T cells, suggesting that initial activation may lead to epigenetic changes that allow transcription in 

the absence of further active signalling [215]. 

Apart from TCR-mediated control of Foxp3 by NFAT and AP-1 in the promoter region, T cell receptor-

signalling also regulates Foxp3 transcription through the activation of cyclic AMP response element binding 

(CREB) protein downstream of Ca2+-influx. An intronic enhancer that lies within a CpG island 

approximately 4.4 kb downstream of the transcription initiation site in the -2b/1 intron contains a 

CREB/ATF binding sequence that is important for Foxp3 transcription [216]. 

Adding to the list of regulators, a role for IL-2/STAT5 signalling in the development of regulatory T cells 

has long been suggested.  The mere fact that the interleukin-2 receptor alpha chain has been the initial 

marker for regulatory T cells would imply a functional role of IL-2 in these cells. Interfering with IL-2/STAT5 

pathway by administration of anti-CD25 or anti-IL-2 antibodies leads to autoimmune disease and mice 

deficient in IL-2 or its downstream signalling molecules, the IL-2 receptor α-chain, the IL-2 receptor β-chain, 

or STAT5 all develop lethal autoimmune disease [217-221]. These disorders have been linked to aberrations 

in the regulatory T cell compartment for STAT5 and IL-2Rβ deficiencies, indicating that this signalling 

pathway is necessary either for the development or for the maintenance of TREGs. In the past year, STAT5 was 

shown to be essential and sufficient for the induction of Foxp3 by binding three evolutionarily conserved 

STAT5 binding elements in the Foxp3 promoter, providing the long sought-for connection between 

suppressor cells and their cardinal phenotypic marker [222]. 

As mentioned previously, Foxp3 is regulated by TGFβ. In fact, the ability of TGFβ to induce Foxp3 and thus 

regulatory function has been elaborately described and was first shown only months after the influential 

discovery of Foxp3 involvement in regulatory T cell function [190]. A TGFβ-responsive enhancer was 

discovered only recently, using luciferase reporter constructs under the control of the Foxp3 promoter that 

contained various stretches of conserved sequences from the Foxp3 genomic region. These experiments 

revealed the presence of a conserved enhancer element, containing NFAT and Smad3-binding sites, 

approximately 2.1 kb downstream of the transcription initiation site, which is required for transcription 

[207]. Binding of Smad3 and NFAT result in histone H4 acetylation of the enhancer, again providing a 

means of epigenetically memorising the given signal. Interestingly, whereas NFAT was found to be associated 

with the enhancer both early and late during activation, Smad3 only binds the enhancer in the first 24 hours 

of activation, hinting towards negative feedback mechanisms of TGFβ signalling on the one hand, but also 

towards a lack of dependence on Smad3 for sustained transcription, underlining the hypothesis that the 

enhancer is capable of memorising prior activation. 
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All in all, the picture now arises that stable Foxp3 induction requires activation of multiple pathways in a 

temporally coordinated fashion, providing simultaneous NFAT, Smad3 and AP-1 activation leading to 

permanent permissive histone modifications in the Foxp3 promoter and enhancers. Apart from these 

‘memorised’ signals, expression remains dependent on STAT5, corresponding to the in vivo experiments with 

neutralising antibodies showing dependence of TREGs on IL-2 signalling (summarised in Figure 5). 

Downstream targets of Foxp3 

Foxp3 forms complexes with NFAT and NF-κB transcription factors on composite binding sites, which 

can either repress or activate target gene transcription [223, 224]. Such composite sites may contain 

suboptimal binding sequences that fail to effectively recruit the single transcription factors and only form 

stable complexes with both. Some of the effects of cooperation between Foxp3 and NFAT have been 

described excellently, showing that this complex coordinates the down-regulation of Il4 and Il2 and the up-

regulation of Ctla4, Cd25 and Tlr10 [223]. This hybridoma-study also revealed that microRNA-155, which is 

thought to be involved in TREG proliferation is controlled by Foxp3. 

It has been suggested that Foxp3 functions to antagonise much of the normal transactivational activities 

of NFAT and NF-κB, although we now know that at least for Ctla4 and Cd25, this is not the case. Such a 

 
Figure 5 | Signal integration in TREG lineage commitment; the Foxp3 locus 

Many signals contribute to the regulatory T cell differentiation programme and the majority of these signals are integrated in the process 
of the induction of the master transcription factor of the lineage, Foxp3. A | Both the human and murine Foxp3 genes boast a large first 
intron that contains two conserved non-coding regions and together with the promoter account for the presently known conserved cis-
regulatory elements. These elements allow the integration of IL-2/STAT5, MAPK, calcium flux and TGFβ signals to control the 
regulatory T cell fate. In addition, the presence of GATA3-binding sites in the proximal Foxp3 promoter facilitates cross-regulation 
between the TH2 and TREG fates, where binding of GATA3 inhibits transcription. (Transcription start site: TSS) B | The regulatory T cell 
differentiation programme requires inputs from the TCR, co-stimulation, IL-2 and TGFβ. Their intracellular signal transducers are 
involved in many integration processes (&), where simultaneous activity of multiple signals is required to produce a downstream effect. 
Most pivotal in this matter is control of the induction of the master transcription factor Foxp3, which requires all the mentioned signals. 
Other interesting transcriptional targets of the programme are Tgfb and Cd25, which further feed the differentiation system. They also 
constitute major features of induced regulatory T cells, suggesting that at least the expression of CD25 and TGFβ can be independent 
from Foxp3 as long as TCR signalling persists. The expression of Foxp3 subsequently stabilises this expression pattern, suppressing Il2 
and promoting Cd25 and Ctla4. Gray areas remain, though, as we do not know exactly how crucial the contribution of each pathway is 
for the transactivation of target genes, nor have the effects   
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general repressive function of Foxp3 has also been suggested for CREB by direct interaction with p300, a co-

activator of CREB [225]. 

Microarray and chromatin immuno-precipitation studies with hybridoma cells have been helpful in the 

elucidation of many target genes of Foxp3. First of all, they confirm that Foxp3 does not act alone. Forced 

expression of Foxp3 in non-activated cells has little effect on gene expression, while in similar cells stimulated 

with PMA and ionomycin 1% of all genes were found to be differentially regulated by Foxp3. Furthermore, 

direct targets of Foxp3 account for only 6% of the genes differentially regulated in regulatory T cells, hinting 

towards the presence of other transcription factors or altered signalling pathways that may or may not be 

downstream of Foxp3. MicroRNA-155 may contribute to a number of these genes. Direct targets of Foxp3 

include Il2, Itk, Zap70, Jak2, Pde3b and Ptpn22, which are both bound and down-regulated by Foxp3 and Icos, 

Adfp, Ly6a and Ramp1, which are bound and up-regulated by Foxp3. It is striking that those genes that are 

down-regulated by Foxp3 constitute members of activation and proliferation pathways, accounting for the 

relative unresponsiveness of TREGs to TCR-stimulation [16]. It will be important in the future to investigate 

how other genes that are differentially expressed in TREGs are regulated and whether Foxp3 plays a role in 

their regulation. 

Thus, a relatively well-characterised signalling network underlies the induction of Foxp3 in response to 

TGFβ, IL-2, TCR and co-stimulatory signals and Foxp3 itself accounts for many typical features of regulatory 

T cells. An important issue that requires attention is the lack of direct effects of Foxp3 on the production of 

IL-10 and TGFβ seen in peripherally induced regulatory T cells. 
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IL-17 secreting T helper cells 

General 

Physiological function 

IL-17 secreting T helper cells (TH17) are the latest addition to the T helper cell repertoire and were first 

discovered as a distinct subtype present in Peyer’s patches in the gut. IL-17 is a long-known pro-inflammatory 

cytokine and actually comprises a family of similar proteins named IL-17A through F, of which TH17 cells 

express only the A and F variants. 

First hints towards the existence of an additional TH-subset were deduced from the fact that in some 

animal models for autoimmune disease, thought to be TH1 mediated, ablation of typical TH1 cytokines and 

their signalling components were unable to abrogate and could even exacerbate disease. Mice deficient in 

STAT1-, IFNγR-, IL-12p35- and IL-12Rβ2, can still develop experimental autoimmune encephalitis (EAE), 

questioning a role for TH1 responses. Conversely, in mice deficient in IL-23 components, which include the 

IL-12p40 chain and a specific IL-23p19 chain, the induction of EAE is compromised. When further 

scrutinised, the ability to induce EAE was found to be associated with the capacity of CD4+ T cells to secrete 

IL-17 and this IL-17 secreting T helper cell subset was shown to be dependent on IL-23 for survival [226].  

With the direct link towards prominent autoimmune disorders, these initial findings of little more than 

two years ago have attracted much attention. Important elements of TH17-induction have been elucidated 

and TH17 cells have been implicated in a number of healthy and adverse immune responses. TH17 cells are 

believed to function to combat extracellular microbials and interference with TH17 pathways leads to 

increased sensitivity to, for example, the gram-negative bacterium Klebsiella and fungus Candida albicans. IL-17 

produced by TH17 cells indirectly stimulates granulopoiesis to feed on-going ‘innate’ inflammatory responses 

and aids the recruitment of these cells to infected tissues by up-regulating the production of chemokines on 

epithelial and endothelial cells. IL-17 is also capable of stimulating the secretion of defensins in at least the 

pulmonary mucosa. 

Due to the relative novelty of this lineage, our understanding of the molecular processes behind its 

induction remain limited. Moreover, several recent publications have extensively addressed the rather limited 

data on signal transduction and integration in TH17 induction [227-230]. As such, this chapter mostly 

summarises these findings and places them in the context of general T helper cell lineage commitment. 

Signal transduction and integration 

Inducers: IL-6, IL-21, IL-23 and TGFβ 

The mechanisms that control TH17 induction have not been delineated completely. IL-23 was the initial 

prime candidate for TH17 induction due to the established requirement for IL-23 signalling in various TH17-

mediated disease models. However, IL-23 is a poor inducer of differentiation of naive T helper cells to TH17 

lineage in vitro and TGFβ and IL-6 together were soon shown to be more efficient in inducing IL-17 

producing T cells in mouse. Interestingly, this combination of cytokines does not efficiently induce 

polarisation to the TH17 fate in human cells, while IL-6 together with IL-1β does [231]. In contrast to 

experiments with murine cells, TGFβ in concentrations between 1-25 ng/mL were shown to inhibit TH17 

induction in vitro, but it has subsequently been shown in serum-free polarisation experiments that low 

concentrations of 0.001 to 1 ng/mL of TGFβ are in fact required for differentiation to the TH17 lineage in 

the human system as well. 

More recently, in vivo studies with IL-6 deficient mice have demonstrated that an alternative pathway to 

TH17 induction exists that is dependent on the IL-21 receptor and that naive mouse T helper cells can be 

polarised to the TH17 lineage by IL-21 together with TGFβ, although less efficiently than by IL-6 and TGFβ 

[232, 233]. These findings have been corroborated in human cells, where IL-21 was found to be a more 

efficient inducer of IL-17 producing cells than IL-6 [234]. 

Current data suggest that in vitro TH17 induction in both mouse and man requires low levels of TGFβ, IL-

1β and either IL-6, IL-21 or IL-23 [231, 235]. The individual roles of IL-6, IL-21 and IL-23 in vivo requires 
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additional research, although mice deficient in any of these cytokines or their receptors show major 

impairments in IL-17 secretion. It has been suggested that APC-derived IL-6 and IL-1β serve to induce the 

expression of the IL-23 receptor and IL-21 on the activated T helper cell, allowing subsequent autocrine IL-21 

and APC-derived IL-23 to further promote TH17 lineage commitment [236]. However, separate roles for IL-

21 and IL-6 dependent TH17 polarisation may also exist, as IL-21 or IL-21R deficient mice become resistant 

to hapten-induced colitides, but remain capable of inducting TH17 cells in experimental autoimmune 

encephalitis models [237-239]. 

 

IL-6, 21 and 23 share STAT3 as 

common mediator of signal transduction, 

which is crucial for commitment to the 

TH17 lineage in both human and mouse 

[240-244] (see Figure 6). STAT3 binds 

and transactivates the Il17 and Il21 

promoters and is also capable of inducing 

the IL-23 receptor [245]. Furthermore, 

STAT3 has been shown to regulate the 

transcription factor retinoid-related 

orphan receptor γ of T cells (RORγt), 

which has been put forward as the master 

transcription factor for the TH17 lineage 

as ectopic expression markedly induces 

and silencing diminishes IL-17 

production [230, 244]. RORγt seems to 

be partially redundant as RORα is also 

capable of inducing IL-17 [246]. IRF4 has 

been implicated in TH17 induction as 

well [247]. 

Research on the molecular effects of 

TGFβ and IL-1β-signalling with respect 

to TH17-induction is yet rather limited, 

but TGFβ has been shown to induce the 

expression of RORγt [231]. The coming 

years will undoubtedly give more insight into the roles played by TGFβ and IL-1β and the physiological 

function of the various STAT3 cytokines in TH17 induction. 

 
Figure 6 | Signal integration in TH17 induction 

Much remains unknown about the exact mechanisms that govern signal integration 
in the TH17 differentiation programme. At the moment our knowledge is mostly 
restricted to STAT3-signalling cytokines and RORα/RORγt master transcription 
factors. IL-6 induces the expression of the IL-23 receptor and IL-21, constituting a 
positive feedback-loop. In addition, STAT3 promotes the transcription of ROR 
master transcription factors required for the transactivation of the Il17 gene. TGFβ 
and IL-1β are necessary for TH17 induction, but downstream effects remain to be 
elucidated. TGFβ at low concentrations induces RORγt, but the relevance of this 
effects has not been determined. It is also very likely that simultaneous TCR-
signalling is necessary for many of these transcriptional events to occur, but this 
dependence has not been investigated and the contribution of these signalling 
pathways therefore remains obscure (gray). It is interesting to remark the 
dependence of TH17 differentiation on the transcription factor IRF4, which is 
downstream of NFAT and known to be involved in Il4 transcription in TH2 lineage 
commitment. Clearly, TCR signals are important and demand more attention than 
they have received so far. 
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Mutual exclusivity of pathways 
The four TH cell lineages arise 

from a single regulatory network, a 

factor which often receives less 

attention than it should. T cell 

activation renders T helper cells 

responsive to various signals, after 

which all pathways are activated to 

some extent and inter-regulatory 

mechanisms stabilise a specific 

commitment. Naive T helper may 

undergo apoptosis, become anergic 

or differeniate into one of the 

described effector lineages. 

In vitro manipulation of the 

cytokine milieu is relatively 

straightforward, allowing the 

controlled activation of several 

pathways that may selectively 

produce a single homogeneous 

population of effector TH cells. In 

vivo, however, many different 

cytokines may be present at the 

same time at different 

concentrations necessitating 

rigorous cross-regulatory 

mechanisms to select a specific 

lineage. Accordingly, a number of 

cross-inhibitory mechanisms have 

been defined that play a crucial role 

in vivo to control the commitment 

of naive TH cells to a certain 

compartment. 

Downstream effects: Master transcription factors 

Master transcription factors play a central role in lineage stabilisation and enforced expression of any of 

the master transcription factors inhibits the induction of the other lineages (although this is not formally 

shown for GATA3 and T-bet in TH17 induction). Indeed, T-bet and GATA3, master transcription factors of 

the TH1 and TH2 lineages, both take part directly in the mutual inhibition of TH2 and TH1 polarisation, 

respectively, and they have been implicated in the inhibition of TREG induction, but mechanisms behind 

these latter activities remain largely undefined [134, 254]. More recently, Foxp3 was shown to directly inhibit 

RORα and RORγt functions by physical association, thus inhibiting TH17 induction. 

With respect to GATA3-mediated inhibition of TH1 polarisation, one clear effect is its down-regulation of 

the critical mediator of IL-12 signalling, STAT4, on the transcriptional level [168]. Suppression of Stat4 leads 

to suppressed IL-12 signalling and therefore a block in the positive feed-back loop of TH1 induction with 

IL12Rβ. This constitutes a straightforward and direct mechanism for the inhibition of TH1 induction by 

GATA3. If STAT4 suppression is blocked by enforced expression, cells’ responsiveness to TH1 inducing 

stimuli is retained, confirming a crucial involvement of STAT4 in this effect. GATA3 has been shown to 

inhibit regulatory T cell induction in a similar manner by binding the Foxp3 promoter and repressing its 

transcription [255]. 

T-bet has been suggested to directly manipulate GATA3 function through a most intriguing Itk-

dependent mechanism [256]. In an elegant study by the group of Laurie Glimcher, Itk, which is a Tec kinase 

Table1 | Molecular mechanisms of reciprocal inhibition 
T helper cells display a number of mechanisms to stabilise lineage commitment by 
negative regulation of other fates. This table summarises our current perspective of how 
each lineage (across) inhibits the induction of other lineages (down). Master transcription 
factors feature often in these cross-regulatory mechanisms, attesting to their importance 
in stabilisation of lineage commitment. The autocrine positive feedback loops also 
contribute to mutual exclusion, chiefly through the differential induction of suppressors 
of cytokine signalling (SOCS) proteins. Other mechanisms not elaborately discussed in 
the text include the induction of SH2 domain-containing phosphatase 1 (SHP-1) by TGFβ, 
which antagonises IFNγ/STAT1 and IL-4/STAT6 signalling [208, 248, 249]. This likely 
involves recruitment to immunoreceptor tyrosine-based inhibitory motifs on the 
receptors and subsequent deactivation of associated Jaks. Conversely, IFNγ signalling 
inhibits TGFβ/Smad signals by virtue of the induction of inhibitory Smad7 in epithelial, 
hepatic stellate  and HeLa cells, although it remains to be seen whether this occurs in T 
helper cells as well [250-252].  See also appendix 1. 
* in mouse, likely not conserved in human [253]. 

 TH1 TH2 TREG TH17 

TH1 X 

GATA3 
represses Stat4 

SOCS1/3 

SOCS1/3? 

TGFβ1 induces 
SHP-1  

Foxp3 represses 
Jak2 

SOCS1 

TH2 

T-bet sequesters 
GATA3 

Bcl6 inhibits 
GATA3 

T-bet represses 
Il4 

X 

SOCS1  

TGFβ1 induces 
SHP-1  

 

SOCS1 

TREG 

T-bet represses 
Il2  

IFNγ induces 
Smad7  

GATA3 blocks 
Foxp3 

STAT6 blocks 
Foxp3* 

X ? 

TH17 SOCS3 SOCS3 

Foxp3 blocks 
RORγT/RORα 

SOCS3  

Foxp3 represses 
Jak2 

X 
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downstream of TCR-activation that is present in both cytoplasm and nucleus, was shown to phosphorylate 

tyrosine residue Y525 of T-bet. In turn, phosphorylated T-bet forms a complex with GATA3 supposedly 

sequestering GATA3 from the DNA. In support of this hypothesis, Il5 promoter binding by GATA-3 is 

diminished in cells expressing T-bet, but not in cells expressing a phosphorylation-insensitive Y525F T-bet 

mutant. Thus, increasing levels of T-bet when accompanied by sustained TCR-signalling can directly inhibit 

TH2 polarisation. 

It has also been suggested that T-bet suppresses TH2 induction on the level of IL-4 transcription, as ectopic 

expression of T-bet reduces the promoter activity of Il4 [257]. This report, however, does not demonstrate T-

bet binding to any specific elements within the TH2 cytokine locus and this effect could very well be actually 

due to the previously mentioned interference of T-bet with GATA-3 function. A second report, however, 

elaborates on this effect and the HS IV site of the Il4 gene was demonstrated to contain T-bet/Runx3 

composite sites which mediate silencing of the Il4 gene. Repression required both T-bet and Runx3 

downstream of T-bet [96]. Analogous to GATA3-mediated transcriptional repression of Il12rb2,  this  disrupts 

the TH2 positive feedback loop fed by IL-4 to limit further TH2 polarisation. 

A final, indirect mechanism ascribed to T-bet in down-regulating TH2-polarisation is by induction of B cell 

lymphoma 6 (Bcl-6). Bcl-6 is a transcription factor and is known to reduce GATA3 levels on the post-

transcriptional level and thereby inhibiting TH2 induction [73, 258]. GATA3 protein levels are significantly 

reduced upon retroviral expression of Bcl-6, but GATA3 mRNA levels remain constant. It seems that Bcl-6 is 

either capable of modulation GATA3 degradation or controls GATA3 translation. 

With all these effects of T-bet in mind, loss-of-function mutations in Tbet are unsurprisingly associated 

with increased TH2 activity and asthma, indicative of cross-regulatory mechanisms and their importance 

[259]. 

Recent findings suggest that similar mechanisms exist for the TH17/TREG differentiation pathways. Foxp3 

is expressed as two splice variants in human, with the shorter isoform lacking exon 2. Both forms seem to be 

equally abundant and similarly controlled, but only the longer isoform was demonstrated to bind RORα and 

to thereby inhibit RORα and RORγt transactivity [260, 261]. The interaction between Foxp3 and ROR 

transcription factors is mediated by a conserved LXXLL amino acid sequence within exon 2 of Foxp3. The 

LXXLL motif is common in nuclear proteins and found in other Forkhead transcription factors as well. For 

FoxO1, this motif is known to be important for the recruitment of a co-activator [262]. Whether the motif in 

Foxp3 is responsible for the recruitment of other proteins is unknown, but the fact that Foxp3 lacking exon 2 

is capable of inducing a regulatory T cell phenotype in naive T helper cells argues against a crucial function 

[263]. From the perspective of ROR transcription factors, RORα is known to interact with the N-terminal 

domain that contains an LXXLL motif of co-activator p300 [264]. This interaction is dependent on the C-

terminus of RORα, which is also required for interaction with Foxp3. Apparently, Foxp3 competes with 

p300 for the same binding motif and as such may prevent p300-dependent histone acetylation and RNA 

polymerase II-recruitment to ROR-binding sequences in the DNA. 

Also, similar to GATA3-mediated repression of Stat4, Foxp3 represses Jak2, as mentioned previously. Jak2 

is important for IFNγ/STAT1, IL-12/STAT4, IL-6/STAT3 and IL-23/STAT3 signal transduction. 

Repression of Jak2 can therefore inhibit these TH1- and TH17-inducing signalling pathways, while 

maintaining the capability to signal through IL-2 to further facilitate commitment to the regulatory T cell 

fate.  

All in all, there is substantial evidence that the master transcription factors of the TH1, TH2 and TREG 

lineages take part in mutual exclusion, however investigation of direct effects of Foxp3 and RORγt on TH1 

and TH2-signalling components and of GATA3 and T-bet on those of TREG and TH17 lineages still requires 

attention. The fact that T-bet and Foxp3 can inhibit general GATA3 and ROR transcription factor function 

in a DNA-independent manner by physical association is remarkable and highlights the role of master 

transcription factors in the stabilisation of lineage commitment. However, the transcription factors do not 

account for all the cross-inhibition required for each lineage to exclude the three others. T helper cells 

employ other, more proximal mechanisms as well. 
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Proximal effects: SOCS proteins 

Suppressors of cytokine signalling (SOCS) 

proteins are differentially expressed in the 

different TH cell lineages and are important for 

cross-inhibition of proximal signalling [265]. In 

contrast to the master transcription factors that 

generally mediate downstream genomic or 

transactivational effects, SOCS proteins alter 

the responsiveness of cells to proximal cytokine 

signalling. While naive TH cells express low 

levels of SOCS1, SOCS2, SOCS3 and SOCS5, 

these become up-regulated upon TCR-

activation. In TH1 cells SOCS1 is most 

abundantly expressed, whereas SOCS3 

expression is most prominent in TH2 cells. The 

relative expression levels of SOCS proteins in 

TH17 and TREGs are less well described, but 

TH17 cells are known to express substantial 

amounts of SOCS1 [266]. 

During canonical cytokine signalling, ligand 

binding results in cross-linking of the receptor 

subunits, allowing associated Jaks to 

phosphorylate and fully activate each other. Jaks 

subsequently phosphorylate tyrosines on the 

receptor chains that constitute docking sites for 

STAT proteins that are also phosphorylated and 

activated by Jaks. SOCS proteins interfere with 

Jak/STAT signalling in at least two manners. 

First of all, SOCS proteins possess a kinase 

inactivating region (KIR) which is thought to 

act as a decoy substrate for Jaks. Also, they all 

possess a Src homology 2 (SH2) domain that is 

able to bind phosphotyrosine residues. In the 

presence of SOCS proteins, a SOCS protein 

instead of a STAT may bind the created phosphotyrosine and inactivate Jak kinase activity by binding the 

kinase domain. Thus, SOCS proteins are able to bind the tyrosine residues on cytokine receptor intracellular 

domains that are phosphorylated by Jaks upon cross-linking of the receptors and subsequently repress Jak 

kinase activity while simultaneously preventing recruitment of STATs. 

Furthermore, SOCS proteins are equipped with a so-called SOCS-box that takes part in the recruitment 

of E2 ligases which can target proteins for proteasomal degradation by ubiquitinylation. Dissecting which 

inhibitory mechanisms are at play in a particular pathway will undoubtedly lead to a better understanding of 

the role of SOCS proteins within the entire signalling network. 

Importantly, it is clear that the various SOCS proteins have different binding affinities and can thereby 

differentially regulate Jak/STAT signal transduction. SOCS1 effectively binds phosphotyrosine residues on 

activated IL-2, IL-4, IL-6 receptors and the IFNγ receptor 1 subunits (IFNGR1), but has little affinity for those 

of activated IL-12Rβ, while SOCS3 does. Since these proteins are themselves regulated by cytokine signalling, 

SOCS proteins appear to constitute a complex regulatory machinery in TH cell lineage commitment, allowing 

the control of proximal signalling events. 

Although the role of SOCS proteins in TH cell lineage commitment has been reviewed previously [267, 

268], it has never been placed in the light of the modern concept of four main lineages. SOCS1 and SOCS3 

are invariably considered most relevant to T helper cells and the discovery of the TH17 lineage has reconciled 

some of the counter-intuitive feedback mechanisms described previously [268]. 

 
Figure 7 | SOCS and mutual exclusion 

Suppressors of cytokine signalling (SOCS) proteins are differentially 
expressed in the various T helper effector fates. SOCS proteins are induced 
by cytokine signalling and can selectively inhibit cytokine signal transduction, 
constituting an important regulatory loop. A | This panel shows a schematic 
representation of how cytokine signalling of the various TH cell lineages 
induce SOCS3 and SOCS1, (arrows) and, in turn, how these proteins inhibit 
cytokine signalling (red lines). SOCS1 expression is repressed by 
microRNA-155 in TH2 and TREG cells, allowing selective cross-inhibitory 
effects (dotted red lines). B | Proposed effect of TH17 induction on SOCS-
mediated regulatory mechanisms. Initial IL-6 stimulation promotes the 
expression of SOCS1 which antagonises cytokine signalling of the TH1, TH2 
and TREG lineages. Even though SOCS1 also opposes IL-6 signalling, IL-21 and 
IL-23 signalling presumably take over and are unaffected by SOCS1. C | 
Proposed effect of TH2 and TREG cytokine signalling on SOCS regulatory 
mechanisms. Concerted signalling by IL-2 and IL-4 for TH2-, or IL-2 signalling 
for TREG-induction result in activation of both SOCS1 and SOCS3 that 
diminish TH1- and TH17-inducing cytokine signalling. Although SOCS1 also 
antagonises IL-4 and IL-2 signalling, progressive commitment to the TREG or 
TH2 lineages induces the expression of microRNA-155 that inhibits SOCS1 
expression, allowing further inductive signalling. 
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SOCS1 

SOCS1 is induced by both TH1 cytokine IFNγ, TH2 cytokine IL-4 and TH17 cytokine IL-6 and represses 

the signal transduction of all three. How, then, would this lead to mutual exclusion? It has been suggested 

that such double repression of signalling for both TH1 and TH2 polarising cytokines simply favours the more 

abundant cytokine [267]. This implies that SOCS1 expressing semi-committed TH1 cells should still be 

responsive towards IL-4 or IL-6, albeit only with strong stimulation until additional repressive mechanisms 

have taken effect. Another explanation would be that an initial signal induces SOCS1, thereby inhibiting 

secondary cytokine stimulations in a first come, first served manner. Such a mechanism would ensure that 

primary signals from the APC are received, rather than unrelated, potentially aberrant signals. 

 A more comprehensible function for SOCS1 arises from the TH17 point of view by IL-6, as this may be a 

potent manner of excluding both TH1 and TH2 differentiation pathways simultaneously. Even though IL-6 

signalling is simultaneously blocked, the concurrent induction of the IL-23 receptor by IL-6 might enable IL-

23/STAT3 signalling to take place when the IL-6/STAT3 pathway is blocked. This infers the TH17 lineage to 

depend initially on the pre-existent IL-6 receptors and IL-6/STAT3 signalling followed by SOCS1 induction 

and concomitant inhibition of the IL-6/STAT3 axis, but also IL23R and IL-21 induction and facilitation of 

IL-23/STAT3 and IL-21/STAT3 signal transduction, correlating with the suggested sequential utilisation of 

IL-6, IL-21 and IL-23 during TH17 differentiation. 

Another remarkable new insight into SOCS1 function is that it is controlled by microRNA-155. While 

mRNA expression of SOCS1 is similar in either the presence or absence of microRNA-155, protein 

expression is severely diminished in the presence of microRNA-155 (personal communication; Rudensky et 

al., 2008). MicroRNA-155 is a direct target of Foxp3, but is also generally up-regulated in activated T helper 

cells. Importantly, TH2 cells express approximately three-fold higher levels of microRNA-155 than TH1 cells 

[269]. Thus, we may surmise that with increasing TH2 or TREG lineage commitment, SOCS1 expression is 

gradually suppressed, allowing further inductive signals. When SOCS1 is induced by IFNγ or IL-6, however, 

microRNA-155 expression is not induced, effectively blocking TH2- and TREG-inducing signals (see Figure 7). 

Recent advances in T helper cell research have resulted in a preliminary new understanding of SOCS1 

regulatory contributions in T helper cell lineage commitment. Whether microRNA-155 has a defining role in 

SOCS1 function during TH2 and TREG differentiation and whether SOCS1 is of any importance for 

stabilisation of the TH17 requires additional research
2. It is of interest to assess whether SOCS1 is capable of 

regulating IL-23 and IL-21 signalling and whether inhibition of SOCS1 function alleviates TH17-mediated 

disease. If so, this would provide an attractive target for the development of immune-modulating 

therapeutics.  

SOCS3 

SOCS3 is expressed at approximately 23-fold higher levels in TH2 cells than TH1 and provides a 

straightforward mechanism of mutual exclusion [265]. IL-4/STAT6 signalling, hallmark of TH2 induction, 

up-regulates SOCS3 that inhibits IL-12 signal transduction, necessary and sufficient for TH1 induction. Thus, 

if autocrine IL-4 production occurs, IL-12 sensitivity is effectively shut off, blocking TH1 induction. 

IL-2/STAT5 signalling is also capable of directly inducing SOCS3 and thereby inhibiting IL-12/STAT4 

dependent induction of the TH1 phenotype [270]. This has been suggested to contribute to setting a time-

frame for TH1 induction where lack of IL-12 signals before the onset of IL-2-dependent induction of SOCS3 

would lead to IL-12 unresponsiveness. Such a mechanism would also provide a means for regulatory T cells, 

which abundantly express the IL-2 receptor, to block responsiveness to IL-12 and TH1 induction. 

The inhibitory effects of SOCS3 on IL-12/STAT4 signalling, driven by IL-2 and IL-4, have traditionally 

been considered most significant. In vivo, though, the effects of SOCS3 are rather limited in TH1 versus TH2 

polarisation, as SOCS3 conditional knockout TH cells have only modest defects in TH1 and TH2 lineage 

commitment. Is cross-inhibition by SOCS3 completely dispensable for T helper cell differentiation or is it 

only redundant in the TH1/ TH2 balance? Indeed, SOCS3 has recently been suggested to play a pivotal role in 

                                                        
2 Tanaka et al. (2008). Loss of suppressor of cytokine signaling 1 in helper T cells leads to defective Th17 differentiation by enhancing 

antagonistic effects of IFN-gamma on STAT3 and Smads. J. Immunol. 180(6): 3746-56. 
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inhibition of TH17, rather than TH1 induction, by inhibiting IL-23/STAT3 and IL-6/STAT-3 signal 

transduction, as these same SOCS3 knockout T helper cells show marked increases in TH17 induction, even 

in response to IL-4 and IFNγ [271]. 

This would be a very appealing mechanism for the inhibition of TH17 polarisation, as this would also 

provide TREG cells with a potent means of limiting TH17 induction. Although not formally linked to SOCS3, 

IL-2 has recently been shown to temper TH17 differentiation in the tumour micro-environment, supporting a 

role for IL-2 signalling in the exclusion of the TH17 phenotype [272, 273]. 

Other remarks 

Also the still ill-characterised SOCS5 is differentially expressed in TH1 cells and can constitutively bind 

the IL4Rα to inhibit IL-4 signalling, providing a simple mechanism for the repression of TH2 induction [274]. 

However, SOCS5 is redundant both for normal functioning of lymphocytes and TH1/TH2 differentiation 

SOCS5 function in T helper cell homeostasis presumably overlaps largely with SOCS1. [275].  

The complete extent and magnitude of SOCS-dependent regulation of TH cell lineage commitment is still 

obscure. Mice that are deficient in SOCS1 commit more rapidly to TH1 and TH2 lineages and are more prone 

to TH1-autoinduction [276]. A more convincing role for SOCS proteins is seen by retroviral transduction of 

SOCS3 in naive TH cells, which effectively induces TH2 phenotype [270]. However, as mentioned before, 

conditional SOCS3 knockout mice show only modest defects in TH1 and TH2 lineage commitment and 

perhaps a more defined defect in TH17 differentiation [271]. The physiological relevance of results from 

knock-in and overexpression studies of SOCS proteins is questionable. 

TH1 phenotype can be induced in IFNGR
–/– T helper cells, but these cells fail to completely repress IL-4 

signalling in spite of their expression of wild-type levels of SOCS1, SOCS3 and SOCS5, indicating that 

other, still unidentified factors are also capable of modulating proximal signalling important for TH1-TH2 

mutual exclusion [277]. It is perhaps little surprising that SOCS proteins have a limited function in IFNγ-

mediated down-regulation of IL-4 signalling, as SOCS1 negatively regulates both IFNγ and IL-4 signalling, 

antagonising the differentiation towards both lineages. The experiments with the IFNGR-knockout cells 

reveal that there are ways in which TH1 induction specifically inhibits proximal TH2-inducing signalling, 

possibly by preventing recruitment of STAT6 to the IL-4 receptor by a yet undefined mechanism. SOCS 

proteins are clearly not sufficient to explain all occurrences of mutual exclusion and as far as presently 

known, they are most crucial for either the stabilisation or exclusion of the TH17 phenotype, with more 

limited roles for the other lineages. 

Interestingly, the regulatory role of SOCS proteins is not restricted to Jak/STAT signalling. Both SOCS1 

and SOCS3 can interfere with elements of Toll-like receptor and other MyD88-dependent signal 

transduction, including MAPK and NF-κB pathways [267]. SOCS3 has been shown to bind and thereby 

inhibit NFAT1 and upon its tyrosine phosphorylation, SOCS3 binds p120 RasGAP to activate Ras. SOCS3 

also competes with SHP-2 for binding of the IL-6 receptor gp130 chain and perhaps other proteins [278, 

279]. SHP-2, in turn, regulates a variety of signalling pathways, including JAK/STAT, Ras/Erk and PI3K. 

Whether these pathways downstream of SOCS proteins are involved and important in TH cell lineage 

commitment, is unknown and a point of interest. 

Although SOCS proteins still require prodigious research to understand their more subtle effects on 

signal transduction, we presently have a reasonable understanding of how they contribute to mutual 

exclusion, especially for the TH17 lineage, where SOCS3 inhibits TH17 induction and SOCS1 stabilises the 

TH17 lineage by constraining inductive proximal signalling events for other lineages.  

Overall, T helper cells employ a number of partially compensatory mechanisms to negatively regulate the 

induction of the other lineages with prominent roles for the master transcription factors, cytokine signalling 

and suppressors of cytokine signalling. It is worth highlighting the patterns that occur within these cross-

inhibitory mechanisms. Each lineage relies on autocrine (and possibly paracrine) positive feedback loops of 

cytokines for their induction and the expression of the master transcription factors. These two elements, the 

positive feedback loops and master transcription factors, are both ideal mediators and targets of cross-

inhibition, which is reflected by their featuring in identified cross-inhibitory mechanisms. SOCS proteins 

constitute a way in which the positive feedback loop of one lineage inhibits the positive feedback loop of 

another lineage. Master transcription factors either target other transcription factors on the protein or 

transcriptional level, or again these positive feedback loops. This translates into a fairly straightforward 
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general system where positive feedback for one lineage is coupled to negative feedback for other lineages, 

effectively selecting the prevailing fate while inhibiting the others. 
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Refining the dogma; other inducers 
The T helper cell differentiation experiments performed in vitro and taken as a guideline in this thesis do 

not necessarily relate to natural conditions. For example, in the case of TH2 induction in vitro by IL-4, no 

orthologous mechanism has been found to operate in vivo. Of course, in specific cases IL-4 may be afforded 

by other activated TH2 cells, basophils, eosinophils or mast cells, but this does not account for the strong TH2 

induction mediated by dendritic cells in in vitro experiments [112, 113], suggesting the presence of different 

mechanisms for TH2 induction, supported by the fact that TH2 cells are found in mice lacking STAT6 in 

their T cells [280]. A role for TCR-signalling strength and co-stimulation have been implicated in T helper 

cell polarisation, but other stimuli may also be involved. 

The role of signal 1 in signal 3 

It has long been known that antigens may have the intrinsic propensity to skew towards either TH1 and 

TH2 type responses and that also antigen-dose affects TH cell polarisation, indicative of a contribution of 

TCR-signalling in lineage commitment [281]. Current data also support the requirement for a specific avidity 

for the antigenic pMHC complex for TH17-induction [282]. Problematic in the scientific approach to evaluate 

these effects and their underlying mechanisms, is that it is difficult to produce a cell system that eliminates 

confounding contributions of endogenous cytokines and co-stimulatory molecules. One way in which this 

has been circumvented is by use of hamster oocytes transfected to express MHCII complex as antigen 

presenting cells in the presence of neutralising antibodies. In the absence of IL-12, IFNγ and co-stimulatory 

molecules, pMHC complexes were shown with this system to potently induce TH1-polarisation, even when 

autocrine IFNγ is neutralised [283, 284].  

Strong and sustained NFAT-activation has been reported to be sufficient for these effects, as transfection 

of a constitutively active variant of NFAT2 in naive CD4 T cells promotes a TH1 phenotype [285]. 

Conversely, cells doubly deficient NFAT1 and -4 intrinsically differentiate into TH2-like cells upon even 

minor TCR-stimulation [286]. However, experiments using different concentrations of monoclonal 

antibodies directed against the T cell receptor to achieve T cell activation in a T cell hybridoma show that 

even though these different concentrations functionally lead to either TH2 (for low concentrations) or TH1 

cells (for high concentrations) no difference could be observed for calcium fluxes, arguing against a role for 

calcium-dependent NFAT under physiological circumstances [287]. Instead, these different effects were 

attributed to differences in MAPK signalling. 

The three families of MAP kinases appear to play an important role in the initial signalling events that 

may direct further lineage commitment. Whereas MAPK-signals are not absolutely required for Il4 

transcription, they are so for Ifng transcription and weak TCR-stimulation is insufficient to trigger substantial 

MAPK activity. Interestingly, in this T cell hybridoma, p38 kinase is constitutively active, ruling out its 

involvement in the TH1/TH2 distinction in this system. Whether this system is representative for naive T 

helper cells is questionable. In a study addressing TGFβ-dependent inhibition of TH1 polarisation, p38 was 

also found to have no effect on TH1 induction [208]. Thus, either Erk or JNK MAP kinases are crucial in 

skewing differentiation to the TH1 lineage or other MAPKs can compensate for the loss of p38 function. 

Experiments using human TH cell clones that respond to various altered peptide ligands by either TH1 or TH2-

polarisation demonstrate that peptides that induce differentiation along the TH2 fate activate Erk, but little 

p38 and JNK MAP kinases. In contrast, peptides that give rise to TH1 polarisation activate p38 and JNK, but 

little Erk MAP kinase. Moreover, selective inhibitors against Erk could prevent TH2-skewing, and inhibitors 

against either p38 or JNK abrogated TH1-skewing. [288] 

In line with these findings, Erk1–/– mice display increased TH1 polarisation, although this effect may very 

well be mediated by APCs and not be intrinsic to naive T helper cells [289]. Also, JNK1–/– murine CD4 T 

cells preferentially differentiate into TH2 cells [290]. In conclusion, there is substantial evidence implicating 

differential activation of MAP kinase family members in antigen-mediated skewing of TH lineage 

commitment, where JNK and Erk contribute to TH1- and TH2-polarisation, respectively. 

Also, differential effects on TH cell differentiation of NFAT and MAPK family members are possibly co-

ordinately controlled by calcium fluxes. Several recent publications using live cell imaging coupled to 

fluorescent intracellular calcium measurements have shown that intracellular calcium levels are dynamic 

during TCR-signalling and that the frequency of oscillations vary depending on antigen and antigen-
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concentration [17, 291-293]. It is also known that both Ras/Erk and NFAT signalling pathways are capable of 

‘decoding’ complex calcium fluxes, requiring a specific frequency of fluxes for optimal activation [294-299], 

suggesting that calcium fluxes downstream of TCR engagement direct the differential activation of Erk and 

NFAT depending on antigen stimulation to polarise differentiation along a specific lineage. Still, other 

factors may very well be important, if not more critical to TCR-mediated skewing. 

The role of signal 2 in signal 3 

Several lines of evidence suggest that co-stimulatory molecules CD28, ICOS and CTLA-4 also affect  

TH1/TH2 skewing. Perhaps most striking, TH2-induction seems to depend more heavily on co-stimulation 

than TH1-induction, as CD80/86 double knockout mice, wild-type mice treated with antibodies directed 

against CD80 and CD86 and mice treated with CTLA-4-Ig do not generate TH2-responses to intrinsically 

TH2-skewing antigens [300, 301]. Conversely, treatment with neutralising antibodies directed against CTLA-4 

enhance TH2 responses. Contrastingly, the capacity of a 

typical TH1-inducing antigen is left unaffected under these 

conditions [300, 302]. Such a dependence of TH2 

polarisation on co-stimulatory signals was also observed with 

lectin immunisation in CD28 deficient mice [303]. 

Furthermore, in a murine diabetes model with either CD28 

deficient mice or transgenic CTLA-4Ig producing mice, 

diminished TH2 responses and elevated TH1 cytokine levels 

were demonstrated [304]. 

Interestingly, activated TH2 cells express four to five times 

higher levels of ICOS than do TH1 cells and inhibition of 

ICOS is associated with diminished effector TH2- but not 

TH1-responses [305]. Similar to CD28-stimulation, ICOS 

engagement was shown to enhance STAT6 phosphorylation 

and Gata3 transactivation, in support of a perhaps direct role 

of co-stimulatory molecules on the IL-4/STAT6-axis [306]. In 

this manner, ICOS may function to evoke the same crucial 

CD28-mediated signals in differentiated TH2 cells. 

Accordingly, it has been shown that ICOS-signalling is 

dispensable for TH2 differentiation, but required for TH2-effector responses [307]. 

In terms of underlying mechanisms, CD28 engagement was found to result in tyrosine phosphorylation 

of the cytoplasmic chain of CD28, and phosphorylated CD28 was subsequently capable of recruiting STAT6, 

allowing for its activation [308]. This would lead to activation of the canonical IL-4 autoregulatory loop and 

could account for activation-induced early IL-4 production (see Figure 4). These results have not been 

confirmed by others, however, and it seems that there are other indirect pathways for CD28-mediated TH2 

polarisation. Several studies report the specific involvement of PI3K [309-312], PDK1 [312, 313], PKCθ [314-

316], Erk [289, 317] and p38 MAPK [318-321] in TH2, but not TH1 polarisation. These molecules are all 

downstream of CD28-engagement and this pathway is substantially impaired in CD28–/– T helper cells [322] 

(see Figure 8). The details of how these molecules contribute to TH2-induction unfortunately remain 

unknown, but these results support a role for Erk in TH2-skewing. 

The importance of p38 MAPK in TH2 lineage commitment is unclear. An attractive possibility is that 

phosphorylation of GATA3 by p38 results in translocation to the nucleus where GATA3 transactivates Gata3 

and Il4 [145, 158]. However, in several experiments using pharmacological inhibitors of p38, p38 appeared 

irrelevant for co-stimulatory effects on IL-4 signalling [323, 324]. In these studies, IL-4 signalling was shown to 

depend on Erk rather than p38.  

Consistent with an involvement of Erk, cross-talk between Ras-MAPK and Jak1/STAT6 pathways has 

been documented [317]. In Jurkat T cells, Erk2 was shown to enhance Jak1 phosphorylation and potentiate 

IL-4 signalling. Erk1/2 are also capable of binding STAT6 after IL-4 signalling and activated Erk is associated 

with enhanced STAT6 phosphorylation. It remains to be determined whether STAT6 is a direct substrate for 

Erk and, if so, what the effect of its phosphorylation is. PDK1, deletion of which impairs TH2 polarisation, is 

capable of activating Erk1/2 through phosphorylation of MEK1/2 [325]. Pharmacological inhibition of 

MEK1/2 severely impairs TH2 cytokine locus histone hyperacetylation, but has no significant effect on TH1 

 
Figure 8| Canonical CD28 signalling pathways 

CD28-ligation and recruitment into the immunological 
synapse results in increased phosphoinositide-3-kinase 
(PI3K) activation. PI3K generates phosphatidylinositol 
trisphosphate (PIP3) binding sites for Itk, PLCγ, PKB and 
PDK1. Itk phosphorylates and activates PLCγ, while PDK1 
phosphorylates and activates PKB. PLCγ hydrolyses PIP2 
lipids in the membrane to produce inositol-1,4,5-
triphosphate (not shown) and diacyl glycerol (DAG). DAG 
serves as a docking site for other proteins, including PKCθ. 
PDK1 and PKCθ both contribute to MAPK signalling. 
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loci [156]. Erk has also been shown to contribute to GATA3 stability, underlining a TH2-polarising role for 

Erk MAPK [156]. The lack of Erk activity is associated with rapid degradation of GATA3 mediated by 

ubiquitin-ligases. Erk is thought to phosphorylate relevant Ser/Thr residues on GATA3 to prevent its 

ubiquitinylation resulting in stabilisation of the protein. Other GATA transcription factors are also regulated 

by Erk and p38 MAP kinases, suggesting an evolutionarily conserved MAPK signal integration function for 

GATA proteins [326-328]. Whether these mechanisms are defining in Erk’s role in TH2-polarisation remains 

to be determined. It is also conceivable that differential activation of MAP kinases is important in 

determining the composition of the downstream AP-1 transcription factor. As the composition of AP-1 

preordains with which other transcription factors AP-1 may interact, this can substantially impact 

transcriptional activation.  

In summary, co-stimulatory signals have important effects on TH2-induction and seem to mediate these 

effects most prominently through Erk MAP kinases. There is evidence for cross-talk resulting in proximal 

effects on the IL-4/STAT6 pathway, but p38 and Erk have also been implicated in enhanced GATA3 

signalling, either by promoting its translocation to the nucleus or by stabilising the protein, respectively. In 

contrast, TH1-induction does not require these signals and the dependence of TREG- and TH17-induction on 

these signals remains to be determined. 

The immunological synapse 

The immunological synapse is crucial for both TCR- and co-stimulation. CD28 is recruited to the 

immunological synapse and is known to affect the local actin cytoskeleton and integrin signalling [332-334]. 

CD28 ligation activates Vav-1, a guanine nucleotide exchange factor (GEF) for Rho GTPases that is involved 

in bidirectional integrin signalling [335]. Loss of Vav-1 leads to diminished Erk activation [336] and impaired 

TH2 differentiation, again supporting a role for co-stimulation and Erk MAPK in TH2-polarisation [337]. 

Vav-1 physcially interacts with PKCθ and is required for PI3K-dependent recruitment of PKCθ to the 

immunological synapse [338, 339]. Subsequently, increased PKCθ may enhance Erk phosphorylation by Ras, 

which constitutes a well-known downstream effect of PKC. This possibly involves PKC-dependent activation 

of RasGRP1 by phosphorylation of threonine residue 184 [340]. Many signalling pathways are involved in 

this process of Erk activation and Erk may consequently constitute a prominent outcome of signal 

integration. 

Vav-1 also regulates integrin signalling and ligation of ICAM-1 by LFA-1 has been implicated in TH1 

induction [341]. Activation of human naive T helper cells in vitro by antibodies directed against CD3/CD28 

in conjunction with stimulation by Fc-ICAM-1 results in enhanced TH1 polarisation. CD28 stimulation 

antagonises inside-out signalling to LFA-1, which may again contribute to CD28-dependency of TH2 

induction [342]. The exact role of LFA-1 within the immunological synapse is unclear, but its activation 

correlates with exclusion of CD45 phosphatase from the central supramolecular activation cluster (cSMAC), 

enhanced peptide-MHCII complex recruitment to the cSMAC and significantly increased calcium fluxes 

[343].  

BOX 1 | Signals 1 and 2 for TREGs 

Relatively little research has been done on the importance of co-stimulatory and TCR-signals for TH17- and TREG-induction, 
but at least for regulatory T cells parallels can be found with the TH2 situation. Most notably, CD28 and CD80/86 knockout 
mice display reduced numbers of regulatory T cells (reviewed in [329]). While CD28-dependent activation of Lck appears 
important for the induction of natural TREGs, PI3K activity seems requisite for the peripheral induction of regulatory T cells 
[330]. Intriguingly, the expression of CTLA-4 is necessary for the conversion of naive TH cells into regulatory T cells, as 
naive T helper cells from CTLA-4 –/– knockout mice fail to induce Foxp3. This is somewhat puzzling, considering that CTLA-
4 is traditionally thought of as merely an inhibitor of CD28 co-stimulation even though recent advances suggest a more 
complex role. This would suggest that initial CD28 signalling followed by potent obstruction mediated by CTLA-4 are 
necessary for the induction of regulatory T cells in the periphery. In support of a role for CTLA-4 in TGFβ-mediated TREG-
induction, the downstream mediator of CD28-signalling PDK1 was shown to bind and sequester Smads in a PI3K-dependent 
manner [331]. Sustained CD28-signalling could thus interfere with Smad3-dependent Foxp3 transactivation and CTLA-4 may 
be necessary to relieve the cell from these inhibitory effects.  
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Notch 

Involvement of Notch-mediated signalling in especially TH2 lineage commitment has been suggested. 

Naive T helper cells express Notch1 and Notch2 receptors and, upon stimulation, T helper cells also induce 

RBP-jκ and can therefore be responsive to Notch-signalling [344]. As antigen-presenting cells acquire specific 

sets of Notch ligands upon stimulation with various TLR-agonists, Notch signalling has been suggested to 

function in a manner analogous to IL-12 as an instructive signal [344, 345].  

Indeed, the gene for the TH2 master transcription factor, Gata3 has been shown independently by two 

groups to contain an RBP-jκ-binding element and to be directly controlled by Notch ICD [344, 346, 347]. 

Thus, Notch ligands induced on APCs can directly promote the expression of GATA3, being sufficient for 

TH2-induction. In addition, DNAse I hypersensitive site V (HSS V) of the Il4 locus contains both GATA3 

and RBP-jκ-binding sites and, presumably by the formation of a ternary complex on HSS V, GATA3 

synergises with Notch ICD to induce Il4 transcription, setting off the autocrine feedback loop stabilising TH2 

lineage commitment [344, 347]. 

Different Notch ligands have different effects on TH2-induction, as Jagged1 promotes, while Delta1 and -4 

inhibit TH2-polarisation [344, 348-350]. How these ligands give rise to such contradictory outcomes is still 

unknown, and the complexity of Notch signalling has clearly been underestimated. Moreover, ligation of 

Notch1 receptor by Jagged1 has been shown to promote TGFβ-signalling by facilitating the translocation of 

phosphorylated Smad3 to the nucleus, predicating a role for Notch signalling in potentiating regulatory 

phenotype induction as well [351]. This is especially interesting as nuclear Smad3 is capable of physically 

associating with GATA3 to synergistically activate a subset of GATA3 target genes [161]. 

Despite noted effects in in vitro experiments, in vivo experiments with Jagged2-deficient cells fail to show 

any contribution on TH2-responses to helminth eggs [352, 353]. 
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Synopsis 
T helper cell polarisation is often portrayed as a balance that can be skewed one way or the other. At least 

some of the controllers of this balance have been identified now, and they allow us to start to understand this 

balance on a molecular level. There are several interlinked levels of this balance. The most proximal acting 

within the immunological synapse, one directing the initial action of the low levels of master transcription 

factors GATA3 and T-bet, the ensuing cytokine storm and attenuation of competing signalling pathways. In 

this thesis, I have assessed our current knowledge of the events that direct the differentiation of T helper cells 

on these levels. 

The earliest steps 

T helper cell activation is initiated by the formation of an immunological synapse at the contact site 

between APC and naive T helper cell. At this point, the APC has already encountered antigen in peripheral 

tissues and one of several stimuli that determine its expression of co-stimulatory CD80 and CD86, Notch 

ligands, ICAM-1 and a myriad of cytokines (see Table 2). These signals may include “danger” signals from 

pathogens themselves, distress signals from damaged cells, cytokines released by mast cells and other innate 

immune cells and locally activated lymphocytes. Also, the ability of dendritic cells to produce retinoic acid 

from retinol appears to be restricted to gut-derived DCs, implicating the involvement of intrinsic properteries 

of APCs as well. Apart from the APC, other cells such as basophils and eosinophils may have been recruited 

that may produce a skewing cytokine environment. These elements all factor into the final lineage 

committing decision. 

As far as we now understand, the immunological synapse generated after the initial interaction of APC 

and naive T helper cell is co-regulated by at least the number of MHCII-cognate antigen complexes, the 

number of MHCII-peptide complexes in general, the affinity of the TCR for the peptide-MHC complex and 

the levels of co-stimulatory molecules on the APC and ICAM-1. Concomitantly, the T helper cell is exposed 

to a number of polarising signals from the APC and, as such, the antigen-presenting cell has already 

Table 2 | Skewing signals from antigen-presenting cells 

At the moment of antigen-presentation and activation of 
naive T helper cells in lymphoid organs, the antigen-
presenting cell has already encountered many signals that 
determine its expression levels of various molecules or its 
production of certain molecules. These molecules can 
drive (bold) or aid (regular face) in the polarisation of naive 
T cells to the various lineages. Those not discussed in the 
text are co-stimulatory molecule OX40 ligand (OX40L) 
and adenosine, which induce TH2 and TREG phenotypes, 
rexpectively [354, 355]. Extracellular adenosine can be 
generated by the expression of induced ecto-enzymes 
[356]. It is likely that other, still unknown, molecules are 
involved as well. Be that as it may, the antigen-presenting 
cell is clearly endowed with a wide array of signalling 
molecules that allow it to skew early T helper cell 
differentiation. 
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Figure 9 | Early TH2-polarisation 

Initial skewing towards the TH2 lineage seems to be mediated by Erk1/2 
activation downstream of the immunological synapse. Two different 
mechanisms have been proposed for its action on the early induction of 
Il4. Phosphorylation of GATA3 by Erk prevents its rapid degradation 
upon ubiquitinylation by the proteasome. Erk1/2 activation can thus 
rapidly up-regulate cytoplasmic levels of GATA3 without the 
requirement of transcriptional activation of Gata3. GATA3 is 
subsequently phosphorylated by p38 MAPK to allow its nuclear 
translocation. Erk1/2 activity has also been implicated in enhancing 
Jak1/STAT6 signalling and has been shown to bind STAT6 in stimulated T 
helper cells. An early increase of nuclear STAT6 and GATA-3 may help 
initiate early Il4 and Gata3 transcription, setting off the auto-inducing 
positive feedback loop for TH2-induction. 
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integrated signals derived from the tissue whence it originated that determine the earliest skewing of the 

antigen-specific naive T helper cell. This earliest skewing is, however, not absolutely defining for the TH cell 

fate, but merely serves to predispose the target cell towards a certain lineage. The binding strength to the 

antigen itself and the cytokine milieu in the lymph node, which is also determined by the presence of many 

other cells, may aid in further defining the adequate lineage commitment. 

With respect to the earliest molecular mechanisms involved in T helper cell skewing, initial competition 

between GATA3 and T-bet has been demonstrated [256, 357]. GATA3 is expressed at low levels in naive T 

helper cells and is induced in response to appropriate signals, such as STAT6 activation or Notch signalling. 

GATA3 activation and consequent initiation of TH2-inducing positive feedback mechanisms requires Erk 

and p38 MAP kinase activation for stabilising GATA3 and its nuclear translocation, respectively. Nuclear 

GATA3 induces early Il4 transcription to potentiate the IL-4/STAT6 feedback loop. On the other hand, T-

bet seems to be rapidly induced by undefined, but general TCR signals within three hours of activation and 

T-bet requires TCR-signals for its ability to inhibit GATA3. Simultaneously, T-bet represses the IL-4/STAT6 

positive feedback loop to limit GATA3 transcription. 

Thus, if either Erk or p38 MAPK signals are insufficient, GATA3 auto-inducing pathways are incapable of 

surmounting the simultaneous up-regulation of T-bet, which sequesters nuclear GATA3. Such mechanisms 

would effectively quench weakly initiated GATA3 auto-induction and abrogate other GATA3 effects 

ultimately leading to commitment to the TH2 lineage (see Figure 9). 

Additional signals affect this balance, often by directly or indirectly promoting transcription of these 

master transcription factors. These signals can be very powerful and may overrule the signals promoted by 

signals 1 and 2. Most notably, these are the key inducing cytokines of each lineage that are often used for in 

vitro generation of effector helper cells: IL-12 and IL-4, for TH1 and TH2, respectively. 

How the other lineages, TREGs and TH17 cells, are regulated in the earliest moments of activation, is still 

unclear. In contrast to the TH1 and TH2 lineages, TH17 induction appears to lack intrinsic inductive pathways 

during activation and is dependent on IL-6 mediated signals. It will certainly be interesting to assess whether 

the differentiation into the TH17 lineage is independent from these earliest signals and whether both 

intrinsically TH2-skewing peptides and TH1-skewing peptides are equally permissive to IL-6-dependent TH17-

polarisation. As for regulatory T cells, it is unclear to what extent peripheral induction is comparable to 

thymic differentiation of natural regulatory T cells. It is well established that the induction of natural TREGs is 

at least in part determined by their peptide-MHC ligand, suggesting the presence of inductive pathways that 

are independent of TGFβ [358]. It is unknown what the requirements of such stimulation are during thymic 

differentiation and, in the end, whether this pathway is still intact in circulating naive T helper cells. 

The cytokine competition 

All four lineages employ auto- and paracrine positive feedback loops to consolidate their specific pathway. 

Developing TH1 cells secrete IFNγ, developing TH2 cells produce IL-4, acquired regulatory T cells produce 

TGFβ and TH17 cells promote their own development by the secretion of IL-21. What is so advantageous of 

such an arrangement that these different lineages evolved to employ similar strategies, while the regulation of 

the master transcription factors are all but similar? Foxp3 appears to be regulated primarily on the 

transcriptional level and signal integration appears to be mediated by cis elements in its promoter and 

enhancers. In contrast, GATA-3 appears to be expressed in naive T cells and although transcriptional 

regulation is important, it requires post-translational modifications for its function. The way in which the 

master transcription factors stabilise the cell phenotype are clearly divergent. 

The benefit of a positive feedback loop itself is straightforward as it allows selection and commitment 

along a pathway and ensures the persistence of such a crucial differentiation signal throughout the process. 

But what is the additive benefit of secreting auto-inducing factors, rather than a more direct mechanism, such 

as seen in GATA3 and NFAT2 auto-induction on the transcriptional level. 

For one, such a strategy would allow multiple levels of regulation. The extent of autocrine induction is 

dependent on the expression level and localisation of the various receptor subunits, their signalling 

mediators, the activation of these mediators, and ultimately their downstream transcriptional effects. 

However, other cells are likely to play an important role as well. Activated cells of the innate immune system 

may have been recruited to the same location and they may contribute to the local cytokine environment. 

The paracrine effects of these factors may be as important, where early commitment of one TH cell may aid 
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other cells to do likewise. Unfortunately, our knowledge of the dynamics of the cytokine milieu in lymph 

nodes and local tissue is very limited. 

Responsiveness of differentiating T helper cells to cytokines allows continuous monitoring of the cytokine 

environment either in the lymph node or peripheral inflamed tissues. Several rounds of proliferation have 

been shown to be necessary for the final commitment to a specific lineage, implying that early circulating 

effector TH cells still possess some plasticity and may respond to peripheral cytokine signalling [359]. This 

presents an antigen-independent manner in which innate immune responses may influence TH cell lineage 

commitment, secondary to APC-generated antigen-dependent signals. 

An interesting dichotomy in these positive feedback loops exists, where some loops are true loops that 

feed themselves, such as IFNγ, IL-4, IL-21 and TGFβ, which induce their own transcription. On the other 

hand, the interlinked feedback mechanisms exist for IL-12, IL-23 and IL-2 (in regulatory TH cell induction), 

which function by up-regulation of the receptor and still require an independent source of cytokine. These 

feedback mechanisms typically depend on a different cytokine to induce the receptor. The IL-12 receptor 

beta-chain requires IFNγ, the IL-23 receptor requires IL-6 and CD25 requires TGFβ for its induction. Thus, 

these feedback mechanisms effectively integrate two signals, requiring both an inducing cytokine signal and 

the activating cytokine, whereas the true feedback loops do not. 

All in all, the autocrine/paracrine loops compete with one another to drive lineage commitment and to 

consolidate the expression of many determinants of each lineage, such as chemokine receptors, which may be 

targets of the cytokine signals rather than of the master transcription factors. 

Cross-regulation 

As soon as these cytokine responses are initiated, pivotal mechanisms of cross-inhibition come into place. 

These include many inhibitory effects mediated by the master transcription factors on other master 

transcription factors, of cytokine signalling on the master transcription factors, but also by effects of cytokine 

signalling on cytokine signalling itself (see Table 1). For example, it has been shown that T-bet inhibits 

GATA3 on the protein level, GATA3 inhibits Foxp3 expression and Foxp3 inhibits RORα and RORγt on 

the protein level. GATA3 inhibits STAT4 transcription; T-bet inhibits IL-4 and IL-2 transcription; STAT6 

inhibits Foxp3 transcription. 

Suppressors of cytokine signalling (SOCS) 1 and 3 appear to be the main players in cytokine cross-

regulation and seem to be most crucially involved in either the suppression or facilitation of TH17-induction. 

They also seem to account for the independent contributions of IL-2 and IL-4 on TH2 polarisation [123], 

where IL-2 aids in the induction of SOCS3 to inhibit IL-12 signalling, while enhancing Il4 transcription. 

All these mechanisms combined regulate the selection of a single lineage, as the predominant cytokines 

positively select their appropriate master transcription factor and simultaneously negatively regulate the other 

lineages on various levels. 

Final differentiation 

Signalling events in activated T helper cells lead to substantial epigenetic modifications of chromatin and 

DNA methylation of lineage specific genes. In some cases, these have been extensively described, as for 

chromatin remodelling and CpG demethylation within the TH2 cytokine locus and Ifng gene [360-369], but 

also CpG methylation marks of the Foxp3 gene [370-372]. It is likely that the transcription of many NFAT-

regulated genes is suppressed once the T helper cell detaches from its APC, and even more so once the T 

helper cells revert to a true resting state. Continued stable expression of master transcription factors in this 

period relies on modifications in their gene loci to allow constitutive expression. In the case of cytokines, 

modifications can be thought to allow expression in the presence of fewer transcription factors. Epigenetic 

modifications are thus required for efficient memory of the engaged phenotype upon secondary stimulation. 

It is clear that these epigenetic modifications occur, and some of these have also been mapped, but little is 

known about the sequence and mechanisms by which they do. It is known that CpG methylation can 

significantly alter transcriptional activity of genes and it is equally well-known that the methylation status of 

certain CpG motifs changes during developmental processes, but as to the mechanism responsible for CpG 

demethylation such as occurs throughout the Foxp3 locus during regulatory T cell development, we can only 

speculate. These issues are of general importance to our understanding of development and cell 

differentiation and an elaborate discussion here is out of place. 
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Outstanding questions 

Signal integration 

There are still important caveats in our understanding of the molecular mechanisms behind T helper cell 

lineage commitment and cell biological processes in general. We still do not know how histone modifications 

on target genes of transcription factors are regulated; how transcription factors may stimulate the 

transcription of some genes, while inhibiting that of others. In some cases a single transcription factor may be 

essential but insufficient for transcription. Many of these complex regulatory mechanisms rely on direct and 

indirect cooperation with other factors in a network of dozens of transcription factors contributing to the 

transcriptional control of a single gene. The role of ubiquitous transcription factors that are not differentially 

expressed in various lineages and whose identification has therefore lagged behind should be investigated, as 

these are likely to participate in the fine-tuning of gene transcription. 

Another issue that will have to be addressed in the coming years is how transcription factors effect CpG 

demethylation, such as seen within many genes that are important to committed T helper cells, such as Foxp3, 

Il4 and Ifng, for which demethylation has been elaborately described. It is currently still unclear whether 

epigenetic control of genes by CpG demethylation in general is driven by passive or active mechanisms, but 

in the case of the TH2 cytokine locus it appears to be effected by an active, rather than passive mechanism 

[366]. This more than ever emphasises the need for the identification of DNA demethylases responsible for 

active demethylation and the means by which they are controlled. As remarkably little is known about these 

processes, much can be gained.  

Calcium signalling is of vital importance to subsequent differentiation of naive T helper cells and we 

know the basic mediators and effectors, but the fine-tuning of calcium signalling still requires additional 

research. The details of differential actions of NFAT-family members are, again, of general interest and 

include their many post-translational modifications, sequestration, interactions with other transcription 

factors and kinetics of nuclear translocation, which all demand further scrutiny. Calcium signalling is not 

restricted to NFAT, however, and we need to understand the effects on other signalling pathways as well. 

What determines the type of calcium flux generated and how does the type of calcium flux affect T helper cell 

lineage commitment? Much of the calcium flux generated during T helper cell activation is derived from 

extracellular stores and it is localised near the immunological synapse [373]. How does calcium flux affect the 

immunological synapse, and how do the constituents of the immunological synapse contribute to the type of 

fluxes generated? How do we explain differential activation and localisation of Erk by low and high affinity 

ligands during positive selection in the thymus and how does this relate to Erk activation in response to TCR 

stimulation in the periphery? These are all fundamental questions of molecular cell biology that apply to 

many other cellular processes as well. 

Adaptive regulatory T cells 

A general observation that must be made after reviewing the many papers that have been written on 

regulatory T cells in the past years, is that our knowledge of the function and induction of adaptive, induced 

regulatory T cells in vivo is rather limited. We lack the means to discriminate between naturally occurring 

TREGs and induced TREGs equivalent to those generated in vitro by TGFβ. This complicates the assessment of 

their physiological importance, which has been clearly demonstrated for their naturally occurring 

counterparts3. 

The past years have revealed an important distinction between the induction of regulatory T cells in 

mouse and human. Taking into consideration that manipulation of the induction of regulatory T cells may 

potentially be used as treatment for autoimmune and allergic diseases in the future, it is crucial that we define 

where the human immune system deviates from that of experimental animals. Human FOXP3 induction is 

not absolutely dependent on TGFβ and transient expression is seen in all activated T helper cells. However, 

these cells do not demethylate regulatory elements of the Foxp3 locus, while true adaptive regulatory T cells 

do. Perhaps CpG demethylation is required for re-expression of Foxp3 in response to secondary TCR-stimuli 

                                                        
3 Curotto de Lafaille MA, Kutchukhidze N, Shen S, Ding Y, Yee H, Lafaille JJ. Adaptive Foxp3+ regulatory T 

cell-dependent and –independent control of allergic inflammation. Immunity 2008; 29(1): 114-126. 
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to trigger suppressive functions. Discrepancies between the mouse and human systems must be resolved for 

the development of clinical applications of adaptive regulatory T cells. 

Tr1 cells add to the controversy of adaptive regulatory T cells, as they have been shown to arise without 

the induction of Foxp3 in both human and mouse [374-376]. Foxp3 seems to be dispensable for IL-10 

production upon restimulation, but it is clear that Foxp3 neither interferes with IL-10 production, as IL-10 

producing Foxp3+ regulatory T cells have been reported [377-379]. This is not unexpected, as Il10 has never 

been shown to be regulated by Foxp3. At present, it is not entirely clear whether Tr1 cells constitute a truly 

unique lineage or that they rather constitute a sybtype. One argument in favour of such an hypothesis is that 

in vitro induced Foxp3– IL-10-producing T helper cells also produce IFNγ, but not IL-4 and express levels of T-

bet equivalent to TH1 cells [374]. Moreover, TH1 cells can be induced to express high levels of IL-10 by Notch-

stimulation via Delta ligands [380]. In addition, TH2 memory cells are equally capable of producing high 

levels of IL-10 [381]. Collectively, these results suggest that IL-10 production is an independent event in T 

helper cells that occurs in all lineages. A comprehensive analysis of the transcriptional control of the Il10 

locus and epigenetic modifications within it will not only settle the matter on the existence of a unique subset 

of Tr1 cells but will also be invaluable from a therapeutic perspective. 

Plasticity 

In spite of all the described lineage-stabilising mechanisms to ensure commitment to a single lineage, 

recent work demonstrates that lineage commitment is not necessarily absolute. TH2 cells can be elicited by 

certain activated DCs to suppress IL-4 secretion and produce IFNγ [382, 383]. Natural TREGs can be induced 

to suppress Foxp3 expression and convert to a TH17-phenotype [384, 385]. Murine Foxp3+ T helper cells can 

co-express T-bet (personal communication, M. Koch & D. Campbell, 2008). Examination of the extent and 

physiological relevance of this plasticity will contribute to our understanding of the nature of overall T helper 

cell lineage commitment. 
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Conclusion 
Our understanding of T helper cell functions and their regulation has come a long way since the initial 

discovery of TH1 and TH2 subsets by Mosmann and Coffman. We have come to understand that there are, in 

fact, four distinct subsets of T helper effectors and we know which molecules drive their differentiation, how 

they signal and how they give rise to master transcription factors.  

In this thesis, I have reviewed the published reports that address these matters, aiming to provide a 

comprehensive, or at least a comprehensible view on T helper cell lineage commitment, a pivotal event in the 

immune response. T helper cells possess inducer-driven signal-integration systems that initiate autocrine 

positive feedback loops that select for a particular phenotype, while simultaneously inhibiting the induction 

of other fates. An important conclusion from this research is that the prevailing dogma of T helper cell 

differentiation driven by inducers and downstream master transcription factors is indisputably functional and 

useful, but in the case of TH2 polarisation not necessarily an accurate description of the physiological 

situation.  

The simplistic linear concept of TH2 cell polarisation has received well-founded criticism in recent years 

and it seems that we should revise our concept of TH2 induction to accommodate signals from the antigen-

presenting cells that precede autocrine IL-4 production. This includes TCR-mediated signalling that clearly 

does play a role in at least the TH1/TH2 axis and seems to entail differential activation of Erk MAPK.  

The modern paradigm of T helper cell lineage commitment is robust, although its apparent simplicity 

results from complex mechanisms of signal integration that are unique to each lineage, involving protein 

interactions, dynamic regulation of nuclear translocation, regulation of protein stability, phosphorylation, 

methylation, localisation or coordinated transactivation of downstream genes. In contrast to this vast diversity 

in employed strategies to compute signals for each lineage, all lineages utilise a common means of stabilising 

their early induction by autocrine feedback. It is likely that this also serves in a way to allow communication 

with other cells that are able to respond to the same signals or are capable of producing the same molecule. It 

has also become evident that SOCS-proteins play a major role in regulating the responses to these cytokine 

storms to allow lineage stabilisation. 

Now we have come to understand the basic elements that drive T helper cell lineage commitment, we 

must take the next step and try to elucidate how these processes are fine-tuned during naturally occurring 

immune responses. How do the recruitment and activation of other cells and location influence lineage 

commitment and how can we use our gained knowledge for the development of effective vaccines against 

pathogens and therapeutics for autoimmune diseases and allergy? These are all matters that we may be 

expected to resolve in the coming years. 
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Appendix 1 

 
Overview of cross-regulatory mechanisms in T helper cell polarisation 

The blue, yellow, green and pink shaded areas display schematic representations of signal integration for the 
Th17, Th2, Treg and Th1 lineages, respectively. Known cross-inhibitory effects are indicated in red. 
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