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"We are just an advanced breed of monkeys on a minor planet of a very average star. But we 

can understand the Universe. That makes us something very special. " 

- Steplten Hawking 
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ABSTRACT 

In T cells, two members of the Dok family of adaptor proteins, Ook-1 and Ook-2, are 

predominantly expressed. Recent evidence suggests that they play a negative role in T cell 

signaling. In order to define whether Dok proteins regulate T cell development, we have 

generated transgenic mice overexpressing Ook-1 in thymocytes and peripheral T cells. For sorne 

expcriments wc also used mice deficient for the expression of both Dok-1 and Dok-2. In this 

research project we show that Ook overexpression negatively regulates the activity of the key 

components downstream ofTCR signaling such as LAT, ZAP-70, PLC-y and Erk. We also show 

that the overexpression of Ook-1 causes a dramatic reduction in the numbers of total, OP and SP 

thymocytes with an increase in the numbers of thymocytes in the DN stage, compared to WT 

controls. Further investigations indicated that this reduction is not due to an increased apoptosis 

in OP thymocytes in Ook-1 transgenic mice but rather a delay in the transition of thymocytes 

from the C04-C08- (ON) to C04+C08+ (OP) stage. More precisely, Ook-1 overexpression 

results in a block inside the ON stages by arresting thymocytes transition from ON3a to ON3b 

which are considered to be respectively the pre- and post-~ selection stages of T cell 

development. Moreover, Ook-1 overexpression promotes the development of yô T cells in the 

thymus, spleen, and li ver of the transgenic mice. This developmental promotion correlates with 

the lev el of Ook-1 overexpression and it is mainly due to the specifie expansion of the V y 1.1 + 

V6.l'. subset of yô T cells. Similar to their small population in WT mice, this expanded 

population of Vyl.1+ V6.3+ T cells in Ook-l Tg mice have also innate properties including rapid 

IL-4 production following stimulation. They express the transcription factor PLZF and they 

require SLAM-associated adaptor protein (SAP) for their development. Therefore, we concluded 

that Dok-1 promotes the development of yô NKT cells. Moreover, Ook-1 overexpression 
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promotes the generation of an innate-like CD8+ T cell population. These cells express the 

transcription factor Eomesodermin, upregulate memory markers like CD44 and CD122 and 

produce IFN-y upon first stimulation. Thymie overproduction of IL-4 by y8 NKT cells is likely 

responsible for the innate conversion ofCD8+ thymocytes in Dok-1 Tg mice. 

We pursue our study to further characterize NKT cells by studying the signaling pathways that 

might be important for their development and maturation. We investigated the contribution of 

CD28 signaling in the functional development of ap and yô NKT cells in mice. We show that 

CD28 signaling promotes the thymie maturation of PLZF+ IL-4 producing NKT cells without 

any effect on their positive selection. Our results also show that CD28 signaJing positively 

regulates the LF A-1 expression on both ap and yô NKT cells. Using mixed bone marrow 

chimeric mice, we demonstrated that the developmental defect of yô NKT cells in CD28-

deficient mice is cell autonomous. Moreover, in both wild type C57BL/6 and Dok-1 transgenic 

mice (with increased number of yô NKT cells), we show that the C028-mediated regulation of 

thymie IL-4 producing NKT cells promotes the differentiation of Eomes + CD44high innate-like 

COS+ T cells. Taken together, these findings reveal previously unappreciated mechanisms by 

which Dok-1 and C028 can be considered as important regulators of the innate immune response 

via controlling the NKT cell homeostasis and consequently the size of the immte-like C08+ T 

cell pool. 
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CHAPTERl 

INTRODUCTION 



1. Innate versus adaptive immunity 

ln our body, a wide range of molecules, cells and tissues work together to protect us 

from foreign infection and help us to maintain our health. The resistance to a disease (we call it 

immunity) is the result of the combined roles of the two arms of the immune system that work 

cooperatively in response to an antigen challenge. These two arms are generally described as 

innate immunity (immunity that we are born with) and adaptive immunity (immunity that we 

acquire ). The innate immune system is known to use a small number of germ line-encoded 

receptors that detect a limited set of conserved antigens and provides rapid and non-specifie 

responses to invading pathogens without granting any memory. On the other hand, adaptive 

immunity using variable immune receptors provides delayed but specifie responses to pathogens 

which will eventually create memory and long lasting protective immunity to that particular 

pathogen (Table 1 ). The innate immunity comprises a large group of cells with various fun etions 

and tissue distributions such as phagocytes (including neutrophils, monocytes, macrophages, 

dendritic cells, and mast cells), basophils, eosinophils and NK cells. However the adaptive 

immunity is composed of "conventional" ap or yù T cells and B cells (Figure 1) (Borghesi and 

Milcarek 2007). 

Table 1) Distinguishing characteristics of innate versus adaptive immunity 

Innate immunity Adaptive immunity 

Receptors Invariant Variable 

Distribution Non-clonai Clonai 

Me mory NO YES 

Specificity Degenerate Specifie 

Response kinetics Fast Delayed 
Adapted from (Borghesi and Milcarek 2007) 
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However, recent studies have proven that the distinction between the innate and the adaptive 

immunity is Jess clear eut than it seemed to be, especially with the discovery of new features in 

the distinct subsets of T cells showing the characteristics of both arms of the immune system. 

These specifie T cells are called unconventional or innate-like T cells (in contrast to conventional 

T cells). They consist of TCRa.p+ or TCRyo+ natural killer (NK) T cells called a.p NKT (type 1 

and type Il) and yo NKT cells which are the prototypes of innate-like T cell population. There 

are also a few other subtypes of innate-like T cells which share similar innate-like characteristics 

with NKT cells, these cells consist of Mucosa-associated invariant T (MAIT) cells, H2-M3-

restricted CD8+ T cells, CD8a.a. intraepithelial T cells, innate-like CD41 and CD8+ T cells 

(Figure 1) (Prince, Yin et al. 2009, Das, Sant'Angelo et al. 2010). These unconventional T cells 

show distinct features that make them different from their conventional counterparts. For 

example they have a more restricted TCR repertoire than conventional T cells. Unlike 

conventional T cells, they have no naïve but activated or memory-like phenotype and can exert 

their effector function rapidly upon infection/stimulation (Berg 2007, Veillette, Dong et al. 2007, 

Prince, Yin et al. 2009, Das, Sant'Angelo et al. 2010). The differences in the phenotype and 

function of conventional and unconventional or innate-like T cells might be the result of different 

signaling requirements during their selection and development. 
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Figure 1) Cells of the adaptive and innate immune system. Innate cells respond within the 

first few hours upon infection but adaptive cells which can recognize specifie pathogens during 

infection have a delayed response because only a few cells can recognize a specifie pathogen and 

need to expand, but upon clearance of the infection adaptive cells can fonn memory. However, 

"lnnate-Iike" lymphocytes such as NKT and NKT-like cells have characteristics of both innate 

and adaptive immune cells since they can respond to infection rapidly and have a memory-Iike 

phenotype. They make an interface between the two arms of the immune system. Adapted from 

(Dranoff 2004). 
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2. T cell development 

ln spite of their characteristic differences, both conventional and innate-like T cells 

have common precursors called early T cell progenitors (ETPs) entering the thymus after 

migration from the bone marrow (Prince, Yin et al. 2009). The thymus is seeded with progenitor 

cells as early as embryonic day 11.5 (E11.5) in mice (Owen and Ritter 1969). These progenitors 

have the potential to start the developmental program, characterized by discrete stages of 

extensive proliferation, increasing lineage commitment, and selection (Figure 2). This highly 

ordered process is govemed by a multitude of molecular signais and environmental eues. 

Distinguished by the type of T cell receptor (TCR) molecule expressed on their surface, ali the T 

cell sublineages fall into two main classes of a~ and yù T cells. It is believed that after 

commitment to the T cell lineage, becoming either a~ or yù T cell is the first lineage decision 

made by the progenitors. Sequential developmental stages achieved by these T cell precursors 

are distinguished by the expression of the differentiation markers such as CD4, CDS, CD25, and 

CD44. According to the expression level of these markers, thymocytes can be divided into 

different subsets in the order oftheir maturation (Lee, Stadanlick et al. 2010). The process starts 

with precursor cells in the Double Negative (DN) stage which lack the expression of both 

markers CD4 and CDS. Because of the heterogeneity of the DN thymocyte compartrnent it has 

been subdivided into different subsets according to the expression of differentiation markers on 

their surface (DN1a-DN1e, DN2, DN3a-DN3b and DN4) (Ciofani and Zuniga-Pflucker 2010). 

CD44+CD25- (DN1) cells possess multi-lineage potential and can differentiate into B cells, T 

cells, myeloid cells, NK cells and dendritic cells. If multi-potential DN 1 cells start to upregulate 

CD25 expression and become CD44+CD25+ (DN2), their commitment to the T lineage is 

guaranteed since in the transition from DN1-DN2 they start to rearrange 3 TCR genes: Tcrb or 
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Tcrg and Tcrd, a process which is called TCR "gene rearrangment" and is completed in DN3 

stage (CD44-CD25+). Those DN cells that successfully complcted rearranging TCR~ genes have 

undergone ~-selection and express TCR~ molecules in complex with gennline-encoded pre 

TCRcx. (pre-Tex.) chain which is called pre-TCR. These cells will undergo further maturational 

stages which are accompanied by the upregulation of CD5 and CD27 and an increase in cell size, 

and the transition from the pre-selection DN3a to the post-selection DN3b stage (Hoffman, 

Passoni et al. 1996, Taghon, Yui et al. 2006) Thereafter, ap T lineage cells downregulate CD25 

and upregulate CD4 and CDS to generate double-positive (DP) cells that constitute the majority 

of thymocytes (-SO%). DP cells undergo TCRa gene rearrangement and the resulting TCRa~ 

heterodimer then undergoes MHC-mediated selection to yield mature CD4 or CDS single­

positive T cells. (Starr, Jameson et al. 2003, Kreslavsky, Gleimer et al. 201 0). In parallel, those 

cells that do not start rearranging TCR~ genes but successfully rearrange their TCRy and ù genes 

are entitled to become yù T cells (yB-selection). These cells usually remain as DN and undergo a 

smaller proliferative burst compared to ex.~ lineage (i.e., pre-TCR+) DN thymocytes. They 

downregulate expression of CD24 following maturation and leave the thymus for peripheral 

organs and epithelial surfaces. It is not precisely delineated when the two ex.~ and yùlineage ofT 

cells diverge from each other but there is sorne evidence arguing that this divergence is 

completed at DN3 stage when cells at DN2 start to downregulate CD44 expression and become 

CD44-CD25+ (Figure 2) (Ciofani and Zuniga-Pflucker 2010, Lee, Stadanlick et al. 2010). 

Besides conventional T cells, innate-like ex.~ and yù NKT cells (among other innate-like T cells) 

are also the outcomes of T cell development process, ali originating from common earl y T cell 

progenitors (Figure 2). These unconventiona1 T cells have evolutionarily conserved, semi­

invariant or invariant ex.~ or yùTCRs. The development of ex.~ and yù NKT cells is distinct from 
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that of conventional a.p and yo T cells even though they originate from common DP and DN 

precursors respectively (Coles and Raulet 1994, Bendelac, Lantz et al. 1995). It has been shown 

at ]east for a.p NKT cells that they become selected on other hematopoietic cells (cortical DP 

thymocytes) rather than thymie epithelial cells and through interaction with non-peptide Ag in 

complex with non-classical MHC molecules (Ohteki 2002, Berg 2007, Horai, Mueller et al. 

2007, Veillette, Dong et al. 2007). They have a signature transcription factor, the promyelocytic 

leukaemia zinc finger (PLZF) which belongs to the family of Krüppel-like zinc finger proteins. 

This transcription factor is essential for their innate properties. (Benlagha, Kyin et al. 2002, 

Pellicci, Hammond et al. 2002, Dao, Guo et al. 2004, Kreslavsky, Savage et al. 2009, Das, 

Sant'Angelo et al. 2010). Unlike conventional T cells, signalling lymphocyte activation molecule 

(SLAM) receptors and their associated adaptor protein SAP play a crucial role in the 

development of both a.p and yo NKT cells (Chung, Aoukaty et al. 2005, Nichols, Hom et al. 

2005, Alonzo, Gottschalk et al. 2010). Being the subjects of this PhD research project, the 

selection, development, maturation and function of these two subtypes of innate-like T cells will 

be discussed further in the next parts. 
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Figure 2) Schematic of the discrete stages of T cell development within the thymus. 

CD4-CD8- double negative (DN) cells are the most primitive subset in the thymus. These cells 

can undergo 13-selection, give rise to the subsequent CD4+CD8+ double positive (DP) cells and 

become eventually conventional a.j3 T cells or a.j3 NKT cells. Altematively, DN cells can 

undergo y-selection, stay in the CD4-CD8- double positive (DN) stage and become eventually 

conventional yo T cells or yo NKT cells. 
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2.1. Pre-T cell receptor versus T cell receptor 

Pre-TCR and TCR molecules are the two essen ti al receptor complexes expressed on 

developing and mature T cells. Signaling molecules that modulate the pre-TCR and TCR 

signaling strength are the key detenninants in the regulation of T cell development and 

homeostasis. Pre-TCR is similar to the TCRap sin ce it is composed of two components: a P­

chain and an a-component. In the TCRap, the TCRa chain is the protein product of a successful 

and productive TCRa locus rearrangement, but in the pre-TCR, the a-component is a germline­

encoded surrogate of the TCRa chain, termed the pre-Ta. The pre-Ta is unique and it is not 

interchangeable with TCRa during T lymphocyte development, as it contains unique features 

that are responsible for optimal proliferation, survival, differentiation, and commitment in 

developing DN3 cells (Borowski, Li et al. 2004). These differences allow the pre-TCR to signal 

cell-autonomously (Yamasaki, Ishikawa et al. 2006) at a lower threshold unlike its more mature 

counterpart, the TCRap, which requires engagement with peptide-major histocompatibility 

complex (p-MHC) to initiate signaling. These abilities of the pre-TCR are due to a unique 

extracellular domain of pre-Ta that contains specifie charged residues that promote spontaneous 

dimerization (Y a.masaki, Ishikawa et al. 2006), leading to its autonomous signaling capacity. 

Many knockout and overexpression studies have been used to determine the key signaling 

molecules downstream of the pre-TCR. 1 t has been shown that similar to wh at has been found for 

the TCR, the pre-TCR also requires CD3 components, as well as TCR-associated tyrosine 

kinases, Lck and Fyn, and scaffolding proteins, SLP-76, and LAT, and other downstream 

molecules in order to signal differentiation at the P-selection checkpoint (Mombaerts, Anderson 

et al. 1994, van Oers, Lowin-Kropf et al. 1996, Pivniouk, Tsitsikov et al. 1998, Zhang, Sommers 

et al. 1999). Despite the activation of the same transcription factors as TCR signaling, the 

9 



consequences are different. This probably retlects the differentiai accessibility of specifie genes 

in thymocytes at different stages of maturation (von Boehmer 2005). 

2.2. TCR signaling cascade 

One of the first signaling events that occurs upon the interaction of the TCR with the 

peptide-MHC complex is the stimulation of two members of the Src family of intracellular 

tyrosine kinases, Lck and Fyn (Nel 2002, Mustelin and Tasken 2003) leading to the 

phosphorylation of immunoreceptor tyrosine activation motifs (ITAMs) on the intracellular 

domains of the TCR Ç (also called CD3 Ç) and CD3-y, -8 and -e subunits (Pitcher and van Oers 

2003) resulting in the recruitment of Syk-family kinase ZAP-70. This protein binds to the 

phosphorylated IT A Ms and become phosphorylated by Lck, which goes on to phosphorylate the 

adaptors LAT and SLP-76 (Pitcher and van Oers 2003, Houtman, Houghtling et al. 2005, Au­

Yeung, Deindl et al. 2009, Smith-Garvin, Koretzky et al. 2009, Wang, Kadlecek et al. 2010). 

Phosphorylated adaptor proteins LAT and SLP-76 serve as a platforrn for recruitment of Tee 

family kinase Itk through its SH3 and SH2 domains and this recruitment allows for Lck 

phosphorylation of Itk (Heyeck, Wilcox et al. 1997). Upon activation and recruitment of Itk to 

the membrane, Itk phosphorylates and activates phospholipase Cyl (PLCyl) which hydrolyzes 

phosphatidylinositol 4,5- bisphosphate (P1(4,5)P2) into inositol-1,4,5-triphosphate (IP3) and 

diacylglycerol (DAG) (Rhee 2001). Following cleavage ofPIP2, DAG activates members ofthe 

protein kinase C (PKC) family and RasGRP. PKC leads to the activation of JUN amino-terminal 

kinase (JNK) thereby regulating the transcription factor activator protein-1 (AP-l) which leads to 

specifie gene expression and particular effector function (Schaeffer, Broussard et al. 2000, Miller 

and Berg 2002, Newton 2004). RasGRP via activating Ras leads to the activation of Erkl/2 
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(Schaeffer, Debnath et al. 1999, Schaeffer, Broussard et al. 2000). Among ali the different 

pathways and molecules that can be activated downstream of Erk signaling is the expression of 

the transcription factor, inhibitor of DNA binding 3 (ld3) which is through the induction of the 

Egr expression (Carleton, Haks et al. 2002, Engel and Murre 2004). ld3 is the antagonist of E2A 

and together they play important roles in different checkpoints of T cell development 

downstream of TCR signaling (Bain, Cravatt et al. 2001, Miyazaki, Rivera et al. 2011, Naito, 

Tanaka et al. 2011). On the other hand IP3 enables intracellular Ca2+ release and sustained 

calcium influx results in activation of downstream effectors including dephosphorylation and 

translocation of the transcription factor, nuclear factor of activated T cells (NF AT) to the 

nucleous which leads to particular effector functions in a T lymphocte (Figure 3) (Lewis and 

Cahalan 1995, Crabtree and Oison 2002). 
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Figure 3) T cell receptor signaling. Stimulation through the T cell receptor results in the 

recruitment and activation ofboth Lck and ZAP-70. Lck and ZAP-70 phosphorylate and activate 

SLP-76 and LAT resulting in the formation of a signaling complex for recruiting Itk which goes 

on to phosphorylate PLOy. Activated PLOy catalyzes PIP2 to IP3 and DAO. IP3 induces Ca2+ 

mobilization activation resulting in the activation and translocation of NF AT to the nucleus and 

DAG induces Erk and JNK pathways. 
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2.3. Role of TCR signaling strength in T cell development 

Severa] studies have reported that the quality of TCR signaling (strength/duration) is an 

important detenninant for a~ versus y8 fate decision, positive versus negative selection and 

CD4/CD8 lineage differentiation and also conventional versus innate-like T cell lineage choice 

(Liu and Bosselut 2004, Hayes, Li et al. 2005). 

2.3.1 a.f3 vs. yB fate decision 

Showing that the bifurcation of a~ and y8 T cell lineages occurs around the DN2-DN3 

stage of T cell development was a big achievement in the world of T cell development study 

(Petrie, Scollay et al. 1992, Ciofani, Knowles et al. 2006). But how this divergence happens and 

what are the main detenninants still remained to be answered. 

There have been severa] proposed models to explain the mechanism by which an immature DN 

thymocyte decides to become either a~ or y8 T cell (Kang and Raul et 1997, MacDonald and 

Wilson 1998). Two models are currently popular: the "stochastic model" and the "signal strength 

model'' (Figure 4). "Stochastic model" proposes that the fate of the cells is randomly determined 

before the expression of either a~ or y8 TCR and cells will survive and mature if the isoform of 

the TCR they are going to express is matched with their predetermined fate (Figure 4A). A piece 

of evidence supporting this model is that the progenitor cells which give rise to a~ or y8 T cells 

show heterogeneous expression of intracellular and surface proteins including transcription 

factors and cytokine receptors. This heterogeneity may reflect the activation of a~ or y8 lineage­

specific molecular programs prior to the expression of a functional TCR isoform (Kang, 

Vollanann et al. 2001, Melichar, Narayan et al. 2007). On the other hand the "signal strength 

model'' proposes that the strength of the signal delivered by the antigen receptor actually 
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instructs lineage choice, with immature DN thymocytes receiving a strong signal choosing the yô 

T cell fate and those receiving a weak signal choosing the a~ T cell fate (Figure 4B) (Hayes, 

Shores et al. 2003). According to this model, the signal that instructs the lineage choice can 

potentially be delivered by any TCR isofonn under nonnal conditions, and yô TCR transduces 

the strong signal white the pre-TCR delivers the weak signal (Haks, Lefebvre et al. 2005, Hayes, 

Li et al. 2005). Evidence supporting this model is coming from the results of an experimental 

system using mice expressing a yB TCR transgene of detined antigen speciticity, KN6. The KN6 

TCR recognizes the non-classical MHC class lb molecule T22d, whose surface expression is ~2-

microglobulin (~2M)-dependent (Bonneville, Ito et al. 1989, Crowley, Fahrer et al. 2000). Using 

this transgenic model, it was clearly indicated that the absence of the yB TCR ligand and the 

kinase Lck leads to a dramatic increase in OP cell numbers at the expense of DN yB TCR+ cells 

showing stronger TCR signal favors yB and weaker signal favors a~ lineage development (Haks, 

Lefebvre et al. 2005, Hayes, Li et al. 2005). But it was still probable that TCR signal strength 

does not determine lineage fate but instead confirms the fate decision of pre-committed 

immature DN thymocytes. A more recent study has cleared up ali the doubts by studying the 

lineage potential of early TCR-expressing thymocytes in the OP9-DL1 co-culture system. They 

demonstrated that TCR yB+ DN3 cells which can give rise to both a~ and yô lineages, developed 

only into the yB lineage when they received a strong signal from the TCR indicating that pre­

commitment does not occur prior to TCR signaling (Kreslavsky, Garbe et al. 2008). These 

results suggest that, regardless of which molecules are expressed in immature thymocytes, or 

their potential to influence the decision pro cess, the strength of the TCR has the last word. 
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2.3.2. Positive vs. negative selection 

Figure 4) Current models of aWyS lineage 

commitment (A) Stochastic model: in this mode), 

the lineage fate decision occurs randomly and prior 

to the expression of either the pre-TCR or the yù 

TCR. (B) Signal strength model: in this model, the 

strength of the TCR signal dictates the fate of the 

cell, with cells receiving a strong signal choosing 

the yù T cell fate and cells recei ving a weak signal 

choosing the a~ T cell fate (Hayes, Laird et al. 

2010). 

After a~ vs. yù lineage decision, the next important check point during T cell 

development is once TCRa~+ cells upregulate CD4 and CD8 and reach the DP stage of 

development. After becoming DP, thymocytes move deep into the thymie cortex where they are 

exposed to and interact with the self-antigens which are presented by MHC-I or MHC-II 

molecules. The strength of the TCR signal is critical for the decision of a cell to continue 

maturation which is called positive selection. At this stage the TCR signal should be strong 

enough for the cells to become positively selected otherwise they die from neglect (Starr, 

Jameson et al. 2003). Later a process called negative selection removes thymocytes that are 

capable of strong binding with self-antigen/MHC complexes. These T cells having a very strong 
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TCR signaling undergo cell death otherwise they will eventually enter the peripheral organs as 

autoreactive T cells and are capable ofinducing autoimmune diseases in the host (Starr, Jameson 

et al. 2003, Prince, Yin et al. 2009). 

2.3.3. CD4/CD8 lineage commitment 

A further checkpoint in the fate decision during the course of T ccli development is 

when cells decide to differentiate into either CD4+ or CD8+ T cells depending on the TCR 

specificity for either MHC class II or class 1 molecules. Since two decades ago different 

hypothesises have been proposed explaining the coordination of CD4+ or CD8+ phenotype with 

MHC recognition. "lnstructional" model which was later modified to a "Quantitative 

instructional" model (Itano, Salmon et al. 1996, Matechak, Killeen et al. 1996) proposes that a 

relatively strong signal, usually accompanied by CD4-MHC class II interactions, instructs OP 

thymocytes to differentiate into CD4+ T cells and that a weaker signal, usually accompanied by 

CD8- MHC class 1 interactions, results in CD8+ T celllineage commitment. 

Further investigation indicated that in DP-confined TCR signaling model, m which the 

expression of the essential tyrosine kinase ZAP-70 downstream of TCR signaling is restricted to 

only DP thymocytes (Liu, Adams et al. 2003), there is a normal CD8 but not CD4 lineage 

differentiation. lnterestingly, it was also demonstrated that this model redirects even MHC class 

II-restricted thymocytes into the CD8 lineage (Liu and Bosselut 2004). These findings 

demonstrate that not only the strength ofTCR signal but also the duration of signaling in vivo is 

a critical determinant of CD4-CD8 lineage differentiation with longer lasting TCR signaling 

(here defined by the presence of ZAP-70) favoring CD4 lineage differentiation and TCR 

signaling with less duration (here defined by the absence of ZAP-70) favoring CD8 lineage 

choice (Liu and Bosselut 2004). 
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2.3.4. Conventional vs. innate-like tymphocyte lineage choice 

As it was mentioned earlier, innate-like thymocytes consist of different subtypes of T 

cells with common properties. These subsets of T cells show heterogeneity regarding the role of 

TCR signaling strength in their selection and development. For example the results from severa) 

studies indicate that in o.~NKT cells, the invariant TCR binds to complexes of ligand-MHC 

(a.GaiCer-CDld) with a relatively high affinity and a particularly long half-life in the order of 

minutes rather than seconds which is characteristic of conventional peptide-MHC lill reactive 

TCRs (Sidobre, Naidenko et al. 2002, Cantu, Benlagha et al. 2003, Sim, Holmberg et al. 2003, 

Sidobre, Hammond et al. 2004). On the other hand the story is the opposite for H2-M3-restricted 

innate-like T cells where peptide studies have determined that only the weakest agonists can 

induce the positive selection of H2-M3-restricted T cells while strong agonists induce cell death 

(Chiu, Wang et al. 1999, Berg, Irion et al. 2000). 

Interestingly, yo NKT cells which also have a conserved TCR molecule like a.~ NKT cells, and 

likewise are SLAM receptor signaling dependent are accumulated in Itk-deficient mice, white a.~ 

NKT cells are diminished (Au-Yeung and Fowell 2007, Felices, Yin et al. 2009, Qi, Xia et al. 

2009). Since Itk regulates TCR signaling, these two subsets of NKT cells may differ in their 

TCR requirements in the selection process. Thus, the strength of the TCR signal pla ys a major 

role in different checkpoints in the course ofT cell development and lineage differentiation. This 

role of TCR signaling appears to be important for the development of both conventional and 

unconventional innate-like T cells (Prince, Yin et al. 2009). 
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2.4. The importance of the Erk-Egr-Id3 axis in T cell development 

The p42 and p44 mitogen-activated protein kinases (MAPKs), also known as 

extracellular signal regulated kinases (Erk)2 and (Erk) 1, respectively, have been implicated in 

proliferation as well as in differentiation programs. The first checkpoint in the T cell 

development process occurs between the ON and OP stages and is associated with formation of 

the pre-TCR. In 1999 for the first ti me it was reported that Erk 112 are phosphorylated and 

activated upon engagement of the pre-TCR, indicating that the Erk signaling cascade is initiated 

by the pre-TCR. It was also shown that the activation of this pre-TCR signaling cascade is 

mediated through Lck (Michie, Trop et al. 1999). Erk signaling is considered as an important 

determinant in TCR signaling and T cell development because it regulates the activity of 

essen ti al transcription factors in T cell development called E proteins. E pro teins E2A (E 12, E4 7) 

and HEB are indispensible transcription factors early in T cell development. E proteins are basic 

helix-loop-helix (bHLH) family members (Murre, McCaw et al. 1989) that bind the consensus E­

box DNA sequence (CANNTG} with their basic region, and they can interact with other proteins 

via their helix-loop-helix domain (Murre, McCaw et al. 1989, Voronova and Baltimore 1990). In 

thymocytes, E2A and HEB work cooperatively as heterodimers to promote the expression of 

genes cri ti cal for thymocyte development and differentiation (Takeuchi, Y amasaki et al. 2001, 

Schwartz, Engel et al. 2006). In E2A- or HEB-deficient mice, thymocyte development is 

partially arrested, with aP-Iineage cells more severely affected than cells of the yô-lineage (Bain, 

Engel et al. 1997, Bamdt, Dai et al. 2000). Mice with double deficiency in E2A and HEB 

undergo a severe developmental block before pre-TCR expression and a dramatic reduction of 

pre-Ta expression (Wojciechowski, Lai et al. 2007). The arrested thymocytes also have 

increased proliferation and expansion, suggesting a role for these E proteins that is beyond T cell 
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differentiation, and encompass cell cycle arrest before pre-TCR expression as weil. E pro teins 

play an important role as regulators ofthymocyte selection, functioning as gate-guards at critical 

checkpoints during thymocyte development (Figure 5) (Engel, Johns et al. 2001, Engel and 

Murre 2004, Wojciechowski, Lai et al. 2007). How Erk pathway regulates E protein activation? 

Signaling through the pre-TCR activates the Erk pathway, leading to the expression of early 

growth response family members Egrl-4 (Carleton, Haks et al. 2002). Egr transcription factors 

are required for the development of DN3 cells across the P-selection checkpoint to the DP stage. 

lnhibiting Egr function induces impairrnent in this progression, while its ectopie expression 

allows for DN3 cells to bypass P-selection without having a functional pre-TCR (Carleton, Haks 

et al. 2002). 
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Figure 5) Schematic model of the role of E proteins in T cell development. Developmental 

stages are presented as labelled circles, with the narnes of significant surface marker molecules 

attached. The roles of E2A or HEB proteins are indicated in red. DN, CD4- and CD8- double-

negative thymocyte; DP, CD4+ and CD8+ double-positi ,e thymocyte; ISP, immature single-

positive CD8+ thymocyte; SP, CD8+ or CD4+ single-positive thymocyte (Engel and Murre 2001). 
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Among the earliest transcriptional changes induced by pre-TCR signaling is the expression of 

Egr transcription factor (Xi and Kersh 2004, Xi and Kersh 2004). Studies on this pathway have 

suggested that Egr expression is important at this stage because it serves to control thymocyte 

proliferation in response to pre-TCR signais (Xi, Schwartz et al. 2006). lt also induces the 

expression of the transcription factor Id3 (Engel and Murre 2004). Id proteins (4 members in 

mammals) are HLH-only proteins (Benezra, Davis et al. 1990) that make heterodimers with E 

pro teins and prevent them from binding DNA. Id protein expression is induced upon pre-TCR 

signaling-mediated activation of the Erk pathway (Engel, Johns et al. 2001) leading to elevated 

Id3 gene expression levels at P-selection (Taghon, Yui et al. 2006). This critical step allows Egr 

proteins to mediate DN3 differentiation across the P-selection checkpoint. By inducing ld3 

expression, the developmental arrest imposed by E2A function is removed as a result of the 

Id3/E2A heterodimerization (Rivera, Johns et al. 2000). 

2.4.1. a.p vs. yB fate decision 

Different studies on the role of TCR signaling strength in a.p versus y8 lineage choice 

suggested that the Erk-Egr-Id3 axis might be capable of transforming an analog TCR signal 

strength into a binary lineage choice meaning that TCR signal is digitized by this axis, with 

strong signal instructing the y8 and weak signal instructing the ap fate choice (Haks, Lefebvre et 

al. 2005, Hayes, Li et al. 2005, Kreslavsky, Gleimer et al. 2010). The most obvious evidence is 

the higher phosphorylation level of Erk in TCRy8- compared to pre-TCR-expressing thymocytes 

(Hayes, Li et al. 2005) and also in KN6 TCRy8 transgenic thymocytes in the presence of the 

ligand (Haks, Lefebvre et al. 2005).Moreover, the Egr transcription tàctors and their target, 

inhibitor ofE protein function Id3 were induced in KN6 cells more strongly when the ligand was 
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present (Haks, Lefebvre et al. 2005). Since the Egr family consists of severa] members with 

overlapping functions, more studies have been focused on the role of ld3 downstream of Erk 

signaling pathway in a.~ versus y8 lineage choice. First of ali, Lauritsen et al showed that the 

ability of ectopically expressed Egr1 to simultaneously promote yo and oppose ap lineage 

development was dependent on the Id3 since these effects were markedly diminished in ld3-

deficient cells (Lauritsen, Wong et al. 2009). They also show that in KN6 TCR transgenic mice 

in the absence of Id3, large numbers of DP cells were generated even when the TCR y8 ligand 

was expressed suggesting that Id3 upregulation is required for y8 versus a.~ lineage commitment 

(Lauritsen, Wong et al. 2009). Not only in TCR transgenic mice but also in TCR non-transgenic 

mice it was shown that, ld3 deficiency resulted in a dramatic decrease in Vy5 T cells in the skin 

and in Vy4 T cells in the spleen (Blom, Heemskerk et al. 1999). To explain how TCR signal 

strength can be directed into a binary lineage choice, it has been proposed that the duration of the 

signal is more important than the signal intensity per se (Lee, Stadanlick et al. 201 0). According 

to this hypothesis Erk activation is sustained in presence of the ligand in the KN6 system and this 

in tum leads to stabilization of the immediate earl y gene Egrl and consequently ld3 expression 

leading to reduce E protein activity (Lee, Stadanlick et al. 2010). 

2.5. CD28 

The coreceptor CD28 is constitutively expressed onT cells. CD28 is also a member of 

the immunoglobulin superfamily and is expressed as a disulphide-Iinked homodimer. This 

coreceptor is involved in T cell proliferation, IL-2 production, prevention of T cell anergy, 

induction of the anti-apoptotic factor Bel-xL and differentiation of naïve T cells into Th1 and 

Th2 type ofhelper T cells (Lenschow, Walunas et al. 1996, Chambers and Allison 1997, Harris 
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and Ronchese 1999, Alegre, Frauwirth et al. 2001, Bour-Jordan and Blueston 2002). Upon 

stimulation, CD28 activates phophatidylinositol 3-kinase (PI3K) and induces intracellular 

signaling leading to cytokine production, proliferation and survival (Alegre, Frauwirth et al. 

2001 ). A primary costimulatory signal is delivered through the CD28 receptor after engagement 

of its ligands, 87-1 (CD80) or 87-2 (CD86) which are respectively expressed after induction or 

constitutively on antigen presenting cells (APCs). Engagement of cytotoxic lymphocyte 

associated molecule-4 (CTLA-4 or CD152) to the same 87-1 or 87-2 ligands results in 

attenuation ofT cell responses so the CD28/CTLA-4/B7-1/B7-2 family provides a paradigm to 

define related immune pathways in T cells (Greenfield, Nguyen et al. 1998, Chambers, Kuhns et 

al. 2001, Salomon and Bluestone 2001 ). Therefore, CD28 costimulation is necessary for the 

initiation of most ofT cell responses, and its blockage results in ineffective T cell activation. 

2.5.1 Integration of CD28 and TCR signais 

When TCR signal is strong enough (for example in vitro conditions when T cells are 

stimulated with TCR specifie antibodies) it can mediate ali of the main gene expression 

programs downstream of its signaling cascade (Diehn, Alizadeh et al. 2002). In contrast, CD28 

stimulation alone results in a transient expression of only a few genes with no obvious biological 

consequences, indicating an accessory role for its signaling (Diehn, Alizadeh et al. 2002, Riley, 

Mao et al. 2002). Since under normal circumstances, only a few TCR molecules are ligated at 

once, it is likely to generate short lasting or incomplete activation events which cannot lead to 

any cell proliferation and differentiation, but rather to T cell anergy or death (lrvine, Purbhoo et 

al. 2002). But if engaged together the coreceptor CD28 strongly amplifies a weak TCR signal 

(Michel, Attal-Bonnefoy et al. 2001). So far, no unique signaling pathways or effectors have 

been identified exclusively for CD28. Instead, ali ofthe proteins identified as components of the 
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CD28 signaling pathway constitute a small subset of those that are implicated in TCR signaling 

pathway (Figure 6). The main components downstream of CD28 signaling are PI3K (Rudd 

1996), two members ofTec family ofPTKs, Tee (Yang, Ghiotto et al. 1999) and IL-2-inducible 

T-cell kinase (ltk) (August, Gibson et al. 1994), guanine nucleotide exchange factor Vav1 

(Klasen, Pages et al. 1998, Michel, Grimaud et al. 1998) and the serine/ threonine kinase Akt 

(also known as protein kinase B, PKB) (Parry, Reif et al. 1997, Michel, Attal-Bonnefoy et al. 

2001). 

-Activation of P/3K: 

Upon CD28 Iigation, it becomes tyrosine phosphorylated by Lck and/or Fyn at the Tyr­

Met-Asn-Met motif in its cytoplasmic tail and it binds the p85 regulatory subunit of PI3K 

(Michel, Attal-Bonnefoy et al. 2001 ). Pl3K recruitment by CD28 contributes to or complements 

TCR-dependent PI3K signaling. This kinase phosphorylates lipid substrates and generates 

phosphatidylinositol-3,4,5-triphosphate (Pl(3,4,5)P3) at the plasma membrane. Then, the locally 

generated PIP3 serves as a docking site for the PH domains of PDK1 and its target, the kinase 

PKB/ AKT (Appleman, van Puijenbroek et al. 2002, Diehn, Alizadeh et al. 2002). Activation of 

AKT links CD28 to pathways that are crucial for controlling the expression of many genes 

during T cell activation. One of them involves the NF-KB pathway. AKT cooperates with PKCS 

to induce translocation ofNFKB to the nucleus and transcription ofNFKB target genes including 

IL-2 (Jones et al., 2000; Narayan et al.,2006; Park et al., 2009; Sanchez-Lockhart et al., 2004) 

and Bel-xL (Burr et al., 2001; Chen et al., 2000; Khoshnan et al., 2000). AKT also 

phosphorylates and inactivates glycogen synthase kinase 3a (GSK3a) and GSK3J3, which 

inhibits the nuclear export ofNFAT (Beais, Sheridan et al. 1997) and promotes T cell survival 
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(Kane, Andres et al. 2001). Thus, AKT-mediated GSK-3 inactivation might be responsible for 

prolonged NFAT nuclear localization and thus IL-2 transcription following CD28 costimulation. 

-Activation of Tee kinases: 

The two members of the Tee family of thyrosine kinases, Tee and Itk become activated 

in two steps. First with their PH domain interaction with the products of PBK or other binding 

partners like heterotrimeric G-protein subunits, PKCs or F-actin, they are translocated to the 

plasma membrane or specifie intracellular microenvironments required for activation. Once at 

the membrane, Tee kinases are phosphorylated on a tyrosine residue in their catalytic domain by 

Src Family of tyrosine Kinases Lck and Fyn and become activated (Takesono, Finkelstein et al. 

2002). Tee and Itk are crucial for the production of secondary messengers through positive 

regulation of PLC-yl and therefore, contribute to an increase in intracellular calcium 

concentration, diacylglycerol (DAG)-dependent activation of PKC and the activation of 

Ras/Raf/Erk through RasGRP. Upon CD28 ligation both ltk and Tee become activated via 

binding to the proline-rich regions in the CD28 amino- and carboxyl terminus (August, Gibson et 

al. 1994, Yang, Ghiotto et al. 1999, Michel, Attal-Bonnefoy et al. 2001). In contrast to the TCR, 

ligation of CD28 alone does not induce the phosphorylation of PLC-yl and increased 

intracellular calcium concentration (Michel, Attal-Bonnefoy et al. 2001), or activation ofErk and 

PKC-8 (Coudronniere, Villalba et al. 2000), indicating that functional effects of CD28-mediated 

activation of Tee and ltk are depending on the TCR signaling, which provides the signaling 

platform of LAT -SLP76 complex (Figure 6). 
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-Activation ofVavl: 

Vavl is a guanine nucleotide exchange fàctor for Rho-family GTPases and key signal 

transducer downstream ofthe TCR by regulating the activation of PBK (Tybulewicz, Ardouin et 

al. 2003). Membrane recruitment and activation of Vavl upon TCR ligation requires the 

phosphorylation of SLP-76 (Tuosto, Michel et al. 1996). Since SLP-76 is not tyrosine 

phosphorylated upon CD28 ligation (Acuto, Mise-Omata et al. 2003) the two receptors have 

different strategies for activating Vavl. T-cell development is markedly reduced in Vavl­

deficient mice, and the few thymocytes or T cells that do develop are defective in TCR induced 

phosphorylation of AKT, and Tee kinases and consequently PLC-yl and show poor recruitment 

of SLP-76 to LAT (Reynolds, Smyth et al. 2002). Also, nuclear import of NF AT, increased 

concentrations of intracellular calcium, and activation of NF-KB and Ras/Raf/Erk pathway are 

strongly affected Vavl-deficient mice (Turner and Billadeau 2002). Interestingly, CD28 

deficiency impairs Vavl activation without altering TCR induced phosphorylation of ZAP-70 

and LAT, but affects SLP-76, PLC-yl and Itk phosphorylation and ATK activation (Michel, 

Attal-Bonnefoy et al. 2001). This phenotype which is remarkably similar to that of Vavl­

deficient T cells (Reynolds, Smyth et al. 2002) indicates a crucial role for Vavl as an important 

signaling effector in CD28 costimulation. 
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Figure 6) TCR-LAT and CD28 signaling pathways. Ligation ofTCR by peptide-MHC on an 

antigen presenting cell (APC) triggers the recruitment of signaling elements (red) that are 

organized in complexes around the membrane scaffold protein linker for activation of T cells 

(LAT) that is resident in glycolipid-enriched membrane micro-domains (GEMs). These signaling 

components ensure connection to the main pathways that control nuclear transcriptional and gene 

activation. This scaffold provides a structure on which CD28 signaling elements (yellow) can 

bind to and enhance TCR signais (Acuto and Michel 2003). 
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2.5.2. CD28 and T cell development 

- Conventional ap T cells (negative and positive selection): 

Role of CD28 signaling on thyrnocyte positive and negative selection is quite 

controversial. In 1998 impainnent in negative selection was reported in CD28-deficient mice. 

According to this in vitro study the elimination of OP thymocytes was found to be significantly 

reduced in response to either antigen or antibody crosslinking of the TCR complex in CD28-

deficient animais. It was not due to a defect in thyrnocyte survival as thyrnocytes from CD28-

deficient mice displayed similar sensitivity to apoptosis initiated by either y-irradiation or 

dexamethasone compared to wild type controls (Noel, Alegre et al. 1998). Moreover, other 

studies indicated th at 87 /CD28 interaction en han ces clonai deletion of autoreactive T cells 

(Kishimoto and Sprent 1999, Li and Page 2001, 8uhlmann, Elkin et al. 2003). However, later a 

more precise study was performed using HY-specific TCR transgenic RAG-2-deficient (HY-rag) 

mice which are either deficient in CD28 (HY -rag CD28KO) or both 87 antigens (HY -rag 

87DKO). This study demonstrated that there is no alteration in thymie negative selection in 

thymi of HY -rag males in the presence or absence of either CD28 or its an ti gens (Vacchio, 

Williams et al. 2005). 

Interestingly in the absence of either CD28 or 87, HY-rag female mice had an increased number 

of CD8 SP thyrnocytes in their thyrni which were mature and functionally competent. Moreover 

DP thymocytes from CD28- or 87.1/87.2- deficient females had higher levels ofboth CDS and 

TCR compared to WT female controls, suggesting a stronger selecting signal. Fetal thymie organ 

cultures proved that this elevated number of thymie CD8 SP cells is due to an increased thymie 

differentiation rather than recirculation of peripheral T cells in CD28-deficient mice. Finally, in 

non-TCR-Tg mice there was an increased selection of mature CD4 and CD8 SP T cells in the 
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absence of CD28 or 87 antigens compared to WT mice (Vacchio, Williams et al. 2005). 

Consistent with this report, previous in vitro studies had also demonstrated that CD28 

costimulation promotes differentiation of DP thymocytes into SP T cells (Cibotti, Punt et al. 

1997, Groves, Parsons et al. 1997). So far, the role of CD28 in the development of conventional 

T cells is considered as minor, leading to relatively normal numbers of conventional CD4+ and 

CD8+ T cells in thymus and periphery compared to wild type controls. 

- Reg11latory T cells (Tregs): 

Compared to conventional ap T cell development, CD28 signaling has a huge impact 

on the development of unconventional CD25+CD4+ regulatory T cells (Tregs). CD28 deficiency 

leads to a dramatically reduced numbers of Tregs in both thymus and periphery (Salomon, 

Lenschow et al. 2000, 8our-Jordan and 8lueston 2002, Lohr, Knoechel et al. 2003). For the first 

time in 2000 Salomon et al showed that CD28 deficiency which leads to a profound decrease of 

the immunoregulatory CD4+CD25+ T cells induces exacerbated diabetes in nonobese diabetic 

(NOD) mice and the transfer of this regulatory T cell subset from control NOD animais into 

CD28 deficient animais can delay or prevent diabetes (Salomon, Lenschow et al. 2000). 

-iN KT cells (Type 1 ap NKT cells): 

Another group ofunconventional T cells which is developmentally dependent on CD28 

signaling is type I ap NKT (invariant or iNKT) cells. In 2008 three independent studies showed 

the cri ti cal rote of CD28-87 interaction during intrathymic development, expansion and function 

of iNKT cells (Chung, Nurieva et al. 2008, Williams, Lumsden et al. 2008, Zheng, Zhang et al. 

2008). Chung et al showed that in the absence of the costimulation ligands 87-1 and 87-2 there 

is a defective intrathymic development of iNKT cells which leads to a lower expansion of these 

cells in the thymus and periphery as well as a postselectional impairment in both phenotypical 
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and functional maturation of these cells (Chung, Nurieva et al. 2008). 8y transferring WT and 

87-deficient bone marrow (8M) cells to WT and 87-deficient recipients, this study also revealed 

that costimulatory molecules on both hematopoietic and nonhematopoietic cells are required for 

iNKT cell development (Chung, Nurieva et al. 2008). ln the other study Zheng et al, using mice 

with targeted mutations of 87-112 and CD28, showed that the NKT subset is significantly 

reduced in the thymus, spleen and liver which is mainly due to decreased cell proliferation and 

increased cell death in the thymi of CD28-deficient mice (Zheng, Zhang et al. 2008). This study 

also showed that CD28-deficient mice were less susceptible to Con A induced murine hepatitis 

(Zheng, Zhang et al. 2008). In this model autocrine IL-4 produced by liver NKT cells plays a 

critical role in cell mediated cytotoxicity (Kaneko, Harada et al. 2000, Takeda, Hayakawa et al. 

2000). Williams and colleagues also indicated that 87-CD28 signaling does not affect early 

iNKT celllineage commitment, but exerts its influence on the subsequent intrathymic expansion 

and differentiation of iNKT cells. Using CD28 wild-type/CD28-deficient mixed bone marrow 

chimeras they show that CD28 by using both cell-autonomous and non-cell-autonomous 

mechanisms play critical rotes during iNKT cell development. Surprisingly transgenic mice in 

which thymie expression of 87 is elevated also showed essential defects in thymie iNKT cell 

development which indicates that both disruption and/or augmentation of this costimulatory 

interaction has substantial effects on iNKT cell development in the thymus (Williams, Lumsden 

et al. 2008). 
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2.6. SLAM signaling 

2.6.1. SLAM family members 

The family of signaling lymphocytic activation molecule (SLAM) receptors belongs to 

the immunoglobulin receptor super-family. This family consists of six members, named SLAM 

(CD150), 284 (CD244), NTB-A (Ly108 in mice), CRACC (CS1, CD319), CD84, and Ly-9 

(CD229), which are expressed and mediate diverse outcomes on different hematopoietic cells 

(Table 2) (Veillette and Latour 2003, Veillette 2006, Veillette, Dong et al. 2007, Claus, Meinke 

et al. 2008). Ali the members of the family are type 1 transmembrane receptors with an 

extracellular part consisting of an N-terminal V -type lg-domain plus a membrane-proximal C2-

type lg-domain (Figure 7) (Sandrin, Gumley et al. 1992, Engel, Eck et al. 2003). The cytosolic 

part of the SLAM receptor family members contains two to four tyrosine-based signaling motifs 

that become phosphorylated upon receptor engagement and are the basis for SLAM signaling 

(Ma, Nichols et al. 2007, Claus, Meinke et al. 2008). The tyrosine of these motifs is embedded in 

a consensus sequence TxYxxV/1, where x represents any amino acid. These motifs have been 

termed immunoreceptor tyrosine-based switch motifs (ITSM), because they can recruit different 

signaling molecules that promote activating or inhibitory signais (Figure 7) (Shlapatska, 

Mikhalap et al. 2001 ). ITSMs can bind to a family of adapter proteins which mediate SLAM 

signaling such as, SLAM-associated protein (SAP), Ewings sarcoma-Flil-activated transcript 2 

(EAT-2) and EAT-2 related transducer (ERT) (Engel, Eck et al. 2003, Latour and Veillette 2004, 

Roncagalli, Taylor et al. 2005, Veillette 2006, Ma, Nichols et al. 2007). These adapter proteins 

are small, comprising a Src homology 2 (SH2)-domain and a short C-terminal extension. The 

importance of SLAM and SAP function in immun ·ty was highlighted by the finding that the 

severe immune disorder X-linked lymphoproliferative disease (XLP) is caused by the absence or 
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dysfunctionality of SAP (Coffey, Brooksbank et al. 1998, Ni chois, Harkin et al. 1998, Sayos, Wu 

et al. 1998). XLP disease is a rare inherited human immunodeficiency, primarily characterized 

by an impaired immune response to Epstein-Barr virus (EBV) infection (Morra, Howie et al. 

2001, Latour and Yeillette 2003, Ma, Nichols et al. 2007). The defects in lymphocyte function 

that lead to the pathogenesis ofXLP are not fully understood, but in recent years severa} findings 

helped to understand the underlying mechanisms. The development of the majority of 

lymphocytes seems to be not affected by SAP deficiency, as the numbers of NK, T and B cells 

are normal in XLP patients. Only the subset of NKT cells does not develop properly in these 

patients (Nichols, Hom et al. 2005, Pasquier, Yin et al. 2005). SH2 domain--containing protein 

tyrosine phosphatase (SHP)-1 and -2 and also inositol-phosphatase SHIP can bind to the 

phosphorylated ITSM and mediate inhibitory signais through SLAM receptor signaling (Figure 

8) (Tangye, Lazetic et al. 1999, Shlapatska, Mikhalap et al. 2001, Eissmann, Beauchamp et al. 

2005). 

CD229(ly·91 

COtSO CRACC 
ISLAMI C004 NTB A (CS· tl 

• TxYnVII (SAP blndlng siTe) 

Figure 7) SLAM family of receptors. Typical SLAM receptor consists of an lg like V- and C2-

like domain. The cytoplasmic domain contains 2-4 ITSMs that are binding sites for the adaptor 

SAP. A number of splice variants exist for these receptors that can vary the number of ITSMs 

(Ma, Nichols et al. 2007). 

31 



Table 2) Expression and function of SLAM family members in hemopoietic cells* 

SLAM tiuniJ~· 

molcl' llll' Cdlular distrihuriun Funmon 

SLAJ\1 (CD I50 IPO-J) Th~1ttocytcs. na ive B œlls. mc mory T cclls, in vitro eiL-4 sl·crction by CJH+ T cclls 
acrivntcd T ;~nd B relis. mature DCs, platclcts, •IL-L! , T~F-,, production br macrophngcs 
I ISCs • ,\1\" rcccpror 

• Sdf-lignnd 

ZB4 (CD2:.H) :"K relis. y[l T relis, mcmnry CDH+ T cclls, • :-.iK ccli cytokine ~ccrcrion . c-ywtoxicity 
monoc~'tcs. hasophils, cosinophils • Immune syn"'psc formation in CDS"' T cells 

• ,\l:ty :1lso signnl through its ligand CD·Hl 

!"TB-A (Ly 1 OB :"K cclls. T cells. i'\KT cclls, Tn1 l'clis, B œlls, • lluman 1\'K ccli ~'tol.:.ine secretion, 
SFZOOO) eosinophils cytotoxic-ity 

• IL-4 sc:crc:rion br CD4+ T cclls 
• :"loicutrophil funcrion 
• Self-ligand 

Ly9(CD22?) Somc thpnocytl'S, T cclls, T n 1 cc lis, B cclls, ~KT • ? l" cgnrive regula tor of Ti:R signaling 
cells. ~K cc: Ils (dim) • Self-ligand 

• ,\;lininul phenotype of ~~·9-1- mit-e 

CD84 .\lost thpnocytes, li SC~, B cclls, T n·lls. TFII cclls, • ? T ccli prolifcr.ttion, c~'tokinc secretion 
~KT cc lis. mast cclls, monm·yres, macrophages, • Platclet sprcading 
DCs. neutrophils, hasophils, cosinophils, platclcts • Sclf-liganJ 

cn.Acc <CS 1 mo use ~K cclls. cos- T relis. ~omc CD4+ T cclls. B • ~K 91:otoxiciry (? SAP-indcpcndcnt) 
novel Ly?) relis. mature DCs • Self-ligand 

*The expression data apply largely to human cells since the analysis of the expression of SLAM 

family receptors in mouse has not been as comprehensive as in human, and thus there may be 

sorne species-specific differences. Adapted from (Ma, Nichols et al. 2007). 
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2.6.2. SLAM signaling cascade 

SAP can bind to ITSMs in the cytoplasmic domains of ali SLAM family receptors with 

the exception of CRACC (Sayos, Wu et al. 1998, Shlapatska, Mikhalap et al. 2001 ). This protein 

can associate with ITSM of SLAM in its unphosphorylated state, although the status of binding 

is improved upon phosphorylation (Li, Gish et al. 1999, Po y, Yaffe et al. 1999, Finerty, 

Muhandiram et al. 2002, Hwang, Li et al. 2002). In contrast, SAP association with ITSMs of 

other SLAM family members like 2B4 (Tangye, Lazetic et al. 1999, Parolini, Bottino et al. 

2000), Ly108 (Zhong and Veillette 2008), Ly9 (Sayos, Martin et al. 2001) and CD84 (Sayos, 

Martin et al. 2001, Tangye, Nichols et al. 2003) requires pre-phosphorylation. Several studies 

indicated that SAP also competed with SHP-1 and /or SHP-2 for recruitment to ITSMs of 

SLAM, CD84, 2B4, NTB-A, and Ly9 (Sayos, Wu et al. 1998, Castro, Hauser et al. 1999, 

Tangye, Lazetic et al. 1999, Parolini, Bottino et al. 2000, Bottino, Falco et al. 2001, Sayos, 

Martin et al. 2001, Shlapatska, Mikhalap et al. 2001, Zhong and Veillette 2008). A part from this 

phosphatase competition, SAP can also mediate positive signal transduction from SLAM family 

receptors. Data from different studies demonstrated that SAP recruits Fyn to the membrane 

proximal ITSM of SLAM, allowing Fyn activation and tyrosine phosphorylation of remaining 

ITSMs on SLAM (Latour, Gish et al. 2001, Chan, Lanyi et al. 2003, Chen, Relouzat et al. 2004). 

- SAP-Fyn dependent SLAM signaling: 

Studies on SLAM signaling suggest that an inducible SAP-Fyn interaction is initiated 

by a confonnational change of SAP when it binds to SLAM (Chen, Latour et al. 2006). In this 

model, the SH3 domain of Fyn interacts with an arginine-based motif (R 78) in SAP that lies 

outside of the phosphotyrosine binding pocket. This pennits SAP to simultaneously interact with 

SLAM as weil as Fyn resulting in a SLAM-SAP-Fyn complex (Figure 8) (Chan, Lanyi et al. 
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2003, Latour, Roncagalli et al. 2003, Li, Iosef et al. 2003). According to this model, mutation of 

the critical arginine (R78) of SAP dramatically reduces the ability of SAP to recruit Fyn and 

induce SLAM phosphorylation (Chan, Lanyi et al. 2003, Latour, Roncagalli et al. 2003, Li, losef 

et al. 2003). Although Fyn is considered as the primary kinase to phosphorylate SLAM family 

receptors, potential interactions of SAP with Lck have also been shown (Simarro, Lanyi et al. 

2004). Activation and recruitment of Fyn result in phosphorylation of the remaining ITSMs and 

the recruitment of the lipid phosphatase SHIP. SHIP binds to the adaptor pro teins, downstream 

of tyrosine kinases (Dok)-1 and Dok-2, allowing recruitment of RasGTPase activating protein 

(RasGAP) which is one of the most important interacting partners of the Dok adaptor proteins 

which will be discussed later in this chapter (Latour, Gish et al. 2001, Latour, Roncagalli et al. 

2003). 

- SAP-Fyn independent SLAM signaling: 

A part from Fyn, SAP can also interact with other proteins at its R 78 motif. Studies on 

the effect of SLAM signaling on cytokine secretion show that SLAM engagement on CD4+ T 

cells can increase recruitment of PKC9 to the immune synapse and it is accompanied with an 

increase in IL-4 expression (Cannons, Yu et al. 2004). Further molecular exarnination of this 

signaling pathway revealed that the formation of SAP-PKC9 complex occurs in the absence of 

Fyn (Cannons, Wu et al. 201 0). 
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Phosphoryla lon 
oiSLAM 

Figure 8) Model of FYN activation and recruitment by SAP. Binding of SAP to SLAM 

promotes its association with Fyn and induces its activation. Subsequently, receptor-associated 

Fyn can phosphorylate tyrosine residues in the cytoplasmic tail of the receptor. This creates 

docking sites for phosphatases SHP2 or SHIP (Engel, Eck et al. 2003). 
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2.6.3. SLAM receptors and thymocyte development 

As previously mentioned, SAP-mediated signaling is crucial for the development of a 

class of innate-like cells called NKT cells. SAP-deficient mice (and XLP patients) cxhibit a 

complete absence of ap iNKT cells, showing the importance of SAP-mediated signaling in the 

development ofthese cells. Upstream of SAP, SLAM family receptors are implicated as they are 

expressed mostly on DP thymocytes (iNKT selecting cells), but not on the thymie stroma 

(Griewank, Borowski et al. 2007). Elegant mixed bone marrow chimera experiments have 

demonstrated Ly1 08 along with SLAM as the two members of SLAM family receptors required 

for ap iN KT cell development (Griewank, Borowski et al. 2007). However, how Ly1 08/SLAM 

signaling promotes or allows for the development of these cells is still unknown. iNKT cells 

progress through four stages of development that can be tracked as stage 0, 1, 2 and 3, identified 

by the expression of maturation markers, and SAP-deficient rnice display a block at very earl y 

stage in iNKT cell development (just following their invariant TCR rearrangement at stage 0) 

(Nunez-Cruz, Yeo et al. 2008, Alonzo, Gottschalk et al. 201 0). NKT cells also require and 

express the key transcription factor, PLZF that is crucial for their development and activated 

phenotype. PLZF was shown to be sufficient to provide rnemory/effector phenotype to naïve T 

cells, but failed to rescue NKT cell development in SAP or Fyn-deficient mice (Kovalovsky, 

Alonzo et al. 2010), arguing that reconstitution with PLZF alone does not compensate the 

complex outcome of SLAM/SAP signaling, which is required for their selection. Factors 

regulating PLZF expression are not completely understood. While it has been previously shown 

that in immature y8 T cells and NKT cells, PLZF can be induced by strong TCR stimulation 

(Kreslavsky, Savage et al. 2009, Seiler, Mathew et al. 2012) very recently it has been shown that 

costimulation ofDP thymocytes through Ly108 significantly enhances PLZF expression (Dutta, 
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Kraus et al. 2013). Costimulation with Ly1 08 increased expression Egr-2 and its binding to the 

promoter of Zbtb/6, which encodes PLZF, and resulted in PLZF levels similar to those seen in 

NKT cells indicating a potential role for Ly1 08 in the induction of PLZF (Dutta, Kraus et al. 

2013). The SAP R78-Fyn signaling axis has also been shown to affect iNKT cell ontogeny. 

While components in this pathway are yet to be elucidated, it has been shown that Fyn-deficient 

and SAPR78A knock-in mice exhibit a significant reduction in NKT cell numbers (Eberl, 

Lowin-Kropf et al. 1999, Gadue, Morton et al. 1999, Nunez-Cruz, Yeo et al. 2008). Other than 

classical a.J3 iN KT cells there is another group of innate-Iike T cells, called yB NKT cells. These 

cells also express and invariant type of TCR like a.f3 iNKT cells showing innate properties and 

the lack of the adapter protein SAP has been shown to negatively affect their development 

(Alonzo, Gottschalk et al. 201 0) suggesting that SAP might regulate the development of both 

TCRa.f3 and TCRyB expressing NKT cells. 
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2.7. Dok family of adaptor proteins 

In mammals, downstream of tyrosine kinase (Dok) protein family has seven members 

(Dok -1- Dok-7) (Mashima, Hi shi da et al. 2009). Among ail the members, Dok -1 was the first to 

be identified. In 1990, this protein was originally identified as a tyrosine- phosphorylated protein 

in cells transformed by oncoproteins with protein tyrosine kinase (PTK) activity or in cells 

treated with epiderma1 growth factor, whose receptor had integrated PTK activity (Ellis, Moran 

et al. 1990). This protein was initially referred to as p62 due to its apparent molecular mass, 62 

kDa. After the original discovery, more biochemical studies revealed that p62 is readily tyrosine­

phosphorylated downstream of a wide range of PTKs and it is associated with p 120 RasGAP 

upon tyrosine phosphorylation (Ellis, Moran et al. 1990, DeClue, Vass et al. 1993) 

Several cell activating events had been reported in which p62 was rapidly tyrosine 

phosphorylated, such as the stimulation of the 8-cell receptor (BCR) or macrophage colony 

stimulating factor (M-CSF) receptor (Heidaran, Molloy et al. 1992, Gold, Crowley et al. 1993) 

The diversity of the PTK-associated cellular events in which p62 was found to be tyrosine 

phosphorylated suggested that p62 plays an important role as a common substrate of PTKs. 

Further studies, mainly performed by two groups finally announced an adapter role for p62 

(Carpino, Wisniewski et al. 1997, Yamanashi and Baltimore 1997) which was then named Dok 

( downstream of tyrosine kinases) and la ter Dok -1 as the Dok famil y expanded to seven different 

members in mammals (Figure 9). 
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2.7.1 Expression pattern 

Among ali the seven members Dok-1, Dok-2 and Dok-3 are preferably expressed in the 

cells of the immune system (Table 3) and phylogenetically comprise one of the three subgroups 

in the Dok protein family conceming their primary structure (Figure 9) (Mashima, Hishida et al. 

2009). 

Table 3) Expression ofDok-1/2/3 in hematopoietic cells 

Dok 8 cells T cells 

Dok-1 + 

Dok-2 -
Dok-3 + 

+, High expression;-, Little or no expression 

Adapted from (Mashima, Hishida et al. 2009) 

+ 

+ 

-

Myeloid cells 

+ 

+ 

+ 

Dok-1 mRNA is expressed in B and T cells as weil as in rnyeloid cells like macrophages and 

neutrophils. Sirnilarly, Dok-2 rnRNA is preferably expressed in T cells and rnyeloid cells, with 

little or no expression in B cells (Y asuda, Shirakata et al. 2004, Y asuda, Bundo et al. 2007). By 

contrast, Dok-3 mRNA is preferentially expressed in myeloid cells and B cells, with little or no 

expression in T cells (Lemay, Davidson et al. 2000). Other than hematopoietic cells the 

expression of Dok-1 has been reported in numerous types of non-hematopoietic cells, indicating 

their non-immunological function, giving Dok a central role in cell signaling mediated by a wide 

range of protein tyrosine kinases. For exarnple Dok-1 has been reported to be a potential target 

downstrearn of insulin-like growth factor-1 (IGF-1) receptor in neurons (Smith, Wang et al. 

2004) and in platelets, Dok-1 is reported to be expressed and independently attenuates 
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Ras/mitogen-activated protein kinase pathways to inhibit platelet-derived growth factor-induced 

mitogenesis (Zhao, Janas et al. 2006). 

2. 7.2 Structure 

Ail the seven members of the Dok protein family share structural similarities 

characterized by the NH2-tenninal pleckstrin homology (PH) and phospho-tyrosine binding 

{PTB) domains followed by SH2 target motifs in the COOH-terminal moiety, indicating their 

adapter function. Phylogenetic analysis using full-length sequences of the seven members of the 

family shows that mo use Dok proteins cluster in three subgroups, namely Dok-1 /2 / 3, Dok-4/ 5 

/ 6, and Dok-7. The phylogenic tree is showed in Figure 9 (Mashima, Hishida et al. 2009). 

A 
Dok·1 ( 481 aa) l-.!...!.!.--J.--t.;...~o...~z.o.J---'-Y Y.:....Y.:....:..Y'f=-ltt...:.Y___. 

Dok-2 ( 412 aa) "-.!..1.1.--J.-.~oo-'-"-.J.-.<.-._.__~---l.J 

Dok-3 (444 aa)c-nu--,~""-C"l"'"ftoi...-"l--uu-;:;--.:--, 

Dok-4 (325 aa) 'l.......:..:.:.._._L..:.:;..::::~~ ....... 

Dok-5 (306 aa) ""-.:..;.:..->-t.....:.;..:.::..-..r-~ 

Dok-6 (331 aa) l(._!...!.!._j..-l...!;....&.al~....:...:.....:...:r 

Dok-7 (504 aa) l-!!:.!.!...-L..!:..I~~---"w'--"yy"'----' 

B .-------Dok-1 

'-------Dok-2 

L..._-----Dok-3 

.----Dok-4 

Dok-5 

Dok-6 
L---------Ook-7 

Figure 9) The Dok family proteins. (A) Schematic representation of mouse Dok proteins. Y 

denotes a tyrosine residue in the COOH-terminal region. (B) A phylogenetic tree of mouse Dok 

proteins (Mashima, Hishida et al. 2009). 
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- Pleckstrin homo/ogy (PH) domain: 

PH domains are relatively small modules comprising about 120 amino acids. These 

domains play an essential role in the localization or translocation of many proteins to cellular 

membranes through their interaction with phospholipids (Rebecchi and Scarlata 1998, Lemmon 

and Ferguson 2000). This domain enables Dok to have a better interaction with membrane 

associated PTKs which phosphorylate this adaptor protein. Like many other PH domains, the 

Dok-1 PH domain is capable of binding with multiple phosphorylated phosphoinositides, such as 

phosphatidylinositol bisphosphate (PIP2) and phosphatidylinositol triphosphate (PIP3) (Noguchi, 

Matozaki et al. 1999). As expected the lack of a PH domain in Dok-1 showed the dissociation of 

this protein from the subcellular membrane compartment in addition to impaired tyrosine 

phosphorylation upon the activation of PTKs (Noguchi, Matozaki et al. 1999). So, other than 

PTKs the activities of Dok proteins can be regulated by phosphoinositide kinases like 

Phosphatidylinositol 3-kinase (PBK) which have essential roles in the metabolic generation of 

PIP2 and PIP3 (Zhao, Schmitz et al. 2001). On the other hand phosphatase enzymes like SH2-

containing inositol phosphatases (SHIPs) and phosphatase and tensin homolog deleted on 

chromosome 10 (PTEN) which are able to generate PIP2 by dephosphorylation of PIP3 can 

regulate the activity of Dok proteins (Lernmon 2008). Ali these findings strongly suggest that the 

activities of the Dok are regulated not only by PTKs but also by phosphoinositide kinases 1 

phosphatases through its PH domain. 

- Phosphotyrosine-binding (PTB) domain: 

PTB domains are small modules found in many adapter proteins and they are 

responsible for protein-protein interactions. These small modules in many cases interact with 

short peptide sequences including an NPXY motif upon its tyrosine phosphorylation (NPXYp) 

and thereby centralize the formation ofmulti-protein complexes (Forman-Kay and Pawson 1999, 
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Uhlik, Temple et al. 2005). A relatively limited number of proteins have been reported to 

associate with the PTB domain of Dok-1, Dok-2, and / or Dok-3 (Mashima, Hishida et al. 2009). 

Different studies showed that the PTB-binding protein does not always have a strong 'consensus' 

sequence. For example other sequences like NXLpY have been reported to interact with Dok-1 

PTB domain in vitro condition (Songyang, Yamanashi et al. 2001). Therefore further unbiased 

studies are necessary to make a complete list of the proteins targeted by the PTB domains of the 

Dok family. 

- SH2-target motif: 

There are severa} SH2-containing proteins that can interact with SH2-target motif of 

Dok proteins. Sorne of those are Abl (Cardell, Tangri et al. 1995, Kadri, Blomqvist et al. 2008), 

PI3K and PLC-y (Kadri, Blomqvist et al. 2008), Tee (Gerard, Favre et al. 2004, Zhou, Mattner et 

al. 2004, Kadri, Blomqvist et al. 2008), Nck (Noguchi, Matozaki et al. 1999, Gugasyan, Quilici 

et al. 2002, Zhou, Mattner et al. 2004, Hao, Dong et al. 2011) and p120 RasGAP (Carpino, 

Wisniewski et al. 1997, Y amanashi and Baltimore 1997, Noguchi, Matozaki et al. 1999, 

Schaeffer, Debnath et al. 1999, Songyang, Yamanashi et al. 2001, Gugasyan, Quilici et al. 2002, 

Miller and Berg 2002, Hao, Dong et al. 2011, Miyazaki, Rivera et al. 2011). 

Molecular interaction of Dok-1 and Dok-2 with RasGAP (Ras GTPase-activating protein and a 

potent inhibitor of Ras) is the most extensively studied interaction of these two members of the 

Dok family. In the resting state, cells mostly have the inactive form of Ras in their cytoplasm (a 

GDP-bound form) but upon stimulation (like engagement of a ligand to its PTK receptor), 

guanine nucleotide exchange factors (GEFs) such as SOS and Ras-guanyl-releasing proteins 

(RasGRPs) mediate the GDP to GTP conversion and activate Ras. Meanwhile, there are sorne 

proteins like p 120 RasGAP which negative} y regulate this conversion and results in Ras 
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inactivation. It is hypothesized that negative regulatory role of Dok-1 /2 in the Ras- Erk pathway 

is associated with their ability to interact and recruit p 120 RasGAP to inhibit Ras downstream of 

PTKs (Campbell, Khosravi-Far et al. 1998). More precisely, the interaction between p120 

RasGAP and Dok-1 or Dok-2 occurs between the SH2 domains of p 120 RasGAP and their target 

motifs (YXXP) in the COOH-tenninal moiety of Dok-1 / 2. In mouse Dok-1, the phosphorylation 

of tyrosines 295 and 361 provides actual docking sites for the SH2 domains of p 120 RasGAP 

(Songyang, Yamanashi et al. 2001). 

2.7.3. Dok-1 and Dok-2 in TCR signaling pathway 

Dok-1 and Dok-2, but not Dok-3, are preferentially expressed in T cells. For the first 

time the two adapter proteins have been shown to become tyrosine phosphorylated upon TCR 

signaling (by CD3 stimulation) in primary human T cells (Dong, Corre et al. 2006). Their 

negative regulatory role in TCR signaling was found in mice lacking both Dok-1 and Dok-2 

which showed enhanced IgG responses to Thymus Dependent (TD) antigens, indicating that 

Dok-1 and Dok-2 play a negative role in T cell dependent immune responses (Yasuda, Bundo et 

al. 2007). It was also reported that CD4+ T cells from these mice show enhanced proliferation 

and IL-2 production upon in vitro TCR stimulation (Yasuda, Bundo et al. 2007). In another 

independent study a negative regulatory role of Dok proteins was demonstrated where 

overexpression ofDok-2 in bone marrow cells followed by transplantation into lethally irradiated 

mice revealed a remarkable impairment of thyrnocyte transition from CD4-CD8- (DN) to 

CD4+CD8+ (DP) in the thymus (Gugasyan, Quilici et al. 2002). By contrast, in the absence of 

both Dok-1 and Dok-2 the number of DP but not DN thyrnocytes increased (Yasuda, Bundo et 

al. 2007). 
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Interestingly, the expression level of both Dok-1 and Dok-2 could affect the activation 

(phosphorylation) leve! of different key components downstream of TCR signaling. ln mice 

lacking both Dok-1 and Dok-2, upon TCR stimulation CD4+ T cells show enhanced 

phosphorylation of ZAP-70, LAT, and Erk (Yasuda, Bundo et al. 2007). Although the 

mechanisms are not clear, Dok-1 and Dok-2 appear to inhibit ZAP-70 activation during TCR­

mediated signaling. In a different study siRNA-mediated downregulation of Dok-1 and Dok-2 

expression also enhanced the activation of ZAP-70 and its downstream signaling (Dong, Corre et 

al. 2006). Even though the exact molecular mechanisms are unclear, there are possible modes of 

action of Dok proteins explaining the Dok-mediated inhibition of TCR signaling. The PTB 

domain of both Dok-1 and Dok-2 can interact with the short peptide motifs NQL Y and NPDY 

within the ITAMs ofTCRÇ and CD3s. Since these ITAMs are essential for binding ZAP-70 and 

consequently their activation, interference between ZAP-70 and the Dok proteins might happen 

through their binding to the IT AMs and this accordingly reduces their phosphorylation (Figure 

10). An evidence for this theory is a report that says PH and PTB domains ofDok-1 and Dok-2 

are essential for the negative regulation of TCR signaling and SH2 target motifs seemed to be 

dispensable (Yasuda, Bundo et al. 2007). Consistently another group of scientists reported that 

the loss of the PH domain blocks the inhibitory effects of Dok-1 and Dok-2 in T cells (Guittard, 

Gerard et al. 2009) suggesting the importance of the localization of the Dok proteins in the 

cellular membrane. There is also evidence indicating that the adapter proteins Dok-1 and Dok-2 

can inhibit Erk pathway downstream of TCR signaling. Studies on Jurkat cells reported that upon 

CD2 stimulation phosphorylated forms of Dok-1 and Dok-2 are able to make molecular 

complexes with RasGAP (Nemorin, Laporte et al. 2001). Therefore, this recruitment ofRasGAP 

to the proximity of Ras which is mediated by Dok might be responsible for the attenuation of 
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Erkl/2 signaling (Figure 10). On the other hand, both Dok-1 and Dok-2 have been reported to be 

the major tyrosine-phosphorylated proteins associated to Tee, a member of Tee family of 

tyrosine kinases downstream of both TCR and CD28 signaling and both of these proteins could 

block the IL-2 promoter activity induced by Tee (Gerard, Favre et al. 2004). 

TCR a 

Figure 10) Simplified model of the role of Dok proteins in TCR-mediated signaling. Upon 

TCR engagement and activation of the Src-family PTKs Fyn and Lck, ITAMs in the TCRÇ and 

CD3s become phosphorylated and recruits ZAP-70, which in turn phosphorylates LAT. This 

event leads to the activation of the Ras- Erk pathway via RasGRP (Mashima, Hishida et al. 

2009). Dok can negatively regulate downstream events of TCR signaling by inhibiting Ras or 

interfering with ZAP-70. 
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2.7.4. Dok-1 and Dok-2 in Costimulatory signaling Pathways 

In T cells, Other than in TCR signaling, Dok-1 and Dok-2 have been reported to 

become tyrosine phosphorylated downstream of costimulatory receptor signaling pathways like 

CD28 in celllines and primary T cells (Yang, Ghiotto et al. 1999, Michel, Attal-Bonnefoy et al. 

2001, Dong, Corre et al. 2006). Its phosphorylation was also reported upon CD2 stimulation 

which was dependent on the Src-family PTK, Lck (Nemorin and Duplay 2000). It's been shown 

that the overexpression of Dok-1 led to the specifie inhibition of CD2-mediated Erk1/2 

activation (Nemorin, Laporte et al. 2001). Also the forced expression ofDok-1 or Dok-2 inhibits 

the activation of both Erk and NF AT upon CD2 signaling, indicating a negative regulatory 

function, in which the oligomerization of Dok-1 and Dok-2 appears to be critical (Boulay, 

Nemorin et al. 2005). However, the physiological roles of Dok proteins in CD2 or CD28 

signaling are yet to be discovered. Tyrosine phosphorylation of both Dok-1 and Dok-2 is also 

induced in T cells upon activation ofSLAM receptors (Latour, Roncagalli et al. 2003). As it was 

mentioned earlier, when SLAM is crosslinked on T cells, it becomes tyrosine phosphorylated 

through a SAP- and Fyn-dependent mechanism (Latour, Gish et al. 2001, Chan, Lanyi et al. 

2003, Latour, Roncagalli et al. 2003, Li, Iosef et al. 2003). The phosphorylated ITSM on SLAM 

provides docking sites for the phosphatase SHIP, which is subsequently phosphorylated and 

binds the adaptor proteins Dok-1, Dok-2 (Latour, Gish et al. 2001). Upon recruitment ofDok to 

the proximity of SLAM receptor Fyn can also phosphorylate Dok (Latour, Roncagalli et al. 

2003). Tyrosine-phosphorylated Dok proteins bind the SH2 domain of RasGAP (Latour, Gish et 

al. 2001, Veillette 2006). Although the physiological roles of Dok proteins in SLAM-mediated 

signaling are still unclear but this protein can recruit RasGAP and potentially inhibit Ras and Erk 

pathway downstream ofSLAM receptor signaling (Latour, Gish et al. 2001). 
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Therefore, it seems that the complex of Dok-RasGAP is common downstream of three different 

signaling pathways in T cells which are TCR, CD28 and SLAM receptor signaling. 

2.7.5. Dok-1 and Dok-2 in other signaling pathways in T cells 

ln addition to their rote in TCR and costimulatory receptor signaling pathways, Dok 

proteins have been reported to be important downstream other signaling pathways like 

chemokine receptor CXCR4 (Okabe, Fukuda et al. 2005). It's been shown that the association of 

CXCR4 and its ligand stroma] cell-derived factor-1 (SDF-1alpha/CXCL12) mediates Dok-1 

tyrosine phosphorylation by Lck and association with RasGAP and other adaptor proteins like 

Nck, and Crk-L in Jurkat T cells. Chemotaxis to SDF-1/CXCL12 was reduced in the case of 

Dok-1 overexpression and significantly enhanced in Dok-1-deficient CD4+ and CD8+ splenic T 

cells (Okabe, Fukuda et al. 2005). IL-4 signaling is another signaling pathway that Dok proteins 

are involved in. It's been reported that the loss of Dok-1 impaired the proliferative response of 

CD4+ T cells and B cells to IL-4. Conversely, the overexpression of Dok-1 in a myeloid cellline 

increased the IL-4 induced proliferation, indicating a positive rote for Dok-1 downstream of IL-4 

signaling. Tyrosine phosphorylation, and thereby the activation of Stat6 and IRS-2 both are 

critical for IL-4 signaling; however, in Dok-1-deficient cells stimulated with IL-4 only the 

activation of Stat6 was perturbed (lnoue, Y asuda et al. 2007). 
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3. Natural killer T (NKT) cells 

3 .1. af3 NKT ce lis 

In 1987, published studies from three separate groups demonstrated the existence of a 

distinct subset ofVa14-Ja18 TCRa + T cells in C57BL/6 mice that expressed intermediate rather 

than high levels of TCR, with a two to three times higher frequency of V~8 expression than 

conventional T cells, and Jack the expression ofboth CD4 and CD8 (Budd, Miescher et al. 1987, 

Ceredig, Lynch et al. 1987, Fowlkes, Kruisbeek et al. 1987). Interest in DN TCRa~+ 

lymphocytes increased when it was discovered that they were a potent source of 

immunoregulatory cytokines, including IL-4, IFN-y and TNF (Zlotnik, Godfrey et al. 1992). 

Other groups reported on the existence of a subset of TCRa~+ T cells that expressed NK1.1, 

which was previously considered to be only expressed by NK cells (Sykes 1990, Levitsky, 

Golumbek et al. 1991 ). These NK 1.1 + T cells also expressed interrnediate levels of TCR with a 

bias towards V~8.2 expression, and included two subsets: CD4+ T cells and DN T cells and were 

also found to be a source of immunoregulatory cytokines (Arase, Arase et al. 1993, Yoshimoto 

and Paul 1994). Further investigations revealed that these Va14-Ja18 invariant TCRa chain­

expressing cells were CD1d restricted, an MHC class 1 like molecule which presents lipid 

antigens to T cells (Beckman, Porcelli et al. 1994, Bendelac, Lantz et al. 1995). Meanwhile, 

another population of CD 1 d restricted TC Ra~+ cells was found which expressed a diverse set of 

TCR a- and~ -chains instead of the invariant Va14-Ja18 TCRa and limited numbers of~ chains 

(Cardell, Tangri et al. 1995, Kadri, Blomqvist et al. 2008). Further investigations categorized 

these two subsets of CD 1 d restricted T cells as type 1 and type Il subsets of a.~ NKT cells 

respectively. 

48 



3.1.1. Type 1 a.J3 NKT cells (iNKT cells) 

In micc, Type 1 a.~ NKT cells are also known as "classical" or "invariant" NKT (iNKT) 

cell (Das, Sant'Angelo et al. 2010). As it was mentioned earlier iNKT cells in mice express an 

invariant TC Ra. chain (V a14-Ja18) that possesses a conserved CDR3 region associated with 

V~8.2, V~2 or V~7 chains (Dellabona, Padovan et al. 1994, Godfrey and Berzins 2007, Godfrey, 

Stankovic et al. 201 0). Humans have a homologous population of these T cells expressing an 

invariant Va24 rearrangement (Va24-Ja18), associated with V~11 (Dellabona, Padovan et al. 

1994). In mice, iN KT cells consist of at least two populations based on the expression of CD4, 

including CD4+ or CD4-CD8-(DN) subsets and based on the expression of NK1.1 there are 

NK1.1 + and NK1 T subsets (Godfrey, MacDonald et al. 2004, Godfrey and Berzins 2007, 

Godfrey, Stankovic et al. 2010). However, in human in addition to CD4+ and DN subsets, a small 

fraction of NKT cells express CD8a marker and also mature human NKT cells from the blood 

express CD161 instead ofNKl.l (Baev, Peng et al. 2004, Berzins, Cochrane et al. 2005). NKI.r 

population mostly exist in the thymus and less in periphery (Benlagha, Kyin et al. 2002, Pellicci, 

Hammond et al. 2002). It was discovered that the Va14-Ja18 expressing NKT cells recognized 

the Glycosphingolipid (GSL) a-galactosylceramide (a-GalCer) derived from a marine sponge 

(Kawano, Cui et al. 1997). Subsequently, a-GalCer loaded on CDld tetramers became a useful 

tool to study Val4-Jal8-expressing NKT cells which significantly helped to advance the NKT 

cell research field (Gumperz, Miyake et al. 2002, Godfrey, Stankovic et al. 2010). Following the 

discovery of a-GalCer, investigations on type I NKT cells increased extensively, while the lack 

ofspecific reagents had limited the studies of the non-Va14-Jal8 expressing type II NKT cells. 
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3.1.2. Tissue Distribution ofiNKT Cells 

In a mouse thymus, iNKT cells represent about 0.5% of ali the thymocytes populations 

(Kim, Butcher et al. 2002) and in the liver where they are most abundant, they represent as much 

as 30% of the T cell population. In spleen, they represent 2.5% of ali T cells and in peripheral 

lymph nades and in blood they make a population of 0.5% of ali thymocytes (Benlagha, Weiss et 

al. 2000, Matsuda, Naidenko et al. 2000, Hammond, Pellicci et al. 2001). The high expression of 

CD1d on liver resident Kupffer cells seems to be important for retaining the NKT cells in the 

liver (Geissmann, Cameron et al. 2005). Furthermore, the expression of lymphocyte function 

associated antigen-1 (LF A-l) and the interaction with intracellular adhesion molecule-} (ICAM-

1) expressed on NKT cells as weil as production of IL-15 by hepatic stellate cells appear to be 

crucial for the maintenance ofNKT cells in liver (Winau, Hegasy et al. 2007). Recently, a subset 

of iNKT cells that lack NKI.l and produces high amounts of IL-17 and low amounts of IFN-y 

and IL-4 has been identified (Michel, Keller et al. 2007). It was demonstrated that these IL-17 

producing NKT cells were highly abundant in lungs. Notably, in humans, the frequencies of 

iNKT cells appear to be lower, approximately ten times less than the population observed in 

mice. In humans, most of the studies on iNKT cells have been limited to those in peripheral 

blood. However, there is a much lower frequency (1 %) of Va.24 iNKT cells present in the 

human liver compared with mice (Doherty, Norris et al. 1999). Moreover in humans three 

subsets (CD4+, CD8+ and DN) of NKT cells are not evenly distributed in different tissues. In 

thymus, spleen, blood and liver, CD4+ NKT cells are the major NKT cell subset, whereas in 

other tissues including lymph node and bane marrow, the majority ofNKT cells are DN and/or 

CD8+ (Ishihara, Nieda et al. 1999). 
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3.1.3. Type II aJ3 NKT cell 

Type II NKT cells (also called non-Val4 and non-Va24 NKT cells in mice and humans 

respectively) express a more diverse TCR a-chain repertoire with only sorne recurrent Va.3.2-

Ja.9 1 VP8 or Va.8 1 VP8 chain combination. These cells are a CDld-restricted population but 

they are not activated by a-GalCer presented by CD 1 d (Cardell, Tangri et al. 1995, Godfrey, 

MacDonald et al. 2004, Godfrey, Stankovic et al. 2010). The antigens recognized by type II NKT 

cells are not fully characterized, but sulfatide (a self-glycolipid derived from myelin) and non­

lipidic small molecules such as lyso-sulfatide (an analog of sulfatide) have been described as 

ligands oftype II NKT cells (Jahng, Maricic et al. 2004, Van Rhijn, Young et al. 2004). Using 

sulfatide-CDld tetramers showed that type II NKT cell population is significantly smaller than 

type 1 in the mouse spleen (Jahng, Maricic et al. 2004). 

3.1.4. Maturation of iNKT cell 

The development of a.p NKT cells is distinct from that of conventional a.p T cells even 

though they originate from common DP precursors. The study of a.p NKT cell development has 

been possible by the use of a.-Ga1Cer-CD1d tetramers specifie for the iNKT cells. Due to the 

Jack of unique reagents for type II NKT cells, most information available describes the 

development of iNKT cells. At the DP stage, cells to become NKT cells are positively selected 

by other OP thymocytes expressing CD 1 d-lipid complexes (Figure Il). This is in contrast to the 

selection of conventional a.p T cells, which become selected by cortical thymie epithelial cells 

(TECs), bearing MHC molecules presenting peptide antigens. The different stages of thymie 

NKT cell development, and important factors for each stage, are illustrated in Figure 11. The 

selection of NKT cells by CD 1 d ex pressing self-lipids induces an activated memory phenotype 
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(CD69high) already at "stage 0" of development, which is distinct from the naïve phenotype of 

mature conventional single positive (SP) thymocytes. Other than a-GaiCer, an endogenous GSL 

Isoglobotrihexosylceramide (iGb3) has been identified to stimulate NKT cells (Kawano, Cui et 

al. 1997, Zhou, Mattner et al. 2004). Mice deficient in the lysosomal glycosphingolipid 

degrading enzyme -hexosaminidase b subunit (Hexb 1 
) which are consequently deficient for 

iGb3 were shown to exhibit a significant decrease in type 1 NKT cells. Cells staining positive 

with a-GaiCer tetramers were reduced by 95% in these mice suggesting that iGb3 is involved in 

the thymie positive selection of NKT cells (Zhou, Mattner et al. 2004). NKT cells are only 

selected when CD 1 d is expressed on DP thymocytes (Col es and Raul et 1994, Bendelac, Lantz et 

al. 1995, Forestier, Park et al. 2003, Xu, Chun et al. 2003). CD1d_1_ mice, or mice having a 

defect in CD1d processing and presentation, lack mature NKT cells (Godfrey and Berzins 2007). 

The process of positive selection by CD1d-lipid complex with TCR requires ligation of both 

TCR and a costimulatory molecule, SLAM that signais via SLAM-associated protein (SAP) and 

the downstream Src kinase (Fyn) (Nichols, Hom et al. 2005, Pasquier, Yin et al. 2005). NKT 

cells are deficient in mice lacking Fyn, demonstrating the importance of SLAM-SAP-Fyn 

signaling pathway in the developmental pro gram of NKT cells (Eberl, Lowin-Kropf et al. 1999, 

Gadue, Morton et al. 1999). Also, at this point, induction of different transcription factor such as 

PLZF, Runx1, c-Myc and Egr2 appears to be very important (Das, Sant'Angelo et al. 2010). 

PLZF is expressed during the whole process of development and maturation of NKT cells, 

starting after the positive selection of DP thymocytes to the terminally differentiated stage of 

NKT cell development in peripheral tissues (Savage, Constantinides et al. 2008). Following 

successful CD1d-TCR ligation, NKT cells enter "stage 0" indicated by expression of CD24 and 

CD69, these cells do not express the memory marker CD44 nor NK1.1 (CD24higll, CD69high' 
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CD44- and NKI.l -). At this stage ali NKT celis express CD4, they are extremely rare and they 

don't proliferate. Further maturation occurs through downregulation ofCD24 to reach the mature 

CD4+ NKT celi stage with low expression of CD44 in "stage 1 ". These "stage 1" NKT celis 

remain in the thymus where they continue their developmental program into "stage 2" by 

upregulating CD44 and IL-2 receptor (CD122) that mediate the induction of low basal 

transcription of Th2 followed by Th 1 cytokines. Upon leaving the thymus, NKT celis start to 

express NK lineage receptors su ch as NK 1.1 and enter "stage 3 ". The transcription factor T -bet 

is essential for the transition from "stage 2" to "stage 3". Sorne NKT celis in "stage 3" reside in 

the thymus (figure 11) however the function of these celis in the thymus has not been identified 

yet (Benlagha, Kyin et al. 2002, Godfrey, Stankovic et al. 201 0). Other than surface markers 

defining the maturationa1 stages of NKT celis, there are severa} other important changes like the 

level of the PLZF expression and changes in NKT cell function which accompany these 

transition stages. PLZF expression increases after positive selection, is highest in "stage 1" when 

the celis are CD4410wNKI. rand decreases as differentiation proceeds to "stage 3" (Kovalovsky, 

Uche et al. 2008, Savage, Constantinides et al. 2008). Regarding the functional changes in the 

course of NKT cali maturation, severa} studies have reported that "stage 1" and "stage 2" ap 

NKT celis acquire the ability to secrete IL-4 and make little IFNy, whereas "stage 3" ap NKT 

celis produce abundant amounts of IFN-y but little IL-4 (Peliicci, Hammond et al. 2002, Stetson, 

Mohrs et al. 2003). It has also been reported that NKT celis in stages 0, 1 and 2 are thought to be 

thymus dependent but most ap NKT celis emigrate from the thymus before stage 3 and 

maturation continues out in the periphery (Franki, Van Beneden et al. 2006, Allende, Zhou et al. 

2008). Upon leaving the thymus, NKT celis preferentialiy migrate to the liver, however they are 

also present in spleen, bone marrow, lung and gut with exception of an IL-17 producing subset of 
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iNKT cells which is abundant in the lung and lymph nodes, but hardly detectable in the liver and 

bone marrow (BM) of both C57BL/6 and BALB/c mice. This distinct NKT cell population 

expresses chemokine receptor CCR7, in contrast to other ap NKT cells. This suggests that it 

might be a functionally distinct population of NKT cells that locate specifically in lung and 

lymph nodes (Michel, Keller et al. 2007, Watarai, Sekine-Kondo et al. 2012). Severa} studies 

reported that NKT cells also Wldergo negative selection in the thymus. The addition of a-GalCer 

to fetal thymie organ cultures (FTOC) results in the disappearance of Va14 NKT cell and 

increased expression of CD 1 d in transgenic mi ce causes a decrease in the number of Va 14 NK T 

cells (Chun, Page et al. 2003). 
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Figure 11) aJ3 iNKT cell development. NKT cells diverge from conventional T cell 

development when the TCR interact with CDld expressing self-lipids. The positive selection 

event by CDld-lipid complex with TCR requires ligation of both TCR and a costimulatory 

molecule, SLAM that signais via SAP and Fyn. Further development of NKT cells occurs in a 

stepwise manner, from "stage 0" to "stage 3", where the expression of different transcription 

factors as well as cell surface proteins changes. At "stage 2", NKT cells can leave the thymus 

and complete their development peripherally. Sorne NKT cells stay in thymus as "stage 3". 

Adapted from (Das, Sant'Angelo et al. 2010). 
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3.1.5. Polarized iNKT cell sublineages 

Recent studies have uncovered altematively polarized NKT sublineages including 

previously defined T-bethigh NKT1 cells, capable of producing large amounts of IFN-y as the 

main tenninal differentiation product in C57BL/6 mice predominate in spleen and liver 

(Benlagha, Kyin et al. 2002, McNab, Berzins et al. 2005) and newly defined GATA3high NKT2 

cells which produce IL-4 (Terashima, Watarai et al. 2008, Watarai, Sekine-Kondo et al. 2012) 

and RORyt+ IL-17-producing NKT17 cells (Michel, Keller et al. 2007, Doisne, Becourt et al. 

2009, Watarai, Sekine-Kondo et al. 2012). These two sublineages are rare in C57BL/6 mice but 

can be dominant in other strains or in various mutant mice. NKT2 cells, which are more 

abundant in BALB/c mice, predominate in the Jung. NKT17 cells are rare and mostly found in 

peripheral lymph nodes draining the skin. These polarized sublineages have the typical profiles 

of transcription factors, cytokines and chemokine receptors found in their Th 1 /Th2/Th 17 

counterparts, although their bias seems to be Jess absolute because, for example, NKT1 cells also 

produce IL-4 (Constantinides and Bendelac 2013) (Table 4). New studies proposed a 

modification to the early mode) of NKT cell development (stage 1-3) by introducing surface 

molecule IL-17RB (a key component of the receptor for IL-25) as a marker to distinguish true 

stage 2 precursors from terminally differentiated NKT2 and NKT17 cells (Watarai, Sekine­

Kondo et al. 20 12). ll-17rb _,_ mi ce were compared with IL-15 KI mi ce (//15u 17
P) which have 

been previously reported to be deficient in iNKT development (due to the cri ti cal role of IL-15 in 

the development and homeostatic maintenance of these cells) (Matsuda, Gapin et al. 2002, 

Ranson, Vosshenrich et al. 2003). It was demonstrated that in contrast to IL-15 KI mice who 

show a severe decrease in the percentage and number of total iN KT cells in the thymus (mostly 

cells in stage 3 ), I/-17rb - t- mi ce show only a slight decrease which is due to a specifie reduction 
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in the frequency and number of iNKT cells in Stage 1 and Stage 2, while the stage 3 population 

was unchanged. Furthennore, in C57BU6 mice more than 80% of Stage 1/2 iNKT cells were 1L-

17RB+, while only 2% of the Stage 3 iNKT cells were IL-17RB+. In order to detennine if iNKT 

cell subtypes arise as a distinct population in the thymus, each subtype in Stage 1 or Stage 2 was 

sorted and co-cultured with a fetal thymus (FT) lobe from JaiS-deficient mice. IL-17RB­

subtype in Stage 1 gave rise to cells in Stage 2 and Stage 3, whereas IL-17RB+ subtype in Stage 

1 gave rise to cells in Stage 2 but not to Stage 3. In order to confirm the stability and plasticity of 

iNKT cell subtypes, sorted thymie iNKT cell subtypes based on the expression of CD4 and IL-

17RB from WT B6 mi ce were transferred into iNKT cell-deficient Jal 8 1 mi ce (Watarai, 

Sekine-Kondo et al. 2012). Similarly, in a very recent published study, Hogquist group 

demonstrated that there is a fraction of NKT2 cells which produce IL-4 in the steady state and 

these NKT2 cells which are the equivalents of Stage 1 and 2 of iNKT cell maturation do not give 

rise to NKT1 cells (equivalents of stage 3)(Lee, Holzapfel et al. 2013). lt was demonstrated that 

among total iNKT cells in both BALB/c and C57BL/6 mice the expression of IL-17RB was 

limited to NKT2 cells secreting IL-4 in the steady state. lntrathymic injection of these cells with 

GFP reporter for T-bet gene expression (Zhu, Jankovic et al. 2012) into congenic hosts, indicated 

that these NKT2 cells won't express T-bet-GFP in thymus and spleen after injection. This 

suggests that the NKT2 cells were not the developmental intermediates that would give rise to T­

bet NKT1 cells (Lee, Holzapfel et al. 2013). 
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Table 4) iNKT cells sublineages: NKT1, NKT2 and NKT17 and their characteristics 

Signature 
PLZF transcription Main Conventional Predominant location 

factor cytokine classification 
NKT2 High GATA-3 IL-4 Stages l and 2 Lung 
NKTI7 Intennediate RORyt IL-17 Stage 2 Peripherallymph nodes 

NKT1 Low T-bet IFN-y Stage 3 Liver and Spleen 

Adapted from (Constantinides and Bendelac 2013, Lee, Holzapfel et al. 2013) 

3.1.6. Functional roles of af3 NKT cells in the immune system 

As mentioned earlier, NKT cells are functionally different from conventional MHC-

restricted T cells in terms of their activation state. NKT cells have an activated or memory 

phenotype with high expression levels of CD44 and CD 122 and fast production of high amounts 

of cytokines, including IFN-y, IL-4, IL-10, IL-13, IL-17, IL-21 and tumor necrosis factor (TNF) 

(Gumperz, Miyake et al. 2002, Bendelac, Savage et al. 2007, Coquet, Kyparissoudis et al. 2007, 

Michel, Keller et al. 2007, Sakuishi, Oki et al. 2007). Wh en NKT cells become activated they 

can promote or suppress the immune system (Smyth and Godfrey 2000, Matsuda, Mallevaey et 

al. 2008). Severa} factors are involved in the quality of the NKT cell response against an 

infection, such as the lipid antigen presented by CD 1 d, the activation status of antigen presenting 

cell (APC) and the presence or absence of inflammatory cytokines (Brigl, Bry et al. 2003, 

Nagarajan and Kronenberg 2007). There are severa} types of immune cells which have been 

indicated to become regulated downstream of NKT cell activation. Among those are NK cells 

which are reported to become activated and mediate antitumor cytotoxicity of NKT cells 

(Metelitsa, Naidenko et al. 2001). B cells are also interacting with activated NKT cells. For 

example NKT cells are indicated to be as sufficient as CD4+ ThO cells for promoting B cell 

proliferation and antibody production (Galli, Nuti et al. 2003). On the other hand, NKT cells cao 
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limit the activation of autoreactive CDld+ B cells in autoimmune diseases like systemic lupus 

erythematosus (SLE) (Wermeling, Lindet al. 201 0). NKT cells are also indicated to play roles in 

dendritic cell (DC) maturation (Kronenberg 2005). Ali these events influence downstream innate 

and adaptive immune responses in various pathological conditions including cancer, autoimmune 

and infectious diseases (Godfrey and Kronenberg 2004). By comparing wild type mice with mice 

deficient in iNKT cells (Ja18·1-), or mice deficient in ali NKT cells (CD1d·1-), it has been possible 

to study the natural role of type 1 and type II NKT cells in several immune responses. 

- ap NKT cells and tumor immunity: 

a-GalCer was originally discovered as an antitumor agent, and the role of NKT cells in 

tumor immunity was revealed when a-GalCer was found to activate iNKT cells which is a 

requirement for the antitumor activity (Kawano, Cui et al. 1997). Furthennore, IL-12 was known 

to possess antitumor properties (Kobayashi, Fitz et al. 1989) but the downstream effects ofiL-12 

was not described. Through the use of Ja18·/- mice, Cui et al were able to demonstrate the 

significant effect of iNKT cells in antitumor immunity driven by IL-12 (Cui, Shin et al. 1997) 

and it was dependent on a direct contact between iNKT cells and tumor cells. Additionally, 

activation of iNKT cells by a-GalCer resulted in iNKT cell mediated killing of tumor cells 

through a CDld-independent, NK-like mechanism (Kawano, Cui et al. 1998). 

- ap NKT cel/s and autoimmunity: 

The results of many studies indicate that there is a link between NKT cells to severa! 

autoimmune diseases however their role in autoimmune diseases has not always been a 

protective role. In sorne autoimmune settings, they might have a pathogenic role. A pathogenic 

role for NKT cells was revealed using a mouse model of rheumatoid arthritis, in which the 

disease is induced by immunization with heterologous type-II collagen. Mice lacking iNKT cells 
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have less severe rheumatoid arthritis compared to WT control mice (Chiba, Kaieda et al. 2005). 

As a protective role for NKT cells in autoimmune diseases, in Multiple Sclerosis (MS), 

decreased numbers of iNKT cells in peripheral blood of patients has been demonstrated. 

Interestingly, this reduction seems to correlate with relapse of the disease (Illes, Kondo et al. 

2000, van der Vliet, von Blomberg et al. 2001) while numbers of iNKT cells were increased 

during the remission phase (Araki, Kondo et al. 2003). 

- ap NKT cells and infections: 

Due to the rapid production of high amounts of inflammatory cytokines, NKT cells 

have a powerful capacity to increase immunity against several infections. In mouse models, NKT 

cells have been described to induce immunity to severa} pathogens such as viruses, gram-positive 

and gram-negative bacteria, fungi, parasites and helminths {Tupin, Kinjo et al. 2007). In 2000, it 

was demonstrated that Borrelia burgdorferi (Bb) infected CD 1 d_,_ mi ce showed increased Bb 

specifie lgG antibodies and developed infection-induced arthritis, suggesting that NKT cells play 

a role in the protection from Bb infection in mice (Kumar, Belperron et al. 2000). NKT cells can 

also polarize conventional CD4+ T cells into either Th 1 or Th2 and thereby modulate the 

immune system to severa} microbial infections, including bacteria and helminths. NKT cells 

might also have negative effects such as causing increased liver injury during Salmonella 

infection (Shimizu, Matsuguchi et al. 2002). In Pseudomonas aeruginosa and Streptococcus 

pneumoniae lung infections, iNKT cells have been shown to induce protection in mice. 

Protection was associated with recruitment of iNKT cells to the site of infection that 

subsequently promoted the recruitment of neutrophils. Moreover, activation of iNKT cells by 

administration of cx.-GalCer inhibited hepatitis B virus (HBV) replication in the liver of HBV 
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transgenic mice. The inhibition induced by a-GalCer was associated with induction of IFN-y and 

IFN-a/~ in the Iiver (Kakimi, Guidotti et al. 2000). 

3.2. y ô N KT cells 

3.2.1. An overview on yô T cell subsets 

In human, yô T ceiis comprise Jess than 5% of total lymphocytes in the blood and 

peripheral organs however they have high abundance in the organs like reproductive tract, skin 

and intestine. More than half of the lymphocyte population in these epithelial organs are yô T 

ceiis (Dranoff 2004). It is notable that within the epithelial tissues, yô T cells are the first line of 

defense and can help in wound repair (Prince, Yin et al. 2009). yô T cells begin to develop 

during embryonic day 14, which is three days before a~ T cells begin to develop. Certain yô 

subsets encoded by specifie Vy gene segments are exported from the fetal and adult thymus at 

defined periods (Ha vran and Alli son 1988). At da ys 14-17, Vy3+ cells are the first lymphocytes 

found to be developed in the thymus. A ft er day 17, development of Vy3+ cells is completed and 

they are not found in the fetal or adult thymus anymore since they have migrated to the skin 

(Havran and Allison 1988). Vy4+ T cells develop around day 14 through day 20 and home to the 

uterus, Jung and tongue. Vy2+ and Vy5+ cells arise around day 16 and migrate to the lungs and 

gut, respective} y (Ha vran, Jameson et al. 2005). Finally V y 1.1 + cells begin to develop near the 

end of gestation period at day 18 and continue to develop in the adult thymus along with the 

Vy2+ and Vy5+ cells. Vyl.l+ cells preferentially home to the liver, but can also be found in the 

spleen and lymph nodes (Figure 12) (Allison and Havran 1991, Carding and Egan 2002, Xiong 

and Raulet 2007). It has been shown that yô T cells play diverse roles in the immune system 

from wound healing and tumor surveillance to having contribution to the clearance of viral, 
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bacterial and fun gal infections (Welsh, Lin et al. 1997, Girardi, Oppenheim et al. 2001, Carding 

and Egan 2002, Jameson, Ugarte et al. 2002, Bonneville, O'Brien et al. 201 0). 
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Figure 12) Generation of mouse yô T cells. Mouse yô T-cell generation is developmentally 

programmed. yô T cell receptors are encoded by specifie Vy- gene segments and 1eave the 

thymus in waves. As illustrated here, yô T cells are the first lymphocytes to develop in the 

thymus around embryonic day 14 while a~ T cells do not begin to develop until around 

embryonic day 17. Each yô T cell subset preferentially migrates to specifie organs upon leaving 

the thymus as indicated besides the graph. Adapted from (Havran and Allison 1988, Havran and 

Allison 1990, Havran, Jameson et al. 2005). 
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3.2.2. Heterogeneity in the selection of y8 T cell subsets 

Unlike a~ T cells, which are known to be ligand dependent for their selection through 

MHC complex molecules (Klein, Hinterberger et al. 2009) only few ligands have been 

discovered specifically for yô T cells, although it is not clear whether those ligand are absolutely 

required for their selection and development. Until now, there are a few selecting ligands known 

for specifie yô T cells including two independently isolated clones; KN6 and G8. For these two 

clones ofyô T cells, two closely related non-classical MHC class 1 molecules TIO and T22 have 

been identified as ligands. (Matis, Cran et al. 1987, Crawley, Fahrer et al. 2000, Shin, El-Diwany 

et al. 2005). These Tl O/T22 specifie yô T cells make a very small population among total yô T 

cells (0.1-1 %), ex pressing variety of V y chains (Shin, El-Diwany et al. 2005) showing this mode] 

of selection is not the case for the entire yô T cell population. So far many studies used KN6 

TCRyô transgenic mice to examine yô T cell lineage fate (Haks, Lefebvre et al. 2005, Jensen, Su 

et al. 2008). One study using Tl O/T22 madel showed that the functionality of the yô T cell is 

dependent on how the cells are selected. This study demonstrated that yô T cells that were 

selected by the non-classical MHC molecules Tl0/T22 were ligand-experienced and secreted 

IFN-y and yô T cells that were not selected by the non-classical MHC molecules Tl O/T22 were 

naïve and secreted IL-17 (Jensen, Su et al. 2008). Another population of yô T cells that are 

known be ligand dependent for their selection are the dendritic epidermal T cells (DETC), which 

express the invariant Vy3Vôl receptor (Havran and Allison 1990, Havran, Chien et al. 1991). 

Recent studies have shawn that these cells require the immunoglobulin-like protein Skintl for 

their selection, which is expressed on thymie epithelial cells and in the skin (Boyden, Lewis et al. 

2008, Barbee, Woodward et al. 2011). Overall, it seems that different subsets ofyô T cells may 

have different selection requirements which may or may not require ligands for their selection. In 
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addition, being ligand dependent or independent may also affect their future function as weil 

(Janssen and Zhang 2003). 

3.2.3. Vyl.l+Vô6.3+ yô T cells as bonafide y8 NKT cells 

Originally in mice, innate-like subset of y8 T cells were defined as Thy-l dun cells that 

represents a very rare subpopulation in C57BU6 (-5% of total y8 T cells) and a bigger subtype 

in DBA/2 mice (-30% of total y8 T cells). They were able to simultaneously secrete IFN-y, IL-4, 

IL- 10, and IL-3 while Thy-l+ y8 thymocytes were able to secrete only IFN-y. They were found to 

be MHC class 1 independent for their selection since they were present in ~2m-deficient mice 

suggesting that subtype of y8 T cells may regulate immune responses to a different variety of 

antigens (Vicari, Mocci et al. 1996). Like a.~ NKT cells, they reported to reside in the adult 

thymus, spleen and liver (Vicari, Mocci et al. 1996, Azuara, Levraud et al. 1997, Azuara, 

Lembezat et al. 1998) and express the memory marker CD44 while half of their population is 

CD4+ and NKl.l + (Azuara, Levraud et al. 1997). These cells were found to be rare in new born 

mice and they start to expand after birth during the first two weeks of postnatal life reaching 

homeostasis at week 3 after birth (Azuara, Levraud et al. 1997). Finally it was concluded that 

this Thy-l dun thymocyte population is the TCR y8+ equivalent of those a.~ NKT cells since both 

cell populations produce the same distinct pattern of cytokines upon activation, share a number 

of phenotypic markers originally defined for activated or memory T cells, display similar 

postnatal kinetics of appearance in the thymus and express a very restricted TCR repertoire 

(Azuara, Levraud et al. 1997). The majority of Thy-l dull y8 thymocytes were found to express 

TCR encoded by the Vyl gene and a novel V86 gene originally named V86.4 in DBA/2 and 

V86.3 in C57BU6 mice (Azuara, Levraud et al. 1997, Azuara, Lembezat et al. 1998, Gerber, 
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Azuara et al. 1999, Azuara, Grigoriadou et al. 2001). Sequence analysis of these functionally 

rearranged y8 genes revealed highly restricted 8 junctions, and more diverse y junctions. The 

characteristics of the TCR molecules in adult Thy-l dull y8 T cells were found to be very similar to 

those TCR molecules normally found in the fetal thymus as there was minimum ornoN region 

diversity within V86C8 chains and there was only an invariable 082-181 junction (Chien, 

Iwashima et al. 1987, Azuara, Levraud et al. 1997, Azuara, Lembezat et al. 1998, Azuara, 

Grigoriadou et al. 2001 ). Subsequent studies demonstrated that wh en adult bone marrow was 

transplanted into lethally irradiated mi ce, the Thy-l dull y8 T cell population did not full y develop. 

In contrast, transplantation of fetal thymi into syngeneic hosts resulted in Thy-l dull y8 T cell 

development (Grigoriadou, Boucontet et al. 2003). Therefore, it was suggested that a majority of 

Thy-l dull y8 T cells arise from fetal precursors. Finally in 2009, for the first time it was reported 

that the BTB-zinc ±inger transcription factor PLZF is also expressed in V y 1.1 +V86.3+ y8 T ce lis 

and like ap NKT cells it is responsible for the innate properties of this innate-like subset of y8 T 

cells (Kreslavsky, Savage et al. 2009). Using OP9-DL1 coculture system, Kreslavsky and 

colleagues showed that TCR cross-linking induced PLZF expression in ali polyclonal immature 

y8 thymocytes, suggesting that agonist selection might be required for PLZF induction and this 

selection actually govems the acquisition of their "innate" properties. Also transgenic 

expression of V y 1.1 +V86.3+ TCR was sufficient to support the development of large numbers of 

PLZF expressing T cells, further supporting the importance of the TCR nature for PLZF 

induction (Kreslavsky, Savage et al. 2009). Further studies using PLZF-deficient mice revealed 

that unlike ap NKT cells the frequency, number and localization of Vyl.l+V86.3+ y8 T cells 

were not dramatically affected by PLZF expression but these cells were functionally impaired 

since they were incapable of dual IL-4 and IFN-y secretion following stimulation, indicating that 
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in the absence of PLZF this repertoire of Vyl.l +Vo6.3+ yo T cells are not real innate-like yô NKT 

cells (Kreslavsky, Savage et al. 2009, Alonzo, Gottschalk et al. 2010). These data indicate that 

like for a.p NKT cell, PLZF is an essential transcription factor and required for the innate-like 

phenotype of Vy1.1 +V06.3+ yo T cells. Another member of the BTB-POZ family, ThPOK, was 

also tound to be expressed in the Vy1.1 +vô6.3+ subset of yo T cells and it's been indicated that 

the level of ThPOK expression increases during the maturation of V y 1.1 +Vo6.3+ yo T cells 

(Alonzo, Gottschalk et al. 2010, Park, He et al. 201 0). Lack of ThPOK was shown to result in a 

decrease in the frequency of these cells whereas overexpression of ThPOK resulted in an 

increase in the number of Vy1.1 +V86.3+ yô T ce11s (Park, He et al. 201 0). In addition, these 

studies showed that Vyl.l +Vo6.3+ yo T cells highly expressing ThPOK were also PLZF+ and 

also in the absence of ThPOK, PLZF expression was also reduced along with decreased IL-4 

secretion (Alonzo, Gottschalk et al. 2010). It is still unclear what role ThPOK is exactly playing 

in the development and function of V y 1.1 +Vo6.3+ yo T cells but it is possible that PLZF may 

have a role in regulating or modulating ofThPOK expression. 

3.2.4. ya NKT cells are also dependent on SAP 

Like a.p NKT cells, selection and development of yô NKT cells is also dependent on 

SLAM-SAP signaling since two different studies revealed that Vy1.l+Vo6.3+ yo T cell numbers 

were reduced in SAP-deficient mice, albeit not as dramatically as the numbers of a.p NKT cells 

(Kreslavsky, Savage et al. 2009, Alonzo, Gottschalk et al. 201 0). Therefore (not direct! y 

demonstrated) it is conceivable that similar to a.p NKT cells, PLZF+ yô T cells are also selected 

on other thymocytes rather than thymie epithelial cells. It's been also suggested that sorne 

costimulatory interaction in the course of this selection is required for PLZF induction 
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(Kreslavsky, Gleimer et al. 2010). This interaction for the case ofyù NKT cells is unlikely to be 

mediated by SLAM receptors, as PLZF is induced in SAP-deficient V y 1.1 +V86.3 ~ yù T cells 

although not to the levels observed in WT cells (Alonzo, Gottschalk et al. 201 0). 

3.2.5. Role of TCR signaling strength in yS NKT cell development 

In both af3 and yù NKT cell subsets, PLZF expression is associated with a very 

restricted combination of TCR chains and both cell types are believed to undergo an alternative 

way of selection in which these T cells become positively selected by agonist ligands, which 

would normally be expected to induce T cell deletion (Baldwin, Hogquist et al. 2004). Moreover, 

as previously mentioned it has been demonstrated the PLZF can be induced in vitro by strong 

TCR signal in polyclonal immature yù thymocytes, suggesting that PLZF may also be induced in 

vivo by agonist selection (Kreslavsky, Savage et al. 2009) meaning that PLZF+ yù T cells also 

require high affinity TCR signaling for their Iineage commitment. Ironically, the number of 

V y 1.1 +V86.3+ yô T ce lis is increased in TCR signaling mutant mi ce such as Itk knockouts 

(Felices, Yin et al. 2009, Qi, Xia et al. 2009, Yin, Cho et al. 2013) as weil as in mice with a 

mutated form ofthe adaptorprotein SLP-76 (SLP-76:Y145F) (Alonzo, Gottschalk et al. 2010). 

Similarly, it was previously shown that there is an accumulation ofNK1.1+ TCRyù + thymocytes 

in CD3Ç-deficient mice (Arase, Ono et al. 1995) and there is an increased number of an IL-4 

producing yù T cell subtype in LAT mutant mice (Nunez-Cruz, Aguado et al. 2003). This 

unusual yù NKT cell accumulation was also reported in mice deficient for ld3 expression 

(transcription factor induced by TCR signaling) (Lauritsen, Wong et al. 2009, Ueda-Hayakawa, 

Mahlios et al. 2009, Verykokakis, Boos et al. 2010). Accumulated yù NKT cell population in 

TCR signaling mutant mi ce is actually against the established theory of their high affinity TCR 
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signaling requirement (Alonzo, Gottschalk et al. 2010, Kreslavsky, Gleimer et al. 2010). On the 

other hand, we cannot exclude the correlation between the TCR signal strength and PLZF 

upregulation since it might explain how its expression correlates with two totally different types 

of TCRs, the Va14 TCR of ap NKT cells and the Vyl.l+Vù6.3+ yô TCR, and why PLZF 

expression is induced by high affinity TCR interaction in vitro (Kreslavsky, Gleimer et al. 201 0). 

Different hypothesis have been proposed to ex plain this situation. According to one of them, it is 

possible that sorne branches of TCR signaling like those that require Itk and specifie tyrosine 

residues in SLP-76 inhibit PLZF induction on y8 T cells (or let's say expansion of PLZF+ y8 T 

cells) whereas the others promote it (Kreslavsky, Gleimer et al. 201 0). An alternative exp1anation 

was also suggested by Lauritsen et al. which is applicable for both TCR signaling mutants and 

ld3 knockouts (Lauritsen, Wong et al. 2009). This theory states that sorne of the Vyl.1+Vô6.3+ 

yô T cells, which might be deleted by receiving a very strong TCR signal during negative 

selection, get rescued when TCR signaling is somewhat attenuated. 

3.2.6. Role of E- and Id pro teins in y~ NKT cell development 

While Id3 expression was previously demonstrated to be required for y8 T cell lineage 

development (Acuto and Michel 2003, Haks, Lefebvre et al. 2005, Hayes, Li et al. 2005, 

Lauritsen, Wong et al. 2009), the overall numbers of the y8 T cells in TCR non-transgenic Id3-

deficient mice were increased due to an accumulation of yô NKT cell population (Lauritsen, 

Wong et al. 2009, Ueda-Hayakawa, Mahlios et al. 2009, Verykokakis, Boos et al. 2010). It was 

initially proposed that similar to TCR signaling mutants, among total y8 T cell sublineages, Id3 

deficiency prevented the deletion ofhigh affinity TCRy8 bearing NKT cells, since using the KN6 

TCRy8 transgenic mi ce, the deletion of transgenic TCRy8+ thymocytes in the presence of a 10-
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fold higher-affinity ligand (Adams et al., 2008, Pereira et al., 1992) was prevented in the absence 

of Id3 (Lauritsen, Wong et al. 2009). This is suggesting an apparent dichotomy of Id3 function, 

with Id3 restricting the development of those subsets bearing high-affinity y8 TCRs while at the 

same time it is required for the development of the broader repertoire of non-autoreactive y8 T 

cells (Kreslavsky, Gleimer et al. 201 0). A very recent study has developed our current 

knowledge on the role of the transcription factor Id3 in the development of y8 NKT cells. 

Studying mice with two different genetic backgrounds, demonstrated that in absence of Id3, 

y8 NKT cell accumulation is much stronger in C57BL/6 compared to 129/sv background. 

Quantitative trait linkage analysis demonstrated that another member of the Id family, Id2 is the 

major modifier of Id3 in limiting Vyl.l +V86.3+ T cell expansion (Zhang, Lin et al. 2013). qPCR 

analysis showed that Id2 mRNA expression in V86.3+ y8 T cells from Id3-deficient mice on 

C57BU6 background was lower than those on B6/129 mixed background, suggesting that the 

intrinsic weakness of Id2 transcription from Id2 C57BL/6 allele is the reason why it cannot 

compensate for Id3-deficiency and restrict Vyl.l +V86.3+ T cell population. In developing T 

cells, if both Id2 and Id3 are completely deleted, the Vyl.l + V86.3+ y8 T cells actually fail to 

accumulate, possibly because of attenuated proliferation and increased cell death induced by 

unrestricted E protein activity (knowing that Id proteins antagonize E proteins). It was also 

demonstrated that deletion of ali alleles of HEB, E2A, Id2, and Id3 by CD4Cre can induce 

accumulation of V86.3+ y8 T cells, while deletion by LckCre fails to in duce a similar phenotype. 

Thus it was finally suggested that Id proteins control y8 T cell development through inhibition of 

E proteins in a developmental stage-specifie manner. Therefore a dual safety mode] was 

proposed to indicate the role ofld3 and Id2 in the control ofVyl.l+V86.3+ T cell development in 

a stage -specifie manner (Zhang, Lin et al. 2013) (Figure 13). 
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Figure 13) Schematic diagram of V'yl.l+VS6.3+ T cell developmental control by ld2 and 

ld3. Developing Vyl.l+V86.3+ thymocytes receive strong TCR signaling, upregulating Id2 and 

Id3 through Egrl/2 and PLZF. The Id proteins inhibit activity of E proteins, affecting the 

survival and proliferation of V y 1.1 +V86.3+ T ce lis. - Id2 is expressed from a more active allele 

(ld2S, "strong")- Id2 is expressed from a less active allele (ld28
, "B6") 
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According to this model, Egr is the major transcription factor mediating the TCR signaling 

induction of Id3 expression in T cell development (Lauritsen, Wong et al. 2009) and ld2 has 

been shown to be activated by PLZF, which is a direct target of Egr2 in iNKT cell development 

(Gleimer, von Boehmer et al. 2012). When both ld2 and Id3 are present, they keep E protein 

activity low, and consequently prevent the expansion of yB NKT cells. When Id3 is deleted, Id2 

will play a safèty role to control E protein activity but this safety role of Id2 is compromised by 

its hypomorphic allele in the 86 background, allowing an increase in E protein activities to an 

optimal leve] for driving Vyl.l+VB6.3+ yB T cell expansion. When both Id2 and ld3 are 

complete] y deleted, E protein activity becomes too high and again limits the Vyl.l +VB6.3+ yB T 

cell population. Therefore it's the leve) of E protein activity (regulated by Id2 and Id3) which is 

crucial for yB NKT cell development, especially during their "maturation". This is consistent 

with the previously proposed model (Lauritsen, Wong et al. 2009), indicating that the 

developmental block imposed by high levels of Id proteins and low E protein activity can be a 

mechanism to Iimit the number of auto-reactive yB T cells that can recognize self-Ag in the 

thymus, reiterating the idea that Id2 and Id3 collaboratively act as "dual safety" in limiting the 

expansion of yB NKT cells (Lauritsen, Wong et al. 2009, Zhang, Lin et al. 2013). 

3.2.7. Functional roles ofya NKT cells in the immune system 

Unlike a.p NKT cells, which are well studied regarding their fi.mctional role in the 

immune system, the role of yB NKT cells needs to be further elucidated. However sorne 

protecting and pathogenic roles have been identified for them in different immune settings like 

autoimmunity, tumor immunity and infections reflecting their specifie innate-Iike properties and 

ability to produce simultaneously pro- and anti-inflammatory cytokines. One study in 1996, 
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demonstrated that among the bulk of the yô T cell populations, the V86.3+ and V86.4+ T cell are 

dominant in the response to the intracellular bacterium Listeria monocytogenes in BALB/c mice 

and they predominantly expand in the sites of infection during immune responses. It was shown 

that at low doses of infection, the yô T cell response occurs late in the disease course, while at 

high doses, the response is earlier and of greater magnitude, particularly in the liver. At ali 

infectious doses the V86.3+ cell population predominates in the yô T cell response over the other 

subsets of yô T cells (Belles, Kuhl et al. 1996). In another study a regulatory role of Vyl + yô T 

cells was shown in tumor immunity (induced by 816-FO melanoma cells) via suppressing Vy4+ 

T cells (Hao, Dong et al. 2011). It was formerly shown that Vy4+ yô T cells played a protective 

role in tumor immunity through Eomesodermin controlled, IFN-y- and perforin-dependent 

mechanisms (He, Hao et al. 20 1 0) but no interaction between these two subtypes of y ô T ce Ils 

had been formerly reported regarding the tumor regulatory function. Using neutralizing anti- IL-4 

Ab and IL-4-deficient mi ce, it was demonstrated that the suppressive factor derived from V y 1 + 

yô T cells blocking the anti-tumor activity ofVy4+ yô T cells was IL-4 (Hao, Dong et al. 2011). 

One other study has also demonstrated that Vyl.I+v86.4+ TCR transgenic mice on a RAO­

deficient background developed spontaneous dermatitis in the tail. Cl oser examination of the tail 

in these mice showed massive infiltration by lymphocytes and granulocytes (Kreslavsky, Savage 

et al. 2009). It is known that epidermis is the home of Vy5 dendritic epidermal T cells (DETC) 

and these cells are known to have regulatory properties. Spontaneous dermatitis that is developed 

in TCRy-deficient mice on certain backgrounds can be rescued by the transfer of Vy5 fetal 

thymocytes (Oirardi, Lewis et al. 2002). It was previously demonstrated that in the absence of 

canonicat Vy5+ DETCs, other yô T cells can take over their niche (Lewis, Oirardi et al. 2006). 

So, it is tempting to speculate that in a RAO-deficient mouse when botha.~ and yô T cells with 
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their regulatory properties are absent, transgenic Vyl.l +Vù6.4+ T cells take over their niche in 

the skin and initiate uncontrolled inflammation. Whether or not the disease is related to PLZF 

dependent effector program of these cells needs to be elucidated. Another physiological 

consequence of having a larger pool of these auto-reactive y8 T cells was shown in Id3-deficient 

mice. These mice spontaneously develop an autoimmune disease similar to human Sjogren's 

syndrome (Li, Dai et al. 2004). The large population of V y 1.1 +Vù6.3+ y8 T cells in these mi ce is 

potentially involved in the pathogenesis. However, a previous report also showed that these cells 

can play a role in suppressing tissue inflammation which might be through the production of 

anti-inflammatory cytokines, such as IL-l 0 (Carding and Egan 2002). In recent years, the 

disco very that SAP and PLZF, which are also required for the maturation and function of 

V y 1.1 +Vù6.3+ T cells, have sparked interest in studying of this T cell subset. Interestingly, since 

the innate properties and localization ofthese cells resembles a~ NKT cells there must be similar 

functional properties between the two types of innate-like T cells in the immune system although 

not much has been revealed for y8 NKT cells. Apart from their direct functional role in the 

immune system by secreting different kinds of cytokines both TCR a.~ and y8-expressing PLZF+ 

NKT cells can mediate the innate-conversion of CDS+ T cells in the thymus due to their IL-4 

production in the steady state. These innate-like CDS+ T cells act like memory T cells and rapidly 

produce IFN-y, yet antigen recognition is not required for their differentiation (Berg 2007). 
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4. Innate-like CD8+ T cells, an alternative memory in the CD8 T cell 
lineage 

For a long time, the term 'innate T cell' was used to describe distinct lineages of cells in 

the thymus showing a memory phenotype and function with rapid production of large amounts of 

cytokines upon TCR stimulation. Those included the MHC class-Ib molecules restricted T cells, 

like CDld, H2-M3 and MR-1 (Urdahl, Sun et al. 2002, Treiner and Lantz 2006) where NKT 

cells were the prototype of cells belonging to this family. The initial discovery of innate-like 

CD8+ T cells was back in 2006 when in the Tee kinase Itk-deficient mice "CD8+ innate T cells" 

were described as a diverse population of polyclonal CD8+ T cells in the thymus having the 

phenotype and function of memory CD8 T cells without previous exposure to the antigen 

(Atherly, Lucas et al. 2006, Broussard, Fleischacker et al. 2006). In these mice, in the absence of 

Itk, CD8 SP thymocytes revealed special phenotype regarding both surface markers and 

function, such as very low expression of CD24 and conversely very high expression of memory 

markers, CD44, CD122 and CXCR3 (CD241°CD44hiCD122hi CXCR3hi). These cells also were 

able to produce high amounts of IFN-y upon TCR stimulation acting like "primed T cells" 

(Atherly, Lucas et al. 2006, Broussard, Fleischacker et al. 2006). Further investigation revealed 

that unlike conventional memory T cells that express T-Box transcription factor T-bet, innate-

like CD8 T cells express another T-Box transcription factor named Eomesodermin which gives 

them their innate properties (Atherly, Lucas et al. 2006, Broussard, Fleischacker et al. 2006, Berg 

2007, Prince, Yin et al. 2009). 
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4.1. Multiple gene deficiency models lead to increased thymie CDS+ Innate-

like T cells with an IL-4-dependent mechanism 

ln addition to those pioneering studies on Itk-deficient mice, severa] other mouse 

models deficient in either TCR signalling components or some transcription factors were found 

to have high abundance of thymie CD8+ innate-Iike T cells (Lee, Jameson et al. 2011). 

Those include the transcription factors Kruppel-like factor 2 (KLF2) (Weinreich, Takada et al. 

2009, Weinreich, Odumade et al. 2010), CREB binding protein (CBP) (Fukuyama, Kasper et al. 

2009), and inhibitor of DNA binding 3, ld3 (Verykokakis, Boos et al. 201 0). Likewise mi ce 

having a mutated form of SLP-76 (SLP76:Y145F) which is not able to interact with Itk and 

maintain its activity (Jordan, Smith et al. 2008) were also found to phenocopy the 1tk-/- mice in 

terms of accumulated thymie innate-like CD8+ T cells (Table 5). 

TableS) Multiple gene deficiency models give rise to innate-like CDS+T cells. 

Gene deficiency Eomes Cell extrinsic IL-4 Effector NKT 
or Transgenic Upregulation effect dependency lineage 

mi ce on CDS+ 
Thymocytes 

ltk-1- Elevated YES YES y8NKT 

Idi1
- Elevated YES YES y8NKT 

K~j1Cd4Cre Elevated YES YES a~ and y8 NKT 

SLP76:Y14SF Elevated Not determined Not determined Not determined 

CbpVJI Lck<-re Elevated YES Not determined Not determined 

Adapted from (Lee, Jameson et al. 2011) 
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It was unclear how ali these mutations could lead to the development of this prominent 

population of T cells in the thymus. For the first time it was in KLF2 deficient mice, a model 

with accumulated a.~ and y8 NKT cells (Odumade, Weinreich et al. 2010, Lee, Jameson et al. 

2011) where the elues to the initial disco very of the complex mechanism leading to the 

development ofinnate-like CD8+T cells were revealed to be extrinsic effects (Weinreich, Takada 

et al. 2009, Weinreich, Odumade et al. 2010). When KLF2-deficient bone marrow cells were 

transferred into irradiated hosts, together with a minority of WT cells, the WT 'bystander' CD8+ 

thymocytes adopted an innate CD8+ T cell phenotype, similar to the KLF2-deficient thymocytes. 

By contrast, when WT cells were in the majority, neither population showed an innate-like CD8 

phenotype. These data demonstrate that innate CD8+ T cell development in the KLF2-deficient 

mice is caused by extrinsic factors. Using the same strategy, the generation of Eomes-expressing 

innate CD8+ T cells in Itk-, CBP- and Id3-deficient mice was also found to be due to cell 

extrinsic effects, and the cytokine IL-4 was the extrinsic factor since the bystander cells that lack 

IL-4R did not upregulate Eomes, or show any other aspects of the innate-like phenotype, and 

also they fail to produce IFN-y. Likewise when KLF2-, ltk-, or Id3-deficient mice were crossed 

with IL-4R-deficient mice, innate CD8+ T cells did not develop in these mice (Verykokakis, 

Boos et al. 2010, Weinreich, Odumade et al. 2010, Lee, Jameson et al. 2011). Interestingly, 

double gene deficiency of PLZF together with KLF2, ltk and Id3 led to the failure of innate-like 

CD8+ T cell development (Verykokakis, Boos et al. 2010, Weinreich, Odumade et al. 2010) 

suggesting a direct evidence of the role of PLZF+ IL-4 producing cells in the innate conversion 

of CD8 T cells in these mice (Figure 14), although this direct evidence has not been determined 

yet for mice bearing CBP-deficiency or SLP76:Y145F mutation (Table 5). 
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Itk · , KLF2 ·'· 
and ld3 ·'· 
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IL-4R 
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CD44 

Innate-like CDS T cells 

oo oo 

Innate-like CDS T cells 

IFN-y 

IFN-y 

Figure 14) Innate conversion of CDS T ceUs by IL-4 produced by NKT cells. TCR signaling 

mutants, KLF2-, Itk- or ld3-deficient mice have an expanded PLZF+ NKT cells population that 

are the source of IL-4 which influences the innate inversion of CDS T cells in trans. Due to the 

paucity of NKT cells in WT mice, this innate conversion most likely occurs but it is less 

apparent. 
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4.2. Natural occurrence of lnnate-like CDS+ T cells 

It has been shown that wild-type BALB/c mi ce have a distinct population of innate-like 

CD8+ T cells that are dependent on iNKT cells and IL-4 (Weinreich, Odumade et al. 2010, Lai, 

Zhu et al. 2011). Interestingly, inbred strains of mice were shown to vary in their frequency of 

iNKT cells, with BALB/c mice on the high end of the spectrum and C57BL/6 mice on the low 

end (Hammond, Pellicci et al. 2001, Rymarchyk, Lowenstein et al. 2008). BALB/c mice have 

three to five times greater numbers of PLZF+ cells in the thymus compared to C57BL/6 mice, 

with the majority of them being iNKT cells (Rafei, Hardy et al. 2011). As in the various gene­

deficient models, this innate phenotype is dependent on IL-4 produced by NKT cells, since they 

become eliminated in BALB/c IL-4R-deficient and/or BALB/c Cd1d-deficient mice (Weinreich, 

Odumade et al. 201 0). Therefore, the developmental regulation of innate-like CD8+ T cells by 

PLZF+ NKT cell population is not only a phenotype of sorne gene-deficient mice but also a 

physiological process in inbred mouse strains (Lee, Jameson et al. 2011). In a very recent study, 

Hogquist group using KN2 IL-4-reporter mi ce, in which the first two exons of the endogenous 

114 gene were replaced with sequence encoding human CD2 (where the expression of human 

CD2 on the cell surface reports IL-4 secretion in vivo) (Mohrs, Wakil et al. 2005) show that, up 

to 40% of thymie iNKT cells from KN2 mice of the BALB/c strain (BALB/c-KN2 mice) 

expressed human CD2 on the cell surface, whereas iN KT cells from KN2 mi ce of the C57BL/6 

strain (B6-KN2 mice) were largely negative for human CD2 proving that more IL-4 is being 

produced in the thymus of a BALB/c mouse compared to a C57BL/6 strain in the steady state 

(Lee, Holzapfel et al. 2013). They also compared six different commonly used inbred strains of 

mice (C57BL/6, NOD, DBA2, CBA, 129SvJ, and BALB/c) and determining the relative 

proportion of NKTl, NKT2 and NKT17 cells in each they showed that C57BL/6 mi ce were at 
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one end of the spectrum, with more NKTI cells and fewer NKT2 cells, whereas BALB/c were at 

the other end of the spectrum with more NKT2 and Jess NKTl cells. The six strains showed a 

general inverse relationship in the proportion ofNKTI versus NKT2 cells. Notably, three strains 

(CBA, DBA/2 and BALB/c) with more NKT2 subset had a substantial population of memory­

like CD8+ thymocytes that expressed Eomes (Lee, Holzapfel et al. 2013). 

4.3. Functional roles of innate-like CDS+ T cell in the immune system 

Innate-like CD8+ T cells phenotypically resemble conventional memory CDS+ T cells, 

yet do not require antigen experience to obtain this status, as demonstrated by the fact that OT-1 

Rag _,_ cells adopt a memory phenotype and function when present as bystander cells in KLF2-

deficient mixed bone marrow chimeras (Weinreich, Odumade et al. 2010, Lee, Jameson et al. 

20 Il). They have similarities to homeostatic (or virtual) memory T cells (Haluszczak, Akue et 

al. 2009), which are generated in peripheral lymphoid organs in lymphopenic animais, in 

response to IL-7, IL-15 and self MHC-peptide (Surh and Sprent 200S, Takada and Jameson 

2009). By contrast, innate-like CDS+ T cells develop in the thymus in an IL-4-dependent manner 

(and presumably in response to self MHC-peptide). These three subsets of memory cells are not 

functionally equivalent. Certainly, the fact that homeostatic and innate-like CDS+ T cells do not 

require foreign antigen recognition for their generation means that they are unlikely to play an 

important role in the secondary infections, unlike conventional memory CDS+ T cells that are 

clonally expanded during a primary response and play essential role during secondary infections. 

CDS+ T cells have been shown to play important roles to provide innate immunity early in sorne 

primary infections like Listeria monocytogenes in the absence of cognate antigen, there is 

growing evidence for them as sensors of an inflammatory environment which has been shown to 
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be caused by the IL-12 and IL-1S produced by activated myeloid cells (Berg, Crossley et al. 

2003, Berg, Crossley et al. 2005, Berg and Forman 2006). Therefore, both homeostatic and 

innate-like CDS+ cells, which also produce IFN -y in response to IL-12 and IL-lS (Weinreich, 

Takada et al. 2009), most likely could play roles earl y during infection, via production of IFN-y. 

Particularly in the human immune system, these types of non-conventional or unprimed COS+ T 

cells could be important because they are able to participate in host defense during the neonatal 

and early childhood period before conventional memory networks are established (Lee, Jeon et 

al. 2010, Weinreich, Odumade et al. 2010, Lee, Jameson et al. 2011). BALB/c mice with highly 

abundant populations of innate-like COS+ T cell are good models to study the functional roles of 

these cells in the immune system. In a model of malaria} infection, BALB/c mice have been 

shown to be more resistant than C57BL/6 mice, with a protective response dependent on 

receptors for IL-4 on CDS+ T cells (Morrot, Hafalla et al. 2005). Furthennore, IL-4- or CD1d­

deficiency made BALB/c mice more susceptible to parasite infection and to develop severe 

pathology (Hansen, Siomos et al. 2003). In another study also BALB/c mice were found to be 

much more effective than C57BL/6 strains at controlling malaria pathogens after immunization 

with radiation-inactivated fonns of Plasmodium berghei or P. yoelii sporozoites (Schmidt, Butler 

et al. 201 0), which might be related to the high frequency of innate-like CDS+ T cells in the 

BALB/c mice compared to the other strain (Lee, Jameson et al. 2011). 
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5. Hypothesis and research objectives 

TCR signal strengthlduration determines specifie gene expression and regulates 

different checkpoints during T cell development. Therefore, signaling molecules modulating 

TCR signal strength should play cri ti cal roles in the regulation of T cell development. The two 

members of the Dok family of adaptor proteins Dok-1 and Dok-2 are expressed in T cells. They 

are known to have a negative role downstream of TCR signaling. The current mode] proposes 

that Dok recruitment of RasGAP inhibits Ras activity and consequently Erk pathway 

downstream of TCR signaling. Erk activation is involved in pre-TCR signaling, positive 

selection, CD4/CD8 lineage commitment and y8/ap lineage choice. Therefore, given that TCR­

mediated activation of Erk is inhibited by Dok, we proposed that this protein might play an 

important role in thymocyte development and maturation. To investigate the role ofDok in T cell 

development we generated trans genie mi ce overexpressing Dok-1 under the control of the CD2 

promoter leading to the transgene expression in thymocytes and mature T cells. We performed a 

detailed analysis ofT cell development in Dok-1 transgenic mice compared to WT controls with 

the following specifie objectives (with few experiments performed on Dok-1/Dok-2-deficient 

mi ce): 

1- To determine the role of Dok in the modulation of TCR signaling strength in developing 

thymocytes (looking at the activation level of the key effector molecules downstream of TCR 

signaling pathway). 

2- To specify the role of Dok at different checkpoints during T cell development. 

We showed that Dok controls the development of innate-like y8 NKT cells. This small subtype 

of innate-Iike T cells is poorly understood compared to a.p NKT cells. We pursue our study to 
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further characterize yB NKT cells by studying the signaling pathways that might be important for 

their development and maturation. 

C02S/B7 interaction has been shown to be essential for the development of innate-like a~ iNKT 

cells. Given the fact that along with their phenotypical and functional similarities innate-like a~ 

and yB NKT cells share common developmental properties, we hypothesized that the coreceptor 

C02S might also be important in the regulation of the development and maturation of yB NKT 

cells. Furthermore, knowing that IL-4 producing NTK cells are responsible for the innate 

conversion of cos+ thymocytes, we proposed that the size of innate-like cos+ thymocytes 

might be affected by CD2S signaling as well. To test this hypothesis we used mice deficient in 

C028 and we compared them with WT controls, pursuing these specifie objectives: 

1- To test whether the absence of CD2S correlates with any defects in the generation of both 

PLZF+ a~ and y8 NKT cells 

2- To characterize the mechanism of CD28 signaling in the regulation of NKT cell development 

and to determine what could be its functional consequence. 

This study reveals previously unappreciated mechanisms by which Dok-1 and CD2S control 

NKT cell homeostasis and will help to understand the precise developmental requirements and 

mechanisms for the regulation of yB NKT cells and more generally for shaping the T cell 

repertoire and innate-like T cell development. 
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This article was selected by the editorial board of EJI to be highlighted in the 

"ln this issue" section. 

Dok-1: A new player in yô NKT-cell development 

yô and ap NKT cells share functional characteristics and homing properties that are distinct from 

conventional T cells. These subtypes likely utilize common molecular pathways during their 

differentiation. Thus far, the signaling pathways and transcriptional networks that regulate the 

developmental fates of NKT cells, in particular the yô NKT-cell subtype remain poorly 

understood. In this issue, Besin et al. highlight a role for Dok-1 in the control of yô NKT-cell 

development in mice overexpressing Dok-1 in thymocytes and peripheral T cells. In these Dok-1 

transgenic mice, Dok-1 selectively promotes SAP-dependent expansion of yô NKT cells, while 

simultaneously inhibiting P-selection. The authors propose that attenuation of the TCR signaling 

pathway by Dok-1 promotes the development of yô NKT cells. These findings support the 

hypothesis that TCR signal strength influences the lineage fate of yô T cells and reveal for the 

first time a major role for Dok-1 in the regulation of this unconventional population of 

lymphocytes. 
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SUMMARY 

In T cells, two members of the Dok family, Dok-1 and Dok-2, are predominantly 

expressed. Recent evidence suggests that they play a negative role in T cell signaling. In order to 

define whether Dok proteins regulate T-cell development, we have generated transgenic mice 

overexpressing Dok-1 in thymocytes and peripheral T cells. We show that overexpression of 

Dok-1 retards the transition from the CD4-CD8- to CD4+CD8+ stage. Moreover, there is a 

specifie expansion of PLZF-expressing V y 1.1 + Vô6.3+ T cells. This subset of yo T cells acquires 

innate characteristics including rapid IL-4 production following stimulation and requiring 

SLAM-associated adaptor protein (SAP) for their development. Moreover, Dok-1 

overexpression promotes the generation of an innate-like CDS+ T-cell population that expresses 

Eomesodermin. Altogether, these findings identify a novel role for Dok-1 in the regulation of 

thymie differentiation and in particular, in the development of PLZF+ yo T cells. 

Keywords: yo T cell, Dok, PLZF, SAP, Thymocyte development 
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INTRODUCTION 

a~ T -lymphocyte development is dependent on productive rearrangement of the TCR~ 

locus and intracellular signaling initiated through the pre-TCR at the CD4-CD8- double-negative 

(DN) stage. Pre-TCR signaling leads to cellular proliferation and progression to the CD4+CD8+ 

double positive (DP) stage where TCRa locus rearrangement is induced. In DP thymocytes, 

initial TCR signal strength/duration will determine specifie gene expression and as a 

consequence will regulate the outcome ofthymocyte positive versus negative selection and CD4 

versus CD8 lineage differentiation or conventional versus innate lymphocyte lineage choice (Liu 

and Bosselut 2004). yô TCR lymphocytes also develop in the thymus and require productive 

rearrangement of the TCRy and ô loci at the DN stage. The strength of TCR signaling is 

important in controlling ap!yô lineage choice. Strong TCR signaling is required for the 

commitment to the yô lineage whereas weak TCR signais favor development of a~ lineage cells 

(Ciofani and Zuniga-Pflucker 2010, Hayes, Laird et al. 2010, Lee, Stadanlick et al. 2010). 

Moreover, TCR signal strength regulates also maturation and acquisition of effector functions in 

y ô and a~ T -cell development. Therefore, signaling molecules that modula te TCR signal strength 

play a pivotai role in the regulation ofT-cell development and homeostasis. Development signais 

from the pre-TCR and from the TCR are controlled by the coordinated activity of tyrosine 

kinases such as Syk-family kinases (Cheng and Chan 1997), Src-family kinases (Salmond, Filby 

et al. 2009), and Tec-family kinases (Prince, Yin et al. 2009, Readinger, Mueller et al. 2009) and 

adaptor molecules such as SLP-76 (Clements 2003), LAT (Malissen, Aguado et al. 2005), Grb2 

(Jang, Zhang et al. 2010), and Gads (Yoder, Pham et al. 2001). Dok are adaptor proteins that 

contain a pleckstrin homology domain, a phosphotyrosine binding domain, and a COOH­

terminal region containing multiple tyrosine phosphorylation sites (Carpino, Wisniewski et al. 
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1997, Yamanashi and Baltimore 1997). Dok-1 and Dok-2, the two members of Dok family 

proteins expressed in T cells, are involved in signaling downstream of a variety of receptors in 

hematopoietic cells (Janssen and Zhang 2003, Mashima, Hishida et al. 2009). In T cells, studies 

performed initially in J urkat cells demonstrated that Dok-1 and Dok-2 are tyrosine 

phosphorylated following CD28 or CD2 cross-linking (Nemorin and Duplay 2000, Michel, 

Attal-Bonnefoy et al. 2001). Overexpression of Dok-1 led to the specifie inhibition of CD2-

mediated Erk1/2 activation (Nemorin, Laporte et al. 2001). TCR stimulation induces Dok-1 and 

Dok-2 phosphorylation in primary murine or human T cells and in T -cell li nes that express 

PTEN and SHIP-1 at levels comparable with primary T cells. More direct evidence that Dok-1 

and Dok-2 are implicated as a transducer ofTCR signais came from studies with primary human 

or murine Dok-deficient cells where deficiency of Dok-1 and Dok-2 expression results in 

increased TCR-mediated cytokine production and proliferation (Yasuda, Shirakata et al. 2004). 

In addition to their role in TCR and costimulatory receptor signaling, Dok proteins may be 

important downstream of the chemokine receptor CXCR4, SLAM, and IL-4 receptor (Latour, 

Gish et al. 2001, Latour, Roncagalli et al. 2003, Okabe, Fukuda et al. 2005, Inoue, Yasuda et al. 

2007). Dok proteins are therefore likely to be a common component in several signaling 

pathways in T cells. How Dok proteins negatively regulate TCR signaling is not fully elucidated. 

In Dok-1- and Dok-2-deficient mature T cells, phosphorylation of ZAP-70, LAT, SLP-76, Akt, 

and Erkl/2 is increased compared to wild-type (WT) cells (Dong, Corre et al. 2006, Yasuda, 

Bundo et al. 2007). The negative regulation of ZAP-70 by Dok might be attributable to the 

competitive binding of Dok PTB domain to the IT AMs of TCRÇ and CD3e. In T cells, 

phosphorylated Dok-1 and/or Dok-2 form molecular complexes with RasGAP (Nemorin, 

Laporte et al. 2001). Dok-mediated RasGAP recruitment to the proximity of Ras is likely 
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responsible for the attenuation ofErk1/2 signaling. Moreover in T-celllines, Dok-1 and/or Dok-

2 have been shown to interact with SHlP-1 (Dong, Corre et al. 2006), Tee kinase (Gerard, Favre 

et al. 2004), Lck (Nemorin and Duplay 2000), SAP (Latour, Gish et al. 2001), Nck (Gugasyan, 

Quilici et al. 2002), Crk-L (Martelli, Boomer et al. 2001 ), and Csk (Schoenbom, Tan et al. 2011 ), 

but the mechanism of action of these interactions and whether they have functional relevance 

await further investigation. Erk activation is involved in pre-TCR signaling (Mi chie, Trop et al. 

1999), positive selection (Pages, Guerin et al. 1999), CD4/CD8 lineage commitment (Sharp, 

Schwarz et al. 1997, Bommhardt, Basson et al. 1999, Sharp and Hedrick 1999), and y8/ap 

lineage choice (Lauritsen, Haks et al. 2006). Given that TCR-mediated activation of Erk is 

inhibited by Dok, Dok might play an important role in thymocyte development. Recent evidence 

supports this hypothesis. The overexpression of Dok-2 in bone marrow cells selectively inhibited 

early maturation of thymocytes from the DN to DP stage (Gugasyan, Quilici et al. 2002). In 

addition, Dok-1 has been shown to cooperate with SHIP in the regulation ofT-cell development 

since the combined loss of Dok-1 and SHIP expression led to a severe reduction in thymocyte 

nurnbers (Kashiwada, Cattoretti et al. 2006). In this study, we investigated the involvement of 

Dok in the regulation of T-cell development. To this end, we generated transgenic mice 

overexpressing Dok-1 under the control of the CD2 promoter leading to transgene expression in 

thymocytes and mature T cells. We performed a detailed analysis ofT-cell development in Dok-

1 transgenic mice. We show that overexpression ofDok-1 leads to a partial block in DN to DP 

transition and to the specifie accumulation of PLZF-expressing Vyl.l + V86.3+ T cells (referred 

to also as y8 NKT cells). 
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RESULTS 

Dok-1 overexpression interferes with T -ceDI development at the DN to DP 

transition 

Dok-1 and Dok-2 mRNAs (Yasuda, Bundo et al. 2007) are expressed early during 

thymocyte maturation at the DN stage and throughout all stages of T -cell development. In order 

to determine the functional role of Dok-1 in T-cell development, we generated transgenic mice 

overexpressing Dok-1 under the control of the human CD2 promoter and locus control region 

(LCR). The CD2-LCR vector drives expression of the transgene in DN thymocyte and 

throughout thymocyte development (Zhumabekov, Corbeil a et al. 1995). Out of 10 trans genie 

founder lines, two li nes (Tg82 and Tgl 04) ex pressing the highest levels of Dok-1 were chosen 

for further studies. The lev el of Dok-1 expression in Ii ne Tgl 04 was higher than that observed in 

line Tg82 as shown by immunoblot analysis with anti-Dok-1 antibodies (Fig. lA). We also tested 

the expression of Dok-1 transgene in specifie thymocyte subsets (defined by CD4 and CDS 

expression) using affinity purified Dok-1 Abs (Fig. 1 B). By cytometry analysis, endogenous 

expression of Dok-1 was detectable in ali thymocyte subsets in WT mice using thymocytes 

deficient for Dok-1 and Dok-2 as specificity control. The level of Dok-1 expression in transgenic 

mice line 82 and 104 was dramaticaliy increased in ali thymocyte subsets compared to WT mice 

(Fig. 1 B) and in yô thymocytes (Fig. 1 C). 
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Figure 1. Expression profiles of Dok-1 in WT and Dok-1 transgenic mice. (A) Lysates from 

WT or Dok-1 transgenic mice (Tg82 and Tg104) thymus or spleen were prepared and equivalent 

cell numbers were loaded for western blot analysis using anti-Dok-1 antibodies raised against 

mouse-Dok-1. Ha-Tagged transgenic Dok-1 and endogenous Dok-1 are indicated by an arrow. 

Loading was verified by probing the membrane with anti-P actin antibodies. (B, C) Flow 

cytometric analysis of Dok-1 expression in thymocytes. Thymocytes from age-matched WT, 

transgenic Dok-1 Tg82, and Tg1 04 were stained with anti-CD4-FITC, anti-

CD8- allophycocyanin (B), or with anti-CD3- allophycocyanin and TCRy/ô-FITC (C) and after 

permeabilization were stained with anti-Dok-1- PE Abs. Thymocytes from Dok-1-/Dok-2-

deficient mice were used as specificity control (dotted line). Intracellular expression ofDok-1 is 

shown for gated CD4-CD8 DN (DN), CD4+CD8+ DP (DP), CD4+ SP (CD4), and CD8+ SP 

(CD8) thymocytes (B) and y/ô thymocytes (C). The data shown are representative of three 

experiments. 
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The impact of the expression of Dok-1 trans gene on T -cell development was first evaluated on 

the basis of CD4 and CD8 expression both in tenns of percentage and cellularity (Fig. 2A and 

B). There was 8- to 20-fold increase in the percentage of DN thymocytes and 1.2- to 1.5-fold 

decrease in the percentage of DP thymocytes in Dok-1 transgenic mice compared to littennate 

controls. Importantly, in Dok-1 transgenic mice, the absolute number of DP thymocytes and 

consequently CD4+ and CD8+ single positive (SP) thymocytes decreased dramatically. 8y 

contrast, the number of thymocytes in the DN subset is unchanged or increased slightly (Fig. 

28). To determine whether the decreased DP number in Dok-1 transgenic mice resulted from a 

lack of survival due to increased cell death, we performed ex vivo apoptosis analysis on freshly 

isolated thymocytes using annexin V and 7-AAD staining (Fig. 3A). The percentage of 

thymocytes from transgenic mice undergoing either early or late apoptosis was comparable to 

controllittermates. Moreover, the rate of cell death and the induction ofNur77 in DP thymocytes 

subjected to apoptotic signais in vitro (TCR and CD28 cross-linking) were identical between 

Dok-1 transgenic and WT littermate mice (Fig. 3A and 8). These results indicated that the loss 

ofDP in Dok-1 transgenic mice was likely due to a partial DN to DP transition block. To further 

define the stage at which thymocyte development was blocked in Dok-1 transgenic mice, we 

analyzed DN subpopulations with respect to CD44 and CD25 expression. There was a greater 

percentage of Dok-1 transgenic thymocytes at the DN3 stage (CD44-CD25+) and a lower 

percentage at the DN4 stage (CD44-CD25-) when compared with age-matched WT mice (Fig. 

4A). Pre-TCR signais induce maturation of CD2iow DN3a cells into CD27high DN3b blasts 

(Hoffrnan, Passoni et al. 1996, Taghon, Yui et al. 2006). To determine whether this transitional 

step was altered in trans genie mi ce, we analyzed the proliferation rate and the size of DN3 cells. 

As shown in Fig. 48, the percentage of large cycling DN3 cells was dramatically reduced by 
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high levels of Dok-1 expression. These results indicated that Dok-1 overexpression affects the P-

selection-associated processes and causes a decrease in subsequent proliferative expansion. 

Remarkably, the amplitude of the developmental defect at the ON to DP transition and 

consequently the reduction in thymie cellularity correlated with the level of Dok-1 

overexpression (Fig. 28 and 4 ). 
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Figure 2. Dok-1 overexpression interferes with T -cell development. (A) A representative 

flow cytometry analysis of thymie CD4 and CD8 expression from littermate controls {WT) or 

Dok-1 transgenic mice {Tg82 and Tg104). Percentages of cells in each quadrant are indicated. 

Similar results were obtained in at least five experiments. Mice were 3-7 weeks old. (B) 

Absolute cell numbers were calculated for total thymocytes and thymocyte subsets based on their 

CD4 and CD8 expression. Each symbol represents a single mouse. The bars represent the mean 

from groups of mi ce. Statistical significance was determined by unpaired student's t-test (NS, p 

> 0.05; **p < 0.01 ). 
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Figure 3. Transgenic expression of Dok-1 does not promote apoptosis of DP thymocytes. 

(A) Thymocytes from Dok-1 transgenic {Tg82) and littermate control (WT) mice were left 

unstimulated (0) or stimulated with plate-bound anti-TCR and soluble anti-CD28 Abs for 8 or 16 

h and stained with annexin V and 7-AAD to identify apoptotic and dead thymocytes. Data are 

representative of two experiments. (B) Histograms show the expression of Nur77 on DP 

thymocytes following 2 and 4 h of incubation with media alone (shaded histograms) or with anti-

TCR plus anti-CD28 antibodies (black line). Data are representative oftwo experiments. 
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Figure 4. Transgenic expression of Dok-1 blocked T -ccli development at DN3 stage. {A) 

Thymocytes were stained with PE-CD25, allophycocyanin-CD44, and a mixture of biotinylated 

Abs against CD4, CD8, TCRyô, CD19, B220, CDllb, CD11c, Gr-1, CD49b (DXS), and Ter-

119 followed with streptavidin-PerCP. Lineage-negative DN thymocytes were electronically 

gated and analyzed for CD44 and CD25 expression. Percentages of DN1- DN4 subsets are 

shown. Data are representative ofthree experirnents. (B) Mice were injected i.p. with BrdU for 4 

h. Lineage-negative thymocytes were analyzed for CD44 and CD25 expression as described in 

(A). BrdU staining of CD44-CD25+ (DN3) thymocytes is shown. Data are representative of two 

experirnents. 
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Development of innate-like CDS+ T cells in Dok-1 transgenic mi ce 

Oespite the reduced percentage of OP, CD4+, and CDS+ thymocytes were selected in 

Dok-1 transgenic mice. Moreover, in a context of a polyclonal repertoire, signal generated during 

positive selection seemed to lead to nonnal expression of CDS, CD69, and TCR (Supporting 

Information Fig. lA and B). Maturation of the C04+ thyrnocytes appeared to occur at roughly 

the same efficiency since similar ratios of CD4/0P thymocytes in Dok-1 transgenic and WT 

mi ce were observed (Supporting Information Fig. 1 C). Dok-1 transgenic mi ce showed decreased 

CD4/CDS ratios compared to WT littermates both in thymus and periphery (Fig. SA). To analyze 

whether this altered lineage development corresponds to the accumulation of an aberrant CDS+ 

population, we characterized the maturity and memory phenotype of the CD4+ and CDS+ 

thymocytes (Fig. 58 and Supporting Information Fig. 2). There was an increased fraction of 

CDS+ with a mature, C0241
ow phenotype. In addition, many CDS+ thyrnocytes showed increased 

expression ofthe memory/activation markers CD44 (61%, TgS2 or S2%, Tg104 versus 27% WT 

of C044high) and CD122 (27%, TgS2 or 42%, Tg104 versus 2% WT of CD122high). In the 

periphery, most of the splenic CDS+ T cells also expressed activation mark ers CD44 and CD 122 

(Fig. 58). By contrast, the percentage of CD44highCD122high CD4+ thyrnocytes or splenocytes 

only slightly increased in Ook-1 transgenic mice compared to WT mice (Supporting Information 

Fig. 2). To determine whether the COS+ CD44high thyrnocytes could directly express cytokine ex 

vivo, we performed intracellular staining. More than 20% of the CDS+ thymocytes from Dok-1 

transgenic mice produced IFN-y rapidly following PMA and ionomycin stimulation compared to 

less than 3% in WT mice (Fig. 58). Interestingly and as shown in Itk and Rlk/Itk-deficient COS+ 

T cells (Atherly, Lucas et al. 2006, Broussard, Fleischacker et al. 2006), Eomesodermin mRNA 

expression was dramatically increased in Ook-1 transgenic COS+ thyrnocytes (Fig. SC). 
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Expression ofT-bet, another T-box transcription factor that also promotes the expression of IFN­

y and CD 122 also increased but to a mu ch lesser extent. Dok-1-derived sib7Jlals also promoted the 

expression of Runx-3 whereas GATA3 and NF AT cl expression were comparable to that found 

in WT thymocytes (Fig. 5C). Therefore, these results demonstrate that overexpression of Dok-1 

in OP thymocytes ]eads to the development of CD8+ T ce11s with a CD44high CD 122high memory 

phenotype and effector function ex vivo in response to stimulation. 
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Supplemental Figure 1: Surface expression of CD3, CD69 and CDS in Dok-1 transgenic 

thymocytes is normal 

(A) Thymocytes from littermate controls (dotted line) and Dok-1 transgenic mice Tg82 (solid 

line) were stained with anti-CD4-PE, anti-CD8- FITC and as indicated on the bottom of each 

panel with anti-CD3-biotin, anti-CD69-biotin or anti-CDS-biotin followed by streptavidin 

Red670. Cell surface expression of CD3, CD69 and CDS is shown for gated CD4+ SP (CD4), 

CD8+ SP (CD8) and CD4+CD8+ DP (DP). (B) Thymocytes from Dok-1 transgenic Tg82 were 

stained for CD4, CD8, CD69 or CD4, CD8 and TCRb and, after fixation and permeabilization, 

with anti-Dok-1 Abs. Dot plots for CD69 and Dok-1 expression are shown for gated DP 

thymocytes (left). Histogram for TCRb on gated DP expressing low levels of Dok-1 (Dok-1 10
w, 

dotted line) and high levels of Dok-1 (Dok-1 high, solid line) is shown (right). (C) The ratio of 

total cell numbers ofDP 1 CD4+ thymocytes is indicated for 6 experiments. 
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Supplemental Figure 2: Cell surface expression of CD44 and CD122 in CD4+ T cells in 

Dok-1 transgenic mice 

Thymocytes or splenocytes from littermate WT controls and Dok-1 transgenic mice were stained 

with anti-CD4 anti-CD8 and as indicated on the bottom of each panel with anti-CD24, anti-

CD122, or anti-CD44. Cell surface expressions ofCD24, CD122, and CD44 are shown for CD4+ 

SP thymocytes (CD4+). For IFN-y expression, thymocytes were stimulated ex vivo with a 

combination of PMA and ionomycin for 4 h at 3 7°C. The percentages of gated cells are 

indicated. Data are representative of3 experiments. Mice were 4- to 6-wk-old. 
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Figure 5. Innate-like CDS+ T cells accumulate in Dok-1 transgenic thymus and spleen. (A) 

Thymocytes and spleen cells from 4- to 6-weeks-old WT and Dok-1 transgenic mice were 

analyzed by flow cytometry with anti-CD4 and anti-CD8 Abs. Ratios of CD4/CD8 cells in the 

spleen or thymus of transgenic mi ce (Tg82 and Tg1 04) and wild-type littennate controls {WT) 

are shown. Bach symbol represents a single mouse. The bars represent the mean from groups of 

mice. Statistical significance was detennined by paired student's t-test (**p < 0.01; ***p < 

0.001, ****p < 0.0001). (B) Thymocytes or splenocytes from littennate WT controls and Dok-1 

transgenic mice (Dok-1 Tg82 and Dok-1 Tg104) were stained with anti-CD4 anti-CD8 and as 

indicated on the bottom of each panel with anti-CD24, anti-CD122, or anti-CD44. Cell surface 

expressions of CD24, CD122, and CD44 are shown for gated CD8+ thymocytes (CD8+). For 

IFN-y expression, thymocytes were stimulated ex vivo with a combination of PMA and 
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ionomycin for 4 hat 37·c. The percentages of gated cells are indicated. Data are representative of 

three experiments. Mice were 4- to 6-weeks-old. (C) RNA from purified CD8+ SP thymocytes 

was prepared from WT and Dok-1 transgenic mice Tg82 (Dok-1 Tg) and quantitative RT-PCR 

was performed. Relative mRNA expression was compared by setting the WT expression to an 

arbitrary value of 1. Data are shown as mean ± SEM of one to two mice of each genotype and 

are representative oftwo independent experiments. 
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SAP is required for the development of the CDS+ innate-like population 

The phenotype of CDS~ CD44highco 122high T cells in Dok-1 transgenic mi ce is very 

similar to that of innate-like CDS+ thymocytes that accumulate in ltk-deficient mice (Atherly, 

Lucas et al. 2006, Broussard, Fleischacker et al. 2006). We crossed Ook-1 transgenic mice with 

SAP-deficient mice to evaluate whether, as shown for Itk-t- mice (Horai, Mueller et al. 2007), 

SAP was required for the development of these innate-like COS+ T cells. The percentage of 

innate-like CDS+ SP thymocytes in Dok-1 transgenic mi ce, as determined by expression of CD44 

and CD 122 and secretion of IFN-y upon ex vivo stimulation, was dramatically reduced in the 

absence of SAP (Fig. 6A). Remarkably, expression of Eomesodermin in CD8+ thymocytes of 

Dok-1 transgenic mice correlated with the level of SAP expression (Fig. 68). Together, these 

results indicate that SAP was required for the development of innate-like COS+ thymocytes in 

Dok-1 transgenic mice. Thus, overexpression of Dok-1 appears to mimic Itk deficiency insofar 

as the SAP requirement for the development of CDS innate-like population is concemed. 
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Figure 6. SAP is required for the development of a CDS+ innate-like T -cell population in 

Dok-1 transgenic thymus. (A) Thymocytes from littermate Dok-1 transgenic mice Tg82, 

(SAP+10
) or SAP-deficient Dok-1 transgenicmice Tg82, (SAP-10

) were stained with anti-CD4, 

anti-CD8, anti CD122, and anti-CD44. Percentages ofthymocytes in each quadrant are indicated. 

Cell surface expressions of CD 122 and CD44 are shown for gated CD8+ SP thymocytes (CD8+). 

For IFN-y expression, thymocytes were stimulated as described in Fig. 5 and intracellular 

staining for IFN-y expression was performed. IFN-y expression and CD44 expression are shown 

for gated CD8+ SP thymocytes. Data are representative of four independent experiments and 

mice were 4-6 weeks old. (B) Intracellular staining for Eomesodermin expression in yù T cells in 

thymus is shown for gated CD8+ SP thymocytes from littermate Dok-1 transgenic mice Tg82 
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Dok-1 regulates the development of SAP-dependent Vyl.l+ Vo6.3+ NKT cells 

Recently, it was demonstrated that the innate-like phenotype of CD8+ thymocytes in 

itk - ! - , idT1- , and klf2_1_ mice was due to a cell extrinsic effect and was dependent on the 

production in trans ofiL-4 by PLZF+ y8 NKT cells (Verykokakis, Boos et al. 2010, Weinreich, 

Odumade et al. 2010). Therefore, we tested whether there was an increase in PLZF+ y8 NKT 

cells in Dok-1 trans genie mi ce. As shown in Fig. 7 A and 8, Dok-1 trans genie mi ce develop a 

larger population of y8 T cells in the thymus, spleen, and liver compared to WT mice. 

Remarkably, the increase in total y8 T-cell numbers in these organs correlated with the level of 

Dok-1 expression and was mainly due to the specifie increase in percentage and absolute 

numbers of the Vyl.1 + V86.3+ subset of yô T cells (Fig. 7 A and 8). PLZF expression in yô T 

cells is largely restricted to the V y 1.1 + V86.3+ subset (Kreslavsky, Savage et al. 2009, Alonzo, 

Gottschalk et al. 2010). Intracellular staining of PLZF showed that the percentage of PLZF­

expressing y8 T cells was increased in Dok-1 transgenic mice compared to WT mice (Fig. 7C). It 

should be noted that the minority of PLZF+ thymocytes were y8 T cells in WT mice (17%, Fig. 

7C) whereas in Dok-1 transgenic mice, most ofPLZF+ thymocytes were y8 (58% Tg82 and 93% 

Tg1 04, Fig. 7C). The non-y8 PLZF+ thymocytes likely correspond to the a~ invariant NKT cells. 

This increase in PLZF expression was specifie to the Vy1.1 + V86.3+ subset since more than 80% 

of this subset expressed high levels of PLZF in the thymus (Fig. 7C). PLZF expression has been 

shown to correlate with the ability of cells to secrete IL-4. Accordingly, there was a significant 

increase in the percentage of yô thymocytes that express IL-4 in Dok-1 transgenic mice (5.6% 

Dok Tg82 versus 0.4% WT, Fig. 7D). In addition, the percentage of PLZF+ y8 T cells that 

express IL-4 increased slightly in thymocytes from transgenic mice (30% Dok Tg82 versus 18% 

WT, Fig. 7D). SAP has been shown to play an important role in the development of PLZF+ 
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Vyl.1 + V86.3+ T cells. The Vyl.1 + V86.3+ cell numbers in thymus and spleen in SAP -/- Dok-1 

transgenic mice were reduced severa} fold compared to Dok-1 transgenic mice (Fig. SA and 8). 

lmportantly, there was no PLZF expression in the remaining Vy1.1 + V86.3+ T cells from the 

thymus of SAP+ Dok-1 transgenic mice (Fig. SA). It should be noted that in SAP+ mice, there 

was a dramatic reduction but not a total absence of PLZF expression, in V y 1.1 + V86.3+ T cells 

(Fig. SA). To determine whether the specifie accumulation ofVy1.1 + V86.3+ thymocytes in Dok-

1 transgenic mice is due to increased proliferation, we performed cell cycle and BrdU labeling 

experiments. V86.3+ thymocytes from Dok-1 transgenic mice proliferated at a lower rate than 

WT V86.3+ thymocytes (Fig. 9). This was not due to a general inhibitory role of Dok-1 on 

thymocyte proliferation since OP thymocytes from Dok-1 transgenic mice show only minor 

differences in their proliferation rate compared to DP thymocytes from WT mice (Supporting 

Information Fig. 3). Moreover, overexpression of Dok-1 does not seem to affect apoptosis of 

V86.3+ cells as represented by cells in sub-GO/G 1 (Fig. 9). Taken together, our data show that 

Dok-1 overexpression favors the SAP-dependent development ofPLZF+ Vyl.l+ V86.3+ T cells. 
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Figure 7. Dok-1 transgenic mice have an increased population ofVyl.l+ Vô6.3+ T cells. (A) 

Thymocytes, splenocytes, and liver cells from WT, Dok-1 transgenic (Tg82), and (Tgl04) mice 

were stained with antibodies against TCRyù, CD3, Vyl.l, and Vù6.3. A representative 

ex periment is shown with the percentage of total yù T cells indicated adjacent to outlined areas. 
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The percentage of Vyl.l + Vô6.3+ T cells on gated TCR yô T cells is also indicated. (B) Absolute 

numbers of total yô cells and of Vyl.t' Vo6.3' cells in thymus and spleen of WT and Dok-1 

transgenic are indicated. Each symbol represents an individual mouse. The bars represent the 

mean from groups of mice of each genotype. Statistical significance was determined by unpaired 

student's t-test (*p < 0.05; **p < 0.01; ****; p < 0.0001). (C) Intracellular staining for PLZF 

expression in yo T cells from thymus of WT and Dok-1 transgenic mice (Tg82 and Tgl 04) is 

shown. Percentages of cells in each quadrant are indicated. Expression of PLZF in Vyl.l + 

Vô6.3+ cells (solid line) and Vyl.l - VM.r yo T cells (dotted line) is indicated. Bracketed !ines 

next to the graphs indicate the percentages of PLZF+ cells. Data are representative of more than 

three independent experiments. (D) IL-4 and PLZF expression in gated yo+ thymocytes from WT 

(top) and Dok-1 transgenic (bottom) mice. Thymocytes were stimulated ex vivo with PMA and 

ionomycin for 4 h and intracellular staining for IL-4 and PLZF expression was performed. yo 

thymocytes were identified with anti-CD3 and anti-yô staining. The percentage of cells in each 

quadrant is indicated. Data are representative oftwo experiments. 
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Figure 8. Accumulation of Vyl.l + Vô6.3+ cells in Dok-1 transgenic mice required SAP. (A) 

Thymocytes from WT, SAP-;<>, Dok-1 transgenic Tg82 SAP+10, and Tg82 SAP-10 Iittennates were 

stained with antibodies to TCRyù, CD3, and Vyl.l and Vù6.3. A representative experiment is 

shown with the percentage of total yù T cells indicated adjacent to outlined areas. The percentage 

of V y 1.1 + Vù6.3+ T cells on gated TCR yù T cells is also indicated. Intracellular staining for 

PLZF expression in yù T cells in thymus is shown. Percentages of cells in each quadrant are 

indicated. Expression of PLZF in Vyl.l + Vù6.3+ cells (solid line) and Vyl.l- Vù6.T yù T cells 

(dotted line) is indicated. Data are representative of more than three independent experiments. 
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(8) Absolute numbers of total yo cells and of Vyl.l + V06.3+ cells in thymus and spleen of WT, 

SAP-10
, Dok-1 transgenic Tg82 SAP.110

, and Tg82 SAP-10 littermates are indicated for at Ieast two 

experiments. Each symbol represents an individual mouse. The bars represent the mean from 

groups of mice. Statistical significance was determined by paired student's t-test (NS, p > 0.05; 

*p < 0.05). 
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Figure 9. Proliferation rate of Vô6.3+ thymocytes. Mice were injected i.p. with BrdU. Four 

hours postinjection-enriched TCRyo thymocytes from WT mice and total thymocytes from 

transgenic mice 82 were stained for Vo6.3 and CD3e followed by BrdU and 7-AAD staining. 

BrdU incorporation and total DNA content (7-AAD) is shown for gated Vo6.3+ thymocytes. 

Data are representative of two independent experiments. Oates, representing different phases of 

cell cycle are shown: RI, S WT: 14.9%, Tg82: 3.3%; R2, G2+M, WT: 7.13, Tg82: 3.51 and R3, 

sub-GO/G 1 WT: 2%, Tg82: 2%. 
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Supplemental Figure 3: Proliferation rate of DP thymocytes from WT and Dok-1 

transgenic mice 

Mice were injected i.p. with BrdU. 4 h post-injection, thymocytes from WT and transgenic mice 

82 were stained for CD4 and CD8 followed by BrdU and 7-AAD staining. BrdU incorporation 

and total DNA content (7-AAD) is shown for gated OP thymocytes (n=2). Oates, representing 

different phases of cell cycle are shown: Rl, S WT: 12.3%, Tg82: 10.8% and R2, G2+M, WT: 

4.5, Tg82: 3.5 
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Dok-1 negatively modulates TCR signaling in DP thymocytes 

ln primary human T cells, CD3 stimulation has been shown to induce Dok 

phosphorylation (Dong, Corre et al. 2006). To examine whether the same stimulus induced Dok-

1 phosphorylation in mouse T cells, purified thymocytes were stimulated with anti-CD3 Abs 

alone or in combination with anti-CD4 Abs. Upon CD3 stimulation, phosphorylation of Dok-1 

was increased and CD3-induced Dok-1 phosphorylation was further increased by CD4 co­

ligation (Fig. 1 OA). This result confirms the involvement of Dok-1 in TCR-induced signaling 

events in thymocytes. To examine the impact of Dok-1 overexpression on TCR signaling in 

thymocytes, we analyzed the extent of phosphorylation of severa} key molecules involved in the 

signaling cascade induced upon stimulation of thymocytes with anti-CD3 and anti-CD4 mAbs, 

the stimulation condition that induces the maximum phosphorylation of Dok-1 (Fig. lOA). To 

avoid a potential bias caused by the difference in the relative numbers of the different thymocyte 

populations in WT and Dok-1 transgenic mice, we used purified DP thymocytes in this assay. 

The extent of phosphorylation of specifie proteins was affected by the level of Dok expression 

(Fig. 1 OB). Immunoblotting with phosphospecific mAbs showed that in comparison to WT 

control thymocytes, Dok-1 transgenic thymocytes exhibited a decrease in CD3-induced 

phosphorylation of ZAP-70, LAT, and PLC-yl (Fig. lOB). Together, these results support the 

idea that overexpression of Dok in thymocytes inhibits TCR signaling. 
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Figure 10. Dok modulates the strcngth of TCR signaling. (A) Dok-1 is tyrosine 

phosphorylated following TCR stimulation. Thymocytes were left unstimulated (-)or stimulated 

with anti-CD3 alone or with anti-CD4 for the indicated times in minutes. Cells were harvested 

and analyzed by western blotting for Dok-1 phosphorylation indicated as pDok-1. Antibodies 

against Dok-1 and Dok-2 were used as loading controls. Data are representative of two 

independent experiments. (B) DP thymocytes WT (WT) or Dok-1 Tg82 (Dok-1 Tg) mice were 

left unstimulated (-) or stimulated with anti-CD3 and anti-CD4 for the indicated times in 

minutes. Thymocytes lysates were analyzed by western blotting (WB) with the indicated 

antibodies. Antibodies against Erk 1/2 were used as loading controls. Data are representative of at 

]east three independent experiments. 
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DISCUSSION 

ln this study, we evaluated the role of Dok-1 in the development of thymocytes. We 

showed that transgenic expression of Dok-1 induced a partial block at the ON to OP transition 

and a specifie expansion ofPLZF-expressing SAP-dependent y() NKT cells. Severa} components 

or effectors of the pre-TCR signaling pathway such as ZAP-70, LAT, PLC-yl, and Erkl/2 are 

negatively regulated by Dok proteins (Fig. 10) (Mashima, Hishida et al. 2009). Therefore, the 

inhibition of pre-TCR signaling by Dok-1 is likely the mechanism of Dok-1-mediated inhibition 

of the DN to DP transition step. Constitutive expression ofDok-2 in bone marrow cells has been 

shown to inhibit the transition from DN to DP of thymocytes in reconstituted mice (Gugasyan, 

Quilici et al. 2002). This finding indicates that there is potential functional redundancy of Dok-1 

and Ook-2 in thymie maturation. The intensity of the Erk1/2 signal is also critical for the 

development of OP to SP thymocytes (McNeil, Starr et al. 2005). Therefore, expression levet of 

Dok-1 might alter the threshold for positive selection; its overexpression might potentially 

convert a weak positive signal to death by neglect; whereas absence of Ook expression might 

allow selection of cells that would have been neglected. Conversely, Dok expression may have 

the opposite effect on deletion of self-reactive thymocytes by negative selection. Surprisingly, in 

the context of a polyclonal repertoire, positive selection of CD4+ thymocytes seems to occur 

normally in mice overexpressing Ook-1. The effect of Ook on thymie positive selection might 

become visible in TCR transgenic mouse model with low affinity ligand where selecting self­

peptides would be limited. In support of a role of Dok in positive selection, and in agreement 

with previous reports (Yasuda, Bundo et al. 2007, Mashima, Hishida et al. 2009), we found that 

there is an increase in the absolute number of mature SP thymocytes in Ook -1-/0ok -2-deficient 

mice compared to WT mice (data not shown). Although other possibilities such as alteration of 
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export of mature thymocytes to the periphery cannot be excluded, one possible explanation of 

these data is that in absence of Dok, positive selection of thymocytes is more efficient. We 

showed that the level of Dok-1 expression correlated with the specifie increase in the number of 

Vy1.1 +Vô6.3+ PLZF+ T cells. These yô NKT ce11s have innate properties and are able to secrete 

IL-4 ex vivo as shown in WT mice (Kreslavsky, Savage et al. 2009). These data are reminiscent 

of TCR signaling mutant such as in ltk-t- (Alonzo, Gottschalk et al. 2010), CD3Ç 1
- (Arase, Ono 

et al. 1995), and SLP-76 (Alonzo, Gottschalk et al. 2010) or LAT (Nunez-Cruz, Aguado et al. 

2003) mutant mice where the development of yô NKT cells have been shown to be favored . 

Therefore, as proposed for TCR signaling mutant or Id3-deficient thymocytes, overexpression of 

Dok-1 by attenuation of TCR signaling might rescue these cells from deletion, a11owing their 

specifie survival (Lauritsen, Wong et al. 2009, Alonzo and Sant'Angelo 2011). Accumulation of 

DN3 thymocytes in Dok-1 transgenic mice might have favored the expansion of yô NKT cell 

subset among yô thymocytes. However, in TCRP-deficient mice although the total number of yô 

thymocytes increased, the proportion ofNK1.1 + cells among yô thymocytes is identical to that of 

WT mi ce (Vi cari, Mocci et al. 1996). Therefore, the specifie development of yô NKT cells over 

non-NKT yô thymocytes does not seem to be influenced by a block in DN to DP transition. 

Interestingly, the development of PLZF+ Vy1.1 +Vô6.3+ cells is strictly dependent on the 

SLAM/SAP signaling pathway in Dok -1 trans genie mi ce, whereas in WT mi ce, the loss of SAP 

only partially affects the frequency and level ofPLZF expression in Vy1.1 +Vô6.3+ cells (Alonzo, 

Gottschalk et al. 201 0). Defective TCR signaling may make PLZF+ cell expansion more 

susceptible to signais from SLAM family members. We failed to detect any alteration in the 

development of Vyl.1+Vô6.3+ or in the level of PLZF expression in Dok-1-/Dok-2-deficient 

mice (data not shown). Therefore, the generation ofVyl.1+Vô6.3+ PLZF+ T cells is not affected 
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when TCR signal strength is increased. This result might suggest that positive selection of this 

subset of yo T cells is already operating at a maximum rate or that increased TCR signal in Ook-

1-/Dok-2- deficient thymocytes results in both increased positive and negative selection. We 

found that Ook-1 overexpression induces the SAP-dependent accumulation of COS+ innate-like 

T cells. CDS innate-like lymphocytes that develop in Dok-1 transgenic mice are very similar to 

those that develop in the Tee kinase (Itk and Rlk)-deficient mice (i.e. C044high and C0122high) 

express high levels of Eomesodermin, and high levels of IFN-y upon stimulation. There is a 

remarkable correlation between the percentage of Eomesodermin-expressing COS+ cells and the 

number of yo NKT cells (Fig. 6B and data not shown). Therefore, as demonstrated for Itk_,_ 

mice, the development of these innate-like CDS+ cells is likely a consequence of elevated IL-4 

produced by the expanded PLZF+ yo T cells in Ook-1 transgenic mice (Verykokakis, Boos et al. 

201 0, Weinreich, Odumade et al. 201 0). What is the target of Dok downstream of TCR that is 

important for generation of Vy1.1 +Vo6.3+ PLZF+ T cells? Id3 is a target of the TCR-triggered 

signal that is important in both yo and a~ T -cell development (Hayes, Li et al. 2005, Lauritsen, 

Wong et al. 2009, Ueda-Hayakawa, Mahlios et al. 2009, Lee, Stadanlick et al. 2010, Miyazaki, 

Rivera et al. 2011) and was shown to control the frequency of PLZF+ yo T cells (Alonzo, 

Gottschalk et al. 201 0, Verykokakis, Boos et al. 20 10). This pathway is dependent on earl y 

growth response 2/3 (Egr2/3) induction (Bain, Cravatt et al. 2001) and is regulated by Itk (Miller 

and Berg 2002). Interaction of Dok-1 and Dok-2 proteins with Tee, a member of the Tee kinase 

family, has been proposed to exert a negative feedback regulation on Tee kinase activity (Gerard, 

Favre et al. 2004). Therefore, it is possible that Dok by negatively regulating Itk activity 

downmodulates the Egr/Id3 pathway. However, we were unable to demonstrate functional 

relationship between Itk and Dok in primary murine T cells. Although Dok-mediated inhibition 
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of TCR signaling likely plays an important role in the development of yô NKT cells, other Dok­

mediated signaling pathways might be involved in this process. Dok proteins could play a role in 

signaling pathways required for the development of this lineage, such as those downstream of 

SLAM family receptors or other unidentified receptors important for the expansion of this 

particular subset of yô T cells. Further analysis will provide elues to Dok-mediated regulation of 

this yô T-cell lineage that share characteristics with the ap NKT lineage and appear to be at the 

boundary of innate and adaptive immune responses. 
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MATHERIALS AND METHODS 

DNA constructs 

The 1.9 kbp Kpn 1-Not 1 fragment containing human Dok-1 eDNA was excised from pUD and 

inserted intoMT073 plasmid harboring a hemagglutinin (HA) tag. The HA-Dok-1 sequence was 

excised from MT073-HA Dok-1 by Sma 1-Hinc II digestion and inserted into the Sma 1 site of 

human CD2 V A-expressing vector kindly provided by Dr D. Kioussis (Zhumabekov, Corbella et 

al. 1995). The resulting construct was named pCD2-HA Dok-1. 

Mi ce 

C56BLI6 mice and 129/Sv mice were obtained from the Jackson Laboratories. Transgenic mice 

overexpressing Dok-1 protein were generated at the Mclntyre Transgenic Core Facility (McGill 

University, Canada). Prokaryotic DNA sequence pBS SK from pCD2-HADok-1 plasmid was 

removed by a Sac 11-Cla 1 digestion prior to microinjection. The purified fragment was 

microinjected into fertilized eggs of (CBA x C57BL/6) FI mice. Dok-1 transgenic mice were 

backcrossed to C57BL/6 for at least ten generations to be on a C57BL/6 genetic background. 

129/Sv Dok-1-1-Dok-2_,_ mice were previously described (Niki, Di Cristofano et al. 2004). 

C56BL/6 SAP-t mice were kindly provided by André Veillette (IRCM, Montréal, Canada) and 

Luo Yin (International Agency for Research on Cancer, Lyon, France). Male (SAP-10 and 

SAP+10) and female (SAP+/+ and SAP+/) littermates were used for experiments. Ali mi ce were 

maintained in our pathogen-free animal facilities (Institut Armand-Frappier, Laval, Canada). 
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Identification of transgenic foundcrs 

Transgenic founders wcre identified by PCR performed on genomic DNA from mice tails using 

prim ers specifie for a 5' and a 3' sequence of human Dok-1 coding sequence. A set of prim ers 

specifie for FasL was used as an internai control ofthe PCR reaction. Transgene expression was 

evaluated by immunoblotting total lysates from thymocytes and splenocytes with anti-Dok-1 

Abs. Immunoblotting was performed as previously described (Nemorin, Laporte et al. 2001 ). 

Transgenic mice were backcrossed to C57BL/6 and transmission rate was analyzed by PCR. 

Antibodies and reagents 

Anti-CD28 mAbs (clone 37.51) and anti-TCRP mAbs (clone H57- 597) were kindly provided by 

J. Allison (Memorial Sloan-Kettering Cancer Center, New York, NY, USA) and were purified 

from hybridoma culture on protein G Hi-Trap affinity columns (Pharmacia Amersham). PE-anti­

CD4 (clone RM4-5), FITC-anti-CD8a or PE-anti-CD8a (clone 53-6.7), PE-anti-CD44 (clone 

IM7), biotinylated anti-CD3e (clone 145- 2C11), PE-anti-CD122 (clone 5H4), PE-Nur77 (clone 

12.14), allophycocyanin-anti-TCRP (clone H57-597), allophycocyanin-anti-CD4 (clone L3T4), 

alexa647-anti-Eomesodermin (clone dan11mag), FITC-anti-TCRyô (clone GL3), biotinylated 

anti-CD5 (clone 53-7.3), FITC-anti-CD69 (clone Hl.2F3), PE-anti-IL-4 (clone llBll), FITC­

anti-IFN-y (clone XMG1.2), and FITC-anti-CD24 (clone 30-Fl) were purchased from 

eBioscience. PerCP-anti-CD8 (clone 53-6.7), PE-anti-IFN-y (clone XMG1.2), PE-Vô6.3/2 

(clone 8F4H7B7), and Streptavidin PerCP were purchased from BD Biosciences. Biotinylated 

anti-Vyl.l TCR was kindly provided by Lynn Puddington (Farmington, CT, USA). Biotinylated 

anti-CD4 was obtained from purified hybridoma cultureMT4 on protein G column and 

biotinylated with EZ-Link Sulfo-NHS-LC-biotin (Pierce Biotechnology) according to the 
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