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Abstract 

Productive stimulation of naïve T cells requires signalling via the T cell antigen receptor 
(TCR) with concomitant activation of costimulatory receptors. However, naïve CDS+ T cells can 
undergo antigen-independent proliferation following synergistic stimulation by certain 
homeostatic (IL-7 or IL-15) and inflammatory (IL-6 or IL-21) cytokines. These cytokine-
stimulated cells proliferate robustly to lower concentrations of antigens or weak TCR agonists, 
secrete more effector cytokines and display potent antigen-specific cytolytic activity. 
Mechanisms underlying the increased antigen sensitivity of such 'cytokine-primed' CDS+ T cells 
have not yet been elucidated. We used three different TCR transgenic mice bearing the Pl4, 
PMEL or S.3-NOD TCR on CDS+ T cells to investigate the molecular mechanisms of cytokine 
priming. Cytokine-primed TCR transgenic CDS+ T cells display an overall increase in tyrosine-
phosphorylated proteins following TCR stimulation compared to naïve cells. This increase in 
protein tyrosine phosphorylation was associated with an increase in CDS expression, and was 
less pronounced when CDS was also cross-linked along with the TCR. This suggests that 
cytokine priming may predispose TCR and CDS colocalization, which would enhance 
phosphorylation of the TCR chains by the Lck kinase associated with CDS. Cytokine-primed 
CDS+ T cells also displayed increased amounts of plasma membrane lipid rafts, which organize 
the TCR signalling platform during antigen stimulation. In addition, cytokine priming of CDS+ 
T cells increased the localization of CD45, a phosphatase that relieves autoinhibition of Lck, in 
lipid rafts. However, cytokine priming did not affect the ability of CDS+ T cells to form 
conjugates with antigen presenting cells pulsed with cognate peptides. Collectively, these 
findings suggest that modulation of the composition and functions of lipid rafts may underlie the 
increased antigen TCR sensitivity of cytokine primed CDS+ T cells. 

Key words: CDS+ T cells, IL-7, IL-15, IL-21, cytokine priming, CDS, Lck, LR, CD45. 



Résumé 

Modulation de la signalisation via TCR chez les lymphocytes T CD8+ 
suite à une stimulation par cytokines homeostatiques et inflammatoires 

XIII 

La stimulation de cellules T naïves nécessite du déclenchement de la signalisation par 
l'intermédiaire du récepteur d'antigène de cellule T (TCR) ainsi que l'activation simultanée des 
récepteurs de co-stimulation. Toutefois, les cellules T CD8+ naïves peuvent proliférer de façon 
antigène-indépendants suite à la stimulation synergique par certaines cytokines homéostatiques 
(IL-7 ou IL-15) et inflammatoires (IL-6 ou IL-21 ). Ces cellules pré-stimulées prolifèrent même à 
des faibles concentrations d'antigènes ou en presence d'agonistes du TCR. Ceci leur permet de 
sécréter des cytokines effectrices, d'être plus spécifiques à leur antigène et d'avoir une activité 
cytolytique plus importante. Les mécanismes déclenchés par les cellules T CD8+ permettant une 
sensibilité accrue à l'antigène suite à la «pré-stimulation aux cytokines» n'ont pas encore été 
élucidés. Nous avons utilisé trois différents modèles de souris transgéniques portant le TCR Pl4, 
PMEL ou 8.3-NOD sur les lymphocytes T CD8+ afin d'étudier les mécanismes moléculaires 
suite à la pré-stimulation aux cytokines. Les cellules T CD8+ portant le TCR transgénique 
amorcées avec les cytokines, possèdent une augmentation globale des protéines tyrosine-
phosphorylés après stimulation du TCR par rapport aux cellules naïves. Cette augmentation de la 
phosphorylation de la protéine tyrosine a été associée à une augmentation de l'expression de 
CD8, et a été moins prononcé lorsque CD8 a également été réticulés avec le TCR. Ceci suggère 
que l'amorçage aux cytokines peut prédisposer le TCR et CD8 à colocaliser, ce qui renforcerait la 
phosphorylation des chaînes du TCR par la kinase Lck associée à CD8. Les lymphocytes T 
CD8+ amorcées aux cytokines présentent également des quantités accrues de radeaux lipidiques 
plasmatiques à la membrane, qui organisent la plate-forme de signalisation du TCR au cours de 
la stimulation antigénique. L'amorçage aux cytokines des lymphocytes T CD8+ a également 
augmenté la localisation de CD45, une phosphatase qui diminue l'inhibition automatique de la 
Lck dans les radeaux lipidiques. Cependant, l'amorçage aux cytokines n'a pas d'incidence sur la 
capacité des cellules CD8+ T pour former des conjugués avec les cellules présentatrices 
d'antigène puisées avec des peptides apparentés. En conclusion, ces résultats suggèrent que la 
composition et les fonctions des radeaux lipidiques peuvent moduler la sensibilité à l'antigène via 
le TCR lorsque les lymphocytes T CD8+ ont été pré-stimulés aux cytokines. 

Mots Clés: cellules T CD8+, IL-7, IL-15, IL-21, cytokine priming, CD8, Lck, radeaux 
lipidiques, CD45 
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1. Introduction 

Mature cytolytic T lymphocytes (CTL) expressing the CDS (Cluster of differentiation S) 

cell surface molecule are an important arsenal of the adaptive immune system that play crucial 

roles in the defense against viroses, intracellular pathogens and cancer cells (Harty 2000). In 

order to exert their cytolytic functions, CDS+ T cells must become activated through their 

antigen (Ag) receptors, known as T cell receptors (TCRs). TCRs on CDS+ T cells recognize Ag 

presented by the class 1 major histocompatibility complex molecules (MHC-1) expressed on Ag-

presenting cells (APCs) such as dendritic cells (DCs) and macrophages, which also provide the 

obligatory co-stimulatory signais. Simultaneous signaling via the TCR and the costimulatory 

receptors leads to robust proliferation of CDS+ T cells and their differentiation into cytolytic T 

lymphocytes (CTLs) (Banchereau 199S). This process occurs in draining lymph nodes and is 

facilitated by the help provided by CD4+ T cells. The effector functions of CTLs manifest 

against pathogen-infected cells, cancer cells and, occasionally, healthy cells in situations of 

autoimmune disease (Harty 2000). Upon elimination of the infection, excess CDS+ T cells 

undergo a contraction phase which eliminates 90% to 95% of activated cells. Roughly 5% of 

these activated cells differentiate into memory CDS+ T cells, with the help of interleukin (IL)-15, 

and confer long-term immunity (Murali-Krishna 1999). 

Under certain conditions, such as conditions of lymphopenia, naïve CDS+ T cells can 

undergo Ag-independent proliferation in order to restore the T cell pool. This process is referred 

to as lymphopenia-induced proliferation (LIP) and is driven by an increased availability of 

cytokines, specifically IL-7 and IL-15 (Jameson 2002). Interestingly, it has been shown that 

certain proinflammatory cytokines, such as IL-21, can synergize with IL-7 or IL-15 to enhance 



proliferation further. Specifically, previous work in our laboratory as well as others bas shown 

that this synergy can induce Ag-independent proliferation of CD8+ T cells and can also enhance 

the Ag responsiveness ofnaive CD8+ T cells (Zeng 2005; Gagnon 2007; Gagnon 2008; Gagnon 

2010). In my project I investigated the mechanisms by which the synergistic combination of 

cytokines enhance the sensitivity of naïve CDS+ T cells. 

2 



1.1. Selection of CDS+ T cells in the thymus 

T lymphocytes undergo maturation in the thymus. Progenitor T cells, derived from bone 

marrow cells, migrate to the thymus with the help various chemokines {Takahama 2006) and 

develop into different lineages: ap or yo TCR-expressing T cells, Natural Killer (NK.) cells and 

NK T cells. Thymie development of progenitor cells into T cells expressing the ap TCR is a 

multistep process characterized by the presence or absence of the CD4 or CDS markers: the 

double negative (DN), double positive (DP) and single positive (SP) stages (Zuniga-Pflucker 

1996) (Fig. 1 ). 

Committed lymphoid precursors, which migrate from the bone marrow to the thymus 

lose their potential for B cell and NK development and begin their lives as DN (CD4-CDS-) 

thymocytes. The DN stage is subdivided into four developmental stages in which CD44 and 

CD25 are differentially expressed. DN3 thymocytes that are CD44-CD25+ express the pre-

TCRa encoded by a non-rearranging locus. These cells begin to express TCRP through somatic 

DNA rearrangements requiring the recombination-activating gene (RAG) 1 and 2 proteins. 

Failure to rearrange the TCRP chain leads to apoptosis (Zuniga-Pflucker 2004). Cells that have 

successfully rearranged the TCRP gene signal via the pre-TCRa:TCRP complex, leading to 

rearrangement of the TCRa locus, leading to the formation of the mature ap Ag receptor and the 

expression ofboth CD4 and CDS molecules (von Boehmer 1997; Germain 2002). Cells that fail 

to rearrange the TCRa locus undergo death while the CD4+CDS+ double positive (DP) 

thymocytes proceed to the next stage of thymie positive selection. During this process, the 

TCRap ofDP thymocytes recognize, with low affinity, self-peptides expressed on MHC 

molecules of thymie epithelial cells. If the recognized peptide is expressed on MHC class I 

3 
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(MHC-1) molecules, the DP cells differentiate into CDS SP thymocytes, whereas recognition of a 

peptide presented on MHC class II (MHC-11) molecules promotes maturation towards CD4 SP 

thymocytes. DP thymocytes possessing TCRs which fail to recognize any peptide:MHC 

complexes undergo death by neglect (Goldrath 1999; Sebzda 1999). 

On the other hand, DP thymocytes that express TCRs which recognize the self-

peptide:MHC molecules with high affmity undergo the negative selection process in the cortex 

and, at the cortico-medullary junction, undergo death. This negative selection process constitutes 

the central tolerance mechanism to eliminate potentially autoreactive T cells (Goldrath 1999; 

Sebzda 1999; Takahama 2006). Four-to-five days after becoming SP thymocytes, these naïve a~ 

T cells emigrate to the periphery where they undergo further maturation as naïve T cells 

(Takahama 2006; McCaughtry 2007). Mature SP T cells then migrate from the thymus into the 

periphery and populate the secondary lymphoid organs. These cells circulate throughout the body 

in search ofTCR-specific Ag expressed on professional Ag presenting cells (Abbas 2006; 

Murphy 2011 ). 

In the periphery, naïve T cells live for a long time even in the absence of any Ag 

stimulation, but rel y on two key homeostatic signais for prolonged survival. One of these 

homeostatic eues is IL-7, which engages the IL-7 receptor (IL-7R) on naïve T cells and induces 

anti-apoptotic proteins (Aspinall 2006; Jacobs 2010). Second, naïve T cells require a basal level 

of TCR signaling provided by transient engagement of self-peptide:MHC complexes (Brown 

2005). 
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Figure 1: Positive and negative selection of T cells in the thymus. 

recursor 

Mature bone marrow stem cells that become lymphoid progenitors rnigrate to the thymus. Those 

destined to become T cells begin their development as DN thymocytes (TCR-CD4-CD8-). There 

are four stages of differentiation of DN thymocytes based on their expression of CD25 and 

CD44, designated DN1-DN4: DNl, CD44+CD25-; DN2, CD44+CD25+; DN3, CD44-CD25+; 

and DN4, CD44-CD25-. Rearrangement of the TCRP chain occurs during this stage and is 

dependent on IL-7. The DP stage is characterized by the rearrangement of the a chain of the 

TCR. During this stage these cells undergo positive selection; a process in which DP cells 

5 
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become SP T cells ( either CD4+ or CDS+) depending on whether their TCR recognizes peptides 

expressed on MHC-II or MHC-1, respectively. If the affinity of the TCRs ofthese T cells to the 

MHC:self-peptide is too weak, they die by neglect. If the TCRs have too high an affinity towards 

self-peptide:MHC complex (pMHC), the cells die by apoptosis. The survival of the newly 

developed SP T cells depends on IL-7 [Illustration modified from (Germain 2002)]. 
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1.2. Activation of CDS+ T cells 

The first line of defense against invading pathogens are cells of the innate immune 

system. Infectious agents that are able to penetrate the epithelial barri ers of the body (the 

epidermis, gastrointestinal tract or respiratory tract) may corne into contact with sentine! cells of 

DC and macrophage lineages that function as professional APCs (Abbas 2006; Murphy 2011 ). 

Epithelial DCs are unable to stimulate T cells and are considered immature. Upon recognizing 

pathogen-associated molecular patterns (PAMPs) residues expressed by pathogens, which are 

usually necessary for their survival, through their pattern recognition receptors (PRRs ), such as 

Toll-like receptors (TLRs) and nucleotide binding oligomerisation domain (NOD)-like receptors 

(NLRs), they become activated. Activated DCs can endocytose microbial pathogens, process and 

presentAg and upregulate costimulatory molecules (Banchereau 1998). Once activated, DCs 

migrate to draining lymph-nodes due to the upregulation of certain chemokine receptors. 

Activated DCs upregulate MHC molecules as well as costimulatory ligands, which promotes 

their functionality as professional APCs (Banchereau 1998; Abbas 2006; Murphy 2011). 

Peptides loaded onto MHC class I and II molecules are processed differently. Ag peptides 

presented by MHC class II molecules are generated by endosomal proteases, which degrade the 

proteins of endocytosed pathogens. The peptides are subsequently loaded onto MHC class II 

molecules and are transported to the cell surface where they may be recognized by the TCRs of 

CD4+ T cells (Neefjes 2011 ). The Ag peptide presented by MHC class I molecules are generated 

by cytosolic proteases, as well as the proteasome and immunoproteasome, which leads to the 

degradation of cytosolic microbial proteins and defective ribosomal products (DRiPs). These 

peptides are then transported from the cytosol into the endoplasmic reticulum (ER) with the help 



of a traffic ATPase known as the transporter associated with Ag processing (TAP). Here these 

peptides are assembled into complexes with nascent MHC class I molecules and beta 2 

microglobulin (P2m) and are eventually transported to the cell membrane where they may be 

recognized by the TCRs of CDS+ T cells (Cresswell 2000; Van Kaer 2002; Neefjes 2011) (Fig. 

2). 
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Upon encountering DCs, naïve CDS+ T cells require two signals in order to become 

activated: TCR-peptide:MHC (pMHC) ligation and costimulation (Fig. 3). TCR-pMHC ligation 

arises from the interaction of a TCR expressed by naïve CDS+ T cells with its specific antigenic 

peptide presented by MHC class I molecules and expressed by professional APCs. This 

interaction is facilitated by the interaction of the CDS coreceptor with the MHC class I molecule 

(Kerry 2003). The second signal arises from costimulatory receptors. During the maturation of 

DCs into professional APCs, which occurs during their migration to draining lymph nodes, these 

cells upregulate costimulatory ligands such as CDSO or CDS6. The ligands are recognized by the 

costimulatory receptor CD2S, which is expressed by CDS+ T cells (Banchereau 199S; Acuto 

2003; Abbas 2006; Murphy 2011). Naïve CDS+ T cells require a few hours in order to be fully 

stimulated by DCs (van Stipdonk 2001 ). In the absence of costimulation, unless the affmity of 

the TCR with the pMHC is very high, the TCR becomes unresponsive to subsequent antigenic 

stimulation in a process known as anergy (Schwarts 2003). 

Aside from signals 1 and 2 it has been shown that various inflammatory cytokines, 

particularly IL-12, the type 1 interferons (IFN) a and p, as well as IFNy, also help to enhance the 

activation of CDS+ T cells (Haring 2006). This is referred to as signal 3 and it has been shown 



that naive CD8+ T cells which have undergone Ag-stimulation require this signal for efficient 

clonal expansion, survival, and acquisition of full effector functions (Haring 2006) (Fig. 3). 
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Activated CD8+ T cells undergo clonal expansion under the influence of IL-2, a paracrine 

and autocrine growth factor secreted by activated CD4+ and CD8+ T cells that also promotes 

CD8+ T cell differentiation into effector cells (D'Souza 2001). Besides IL-2, IFNy secreted by 

activated T cells promote CD8+ T cell differentiation towards cytolytic T lymphocytes (CTLs). 

CTLs enter the circulation in search of other infected cells. Upon encountering target cells, CTLs 

release granzyme Band perforin which induce cytolysis (Harty 2000). In addition to this, CTLs 

also induce apoptosis of target cells via Fas ligand, which interacts with its receptor located on 

target cells. 

Around 90-95% of CTLs die following the elimination of pathogen during the contraction 

phase of the immune response. This reduction in the number of effector CD8+ T cells occurs due 

to the absence of pathogen, which causes reduced signaling through the TCR, as well as the 

increased competition for survival cytokines. Those cells that remain, roughly 5%, become 

memory T cell and confer long-term immunity (Badovinac 2006). Two types of memory cells are 

generated following an immune response: effector memory (T EM) and central memory (T cM) T 

cells. T EM cells reside in the peripheral tissues, are characterized by the CCR 710, CD62L1° and 

IL-7Rhi phenotype and are able to immediately become CTLs and induce cytolytic activity upon 

recognition of the sameAg. TcMcells on the other hand are long-lived cells, which circulate 

through lymph nodes and are characterized by CCR7hi and CD62Lhi and IL-7Rhi phenotype. 

These cells are able to proliferate rapidly and produce more effector cells in response to 

recognition of the same Ag (Seder 2003; Badovinac 2006). ). IL-7 and IL-15 are both required 



for the survival of memory CD8+ T cells (Lodolce 1998; Kennedy 2000; Sallusto 2004; 

Mazzucchelli 2007) (Fig. 4). 

10 
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Figure 2: Presentation of intracellular peptides by MHC class I. 
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The presentation of intracellular Ags, either pathogenic or derived from DRiPs, by MHC class 1 

molecules is a multistep process. Ags are first cleaved by the proteasome into peptides of eight or 

nine AAs in length. Peptides are then transported into the ER lumen via TAP and are loaded on 

MHC class 1 molecules. From here, the peptide-MHC class 1:~2m complexes are shuttled to the 

plasma membrane via the Golgi in a complex. Ags presented by MHC class 1 molecules are 

recognized by the Ag-specific TCRs of CDS+ T cells [Illustration modified from (Neefjes 

2011)]. 
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Figure 3: Activation of naïve CD8+ T cells: Two signal requirement. 

ln order to become fully activated naïve CD8+ T cells requires two essential signais: activation 
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through the TCR and co-stimulation. Recognition of TCR-specific peptides presented by MHC-I 
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molecules, expressed by APCs, by the TCRs of naïve CDS+ T cells constitutes the first signal. 

The second signal, costimulation, arises through the ligation of the costimulatory ligand ( such as 

CDSO or CDS6) expressed by APCs with CD2S of T cells. Activated T cells undergo clonal 

expansion under the influence of IL-2, which can be substituted by IL-7 or IL-15. In addition to 

signal one and two, the activity of certain pro-inflammatory cytokines, such as IL-12 and IFNa, 

can boost the efficiency of the CDS+ T cell response. Once activated, CDS+ T cells become 

CTLs. The se CTLs die after elimination of the pathogen. A small proportion of activated cells 

become memory cells, which provide long-term immunity. IL-15 sustains the survival and 

renewal ofmemory CDS+ T cells [Illustration modified from (Ramanathan 2009)]. 
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Naïve CD8+ T cells are characterized by a CD127hi, CD62Lhi and CCR7hi phenotype. After 

infection, CD8+ T cells undergo robust proliferation during the expansion phase, which is 

characterized by high expression ofIFNy. Most of these cells die during the contraction phase 

except for roughly 5% of activated CD8+ T cells, which differentiate into memory cells. Often, 

the memory CD8+ T-cell pool will be comprised of multiple subpopulations with distinct 

functional characteristics. LOD represents the limit of detection [Illustration modified from 

(Badovinac 2006)] . 
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1.3. The T cell Antigen receptor complex (TCR/CD3) and peptide-MHC interaction 

The TCR/CD3 is the cell surface receptor responsible for Ag recognition and the 

triggering of signals needed to mount adequate responses necessary to eliminate foreign 

pathogens. It is composed of three chains. The TCR chain is responsible for the detection of 

foreign Ag presented in the context of self-MHC molecules, and the invariant CD3 (CD3E, 

CD3y, CD3o) and CD247 (Ç) chains that transduce the signal (Roja 2008). 
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The TCR is composed of two disulfide-linked class I membrane glycosylated 

polypeptides named a and p. Each chain contains one variable (V) and one constant (C) 

immunoglobulin (Ig) domain linked by a disulphide bridge. The ap TCR specifically recognizes 

a short antigenic peptide presented by the MHC molecules (Clevers 1988; Kuhns 2006; Rudolph 

2006). The TCR has no enzymatic activity of its own and requires the CD3 chains, specifically 

the CD3y, CD3o and two CD3E chains, as well as two Ç chains to convey the signal of ligand 

binding by the TCR within the cell. On the cell surface, the TCR is non-covalently associated 

with the invariant CD3 E, y and o polypeptides and the Ç homodimer. The CD3 and Ç chains 

possess relatively large intracellular domains, which contain immunoreceptor Tyr-based 

activation motifs (ITAMs). Each CD3 subunit possesses one ITAM motif and each Ç subunit 

possesses three (Rudolph 2006; Roja 2008). These ITAMs become phosphorylated during TCR 

engagement ofpMHC and the phospho-ITAM motifs propagate the cellular activation signal. 

The MHC class-I and class-II molecules have similar architecture. Bath are heterodimers 

and are composed of two chains; the peptide-binding site composed of one a-helix/P-sheet ( ap) 

superdomain, and two Ig-like domains. In class I MHC molecules, which associate with the 

TCRs of CD8+ T cells, the peptide-binding site is constructed by the polymorphie heavy chain 
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only. This heavy chain is referred to as the ala2 domain and contains a groove, which can house 

the peptide Ag and present it (Madden 1993; Rudolph 2006). Only two to five peptide residues 

presented in this way are recognizable by the TCR (Garboczi 1996; Garcia 1996). The peptides 

that bulge most out of the groove are referred to as functional hotspots in the TCR/pMHC 

synapse (Degano 2000; Rudolph 2002). This polymorphie heavy chain associates with the light 

chain subunit P2m (Madden 1993; Rudolph 2006). 

T cells possessing TCRs that recognize peptides bound to MHC class-1 molecules express 

the CDSap coreceptor. This coreceptor, as well as the CD4 coreceptor expressed on T cells that 

recognize peptides presented by MHC-II, are associated with lymphocyte-specific protein 

tyrosine (Tyr) kinase (Lck), which phosphorylates the CD3 and Ç ITAM motifs during TCR 

signaling (Veillette 19SS; Baniyash 2004). CDS binds MHC class-1 molecules via interactions 

with largely nonpolymorphic amino acid residues situated in the a3 and a2 domain of the 

polymorphie heavy-chain and P2m (Lau gel 2011 ). Through this interaction, CDS increases the 

association rate and enhances the half-life interaction of pMHC:TCR ligation (Gakamski 2005; 

Wooldridge 2005). Specifically, palmitoylation of the CDSP-chain enables it to internet directly 

with CD38 (Laugel 2011 ). CDS facilitates the recruitment of TCR/CD3 complexes to membrane 

microdomains wherein spatial segregation of the TCR/CD3 complex from inhibitory 

phosphatase proteins, particularly CD45, promotes TCR signaling. In addition, the TCR a-chain 

connecting peptide motif ( a-CPM) supports the recruitment of CDS in close proximity to the 

TCR/CD3 complex via unknown mechanisms (Naeher 2002; Mallaun 200S). This colocalization 

of this coreceptor with TCR/CD3 presumably facilitates Lck Tyr kinase phosphorylation of 

ITAMs. Meanwhile, CDS interaction with class I MHC promotes pMHC:TCR ligation, which 
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acts to enhance T cell affinity towards the peptide Ag. It is important to note that CD8 

recruitment to TCR/CD3 requires prior TCR engagement implying that :free Lck phosphorylation 

o:flTAMs is a necessary precursor (Laugel 2011) (Fig. 5). 
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Figure 5: Roles of CDS coreceptor in early T cell signaling events. 

TCR engagement to pMHC initiates a series of events, which promotes CDS recruitment to 

TCRJCD3 complexes. CDS is able to recroit TCRJCD3 complexes to membrane microdomains 

due to the palmitoylation of the CDSP-chain, which enable this chain to interact directly with 

CD38. Stimulation through the TCR leads to a small degree of Tyr phosphorylation events of 

CD3 and Ç ITAM motifs presumably due to the kinase activity of free Lck. This limited 
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phosphorylation is necessary for the recruitment of CD8 within close proximity to the TCR/CD3 

complex, due to unknown mechanisms, which require TCRa-CPM. CD8 is then able to interact 

with class-1 MHC, which enhances the association and half-life of the pMHC:TCR interaction 

[Illustration modified from (Laugel 2011)]. 



21 

1.4. Signaling events within the CDS+ T cell 

Upon engagement of the TCR by specific pMHC a number of signaling events take place. 

The Src family kinase (SFK) Lck becomes activated due to a relief in inhibition mediated by the 

phosphatase CD45. Essentially, Lck activity is largely regulated by the phosphorylation status 

activity oftwo key Tyr residues: one in the kinase domain (residue 394) and one at the C-

terminus (residue 505). Phosphorylation at th~ kinase domain enhances kinase activity, whereas 

phosphorylation at the C-terminal Tyr is inhibitory. The phosphatase activity of CD45 is capable 

ofremoving the phosphates from both ofthese residues enabling CD45 to both enhance and 

diminish the activity of Lck. Following TCR ligation, CD45 removes the phosphate from the 

inhibitory Tyr ofLck (McNeill 2007; Zamoyska 2007) (Fig. 6). Once activated, Lck 

phosphorylates the ITAMs of the Ç homodimer, which promotes the recruitment and activation of 

the Ç-associated protein of 70 kilodaltons (kDa) (ZAP-70), another Tyr kinase. ZAP-70 then 

phosphorylates the linker of activated T cells (LAT) and SH2 domain-containing leukocyte 

protein of76 kDa (SLP-76) (Wardenburg 1996; Zhang 1998). LAT and SLP-76 are adaptor 

proteins and their phosphorylation leads to the recruitment of a number of other proteins 

involved in calcium mobilization, the activation of the Ras pathway and cytoskeletal 

rearrangement (Iwashima 1994; Lin 2001) (Fig. 7). 

One protein which is recruited to LAT after its phosphorylation is phospholipase Cyl 

{PLCyl). This protein cleaves phosphatidylinositol 4,5 bisphosphate [Ptdlns(4,5)P2] at the 

plasma membrane into diacylglycerol (DAG) and inositol 1,4,5-triphosphate [Ins{l,4,5)P3] 

(Beach 2006). DAG is responsible for activating a number of proteins; notably various isoforms 

of protein kinase C (PKC) and Ras guanyl-nucleotide-releasing protein (RasGRP), whereas Ins 



22 

(1,4,5)P3 plays a critical role in calcium mobilization. Ins(l ,4,5)P3 binds to Ins(l ,4,5)P3feceptors 

[Ins(l,4,5)P3- Rs] on the surface of the ER, which initiates the release of Ca2+ stores into the 

cytoplasm. The decrease in ER stores of Ca2+ is detected by stromal interaction molecule 1 

(STIMl), which in turn triggers the release of Ca2+-release-activated Ca2+ (CRAC) channels at 

the plasma membrane causing an influx of extracellular Ca2+. This prevents calmodulin 

inhibition of the protein phosphatase calcineurin. Activated calcineurin then dephosphorylates 

nuclear factor of activated T cells (NFAT). NFAT is a transcription factor which, once 

dephosphorylated, translocates to the nucleus where it is able to work with other transcription 

factors to bind promotors (Lin 2001; Feske 2007; Oh-hora 2008) (Fig. 8). 

Recruitment of the Ras exchange factors, son of sevenless (Sos) and RasGRP, to the cell 

membrane is required for its activation. RasGRP is inducibly recruited to the cell membrane 

through a DAG-binding domain and promotes the formation of Ras guanosine triphosphate 

(GTP) (Stone 2011). Ras-GTP promotes the activation of serine/threonine kinases and dual-

specificity kinases that are responsible for the eventual activation of mitogen-activated protein 

kinases (MAPKs) extracellular signal regulated kinase (Erk) 1 and 2, c-Jun N-terminal kinases 

(JNK) and p38. These MAPKs phosphorylate transcription factors involved in the formation of 

the transcription factor activator protein-1 (AP-1 ), among others (Lin 2001 ). An example of this 

is the serine/threonine kinase Rafl. Rafl is a MAPK kinase kinase (MAPKKK), which 

phosphorylates and activates MAPK kinases (MAPKKs), which in turn phosphorylate and 

activate the MAPKs Erkl/2. Erk kinase activity results in the activation of E twenty-six (ETS)-

like transcription factor 1 (Elkl), which contributes to AP-1 activation (Genot 2000; Smith-

Garvin 2009). 
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In addition to the activation of transcription factors that induce genes regulating cytokine 

production, cell proliferation and cell differentiation, TCR-pMHC interaction also leads to a 

program of actin cytoskeletal rearrangements that results in polarization and activation of the T 

cell (Smith-Garvin 2009). Activation of the Lck and ZAP-70 kinases following TCR signaling 

leads to the formation of a signaling complex at the immune synapse (IS), the area of contact 

between the TCRs of T cells and the pMHC of APCs. This signaling platform beneath the plasma 

membrane contains the adaptor proteins LAT and SLP-76, the Tee family kinase IL-2-inducible 

T cell kinase (Itk), and the Rho family guanine nucleotide exchange factor (GEF) Vavl 

(Burkhardt 2008). This stable signalosome complex, also containing other signaling proteins, 

promotes actin polymerization via Wiskott-Aldrich Syndrome Protein (WASp) and WASp 

family protein member 2 (WAVE2) (Labno 2003; Dombroski 2005). 

Formation of the IS requires the activity ofvarious integrins, a~ heterdimeric receptors 

which form a physical link between T cells and APCs. Important T cell integrins include: 

leukocyte function-associatedAg-1 (LFA-1) and very lateAg-4 (VLA-4). These integrins bind to 

their ligands, mainly intercellular adhesion molecule (ICAM), and vascular cell adhesion 

molecule (VCAM) and fibronectin, respectively. These ligands are expressed by other immune 

cells, epithelial cells, fibroblasts and extracellular matrix proteins (Smith-Garvin 2009). The 

expression of integrins and their affinity for their ligand is controlled by a number of intracellular 

proteins such as Ras-proximity-1 (Rap 1 ), which requires TCR activation and the activity of the 

membrane-proximal proteins LAT, SLP-76 and PLCyl for its activation. Rapl requires the 

formation of the adhesion and degranulation-promoting (ADAP) adaptor protein/Src kinase--

associated phosphoprotein of 55 kDa (SKAP55)/Rap 1-GTP-interacting adapter molecule 
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(RIAM) complex for its proper localization near the cell membrane. The impact of intracellular 

signaling on integrin expression is a process referred to as 'inside-out signaling' (Menasche 

2007a; Menasche 2007b). 

This section has thus far examined the impact ofTCR activation on intracellular signaling 

and the consequences of various protein interactions. lt was mentioned before that ligation 

through the TCR alone is insufficient to fully activate T cells and can lead to anergy (Schwarts 

2003). To escape anergy, activated T cells must receive a co-stimulatory signal via costimulatory 

receptors such as CD28. One consequence of CD28 ligation is that it leads to the conversion of 

phosphatidylinositol (4,5) bisphosphate (PIP2) to phosphatidylinositol (3,4,5) trisphosphate 

(PlP3) at the membrane. This membrane-proximal PlP3 serves as a docking site for 3-

phospoinositide-dependent protein kinase 1 (PDKl) and its target Ak.t. Ak.t phosphorylates 

multiple proteins and has an impact on many cellular responses (Smith-Garvin 2009). One 

example is the role of Ak.t on the transcription of nuclear factor K-light-chain-enhancer of 

activated B cells (NF-KB). NF-KB is a transcription factor important for the generation ofIL-2. 

NFKB is dependent on TCR ligation and costimulation via CD28 (Acuto 2003). Essentially, 

NFKB is regulated by the inhibitor of KB (IKB) kinase (IKK), which phosphorylates IKB, leading 

to ubiquitination. After inhibition of IKB on NFKB is relinquished, NFKB can move into the 

nucleus to activate transcription. Activation of the IKB complex is performed by the serine/ 

threonine kinase Akt and the MAPKKKs, which are activated via the costimulatory signaling 

pathway (Thompson 1995; Ballard 2001; Lin 2001; Cheng 2011 ). Costimulatory signaling also 

plays a role in actin cytoskeletal rearrangement due to phosphoinositide-3 kinase (PBK)-

dependent activation and localization ofVavl and ltk (Burkhardt 2008). Essentially, CD28 



promotes T cell proliferation, cytokine production (via gene transcription and mRNA stability), 

cell survival, and cellular metabolism (Acuto 2003). 
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lt is important to note that T cell signaling is regulated at all levels. One example was 

detailed above in which C-terminal Src kinase (Csk) phosphorylates Lck on its inhibitory Tyr 

residue (Y505), which is countered by the phosphatase activity of CD45 (Hermiston 2003; 

Zamoyska 2007). Another important regulator is CD5. Evidence suggests that CD5 may internet 

with the TCR-p23 Ç chains, thus preventing ZAP-70 binding (Gary-Gouy 1997). In order to 

accomplish this, it is possible that after TCR engagement with Ag, the phosphorylation of serine 

residues on the CD5 cytoplasmic tail may act as a docking site for a Tyr phosphatase such as Src 

homology region 2 domain-containing phosphatase-1 (SHP-1 ). This would in turn 

dephosphorylate the Ç chain of the ITAMs, thus inhibiting the recruitment of ZAP-70 (Davies 

1992; Dalloul 2008). 
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Figure 6: Regulation of Lck activity by CD45. 

The inhibitory Tyr of Lck (Y505) is phosphorylated by the kinase Csk. This causes Lck to adopt 

an inactive conformation. The phosphatase activity of CD45 removes this inhibition causing Lck 

to return to its basally active state. After TCR ligation to Ag, this basally active pool of Lck 

becomes phosphorylated on its activating Tyr (Y394) causing Lck to adopt its fully active 

conformation. Similarly, the phosphatase activity of CD45 dephosphorylates this Tyr as well to 

maintain a pool of basally active Lck [Illustration modified from (Zamoyska 2007)]. 
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Ligation of the TCR with pMHC leads to a complex cascade of intracellular signaling events. 

TCR engagement leads to Lck phosphorylation of the ITAMs, which recruit ZAP-70. ZAP-70 

phosphorylates the linker proteins LAT and SLP-76, which orchestrate signaling events leading 
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to calcium mobilization, the activation of the Ras pathway and cytoskeletal rearrangement. These 



processes, complemented by signaling via CD28 and other costimulatory receptors, eventually 

culminate in the activation of a number of transcription factors that regulate cytokine secretion 

and cytolytic activity in the case of CDS+ T cells [Illustration modified from (Lin 2001 )]. 
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In resting T cells there is a large gradient between the levels of cytosolic Ca2+ and those of the 

lumen of the ER. TCR activation fundamentally leads to the catalysis of Ptdlns(4,5)P2 into DAO 

and Ins(l ,4,5)P3. Ins(l ,4,5)P3 binds toits receptor located on the ER, which causes a release of 

Ca2+ from the lumen of the ER into the cytoplasm. The decrease in ER Ca2+ is detected by STIM, 

which triggers the release of CRAC channels at the plasma membrane. This causes an influx of 

Ca2+, which causes a drastic increase in the levels of cytoplasrnic Ca2+, which in tum relieves 

calmodulin inhibition of calcineurin. Activated calcineurin then dephosphorylates NFAT, which 

translocates to the nucleus to initiate gene transcription [Illustration modified from (Feske 

2007)]. 
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1.5. Lipid rafts and signaling 

TCR signaling involves a complex cascade of signaling events and temporally orchestrated 

signaling events. Following TCR ligation, Lck is brought to the CD3:TCR complex by the co-

receptor CD8. Besides, free-Lck residing within lipid rafts (LR) at the immune synapse is 

relieved in inhibition by the phosphatase activity of CD45 (Fooksman 2010). Activated Lck 

phosphorylates the ITAM motifs on TCRÇ chains, which recuit ZAP-70 to be phosphorylated and 

activated by Lck. Activated ZAP-70 subsequently phosphorylates LAT and SLP-76, initiating a 

complex signaling cascade detailed in the previous section (Iwashima 1994; Wardenburg 1996; 

Zhang 1998; Lin 2001; McNeill 2007; Zamoyska 2007). 

Over the past decade, intensive efforts have been made to understand how LR influence/ 

modulate the TCR signaling. LRs are defined as membrane microdomains enriched in 

cholesterol, glycosphingolipids and sphingomyelin, which differ from the glycerophospholipid 

bilayer that makes up the rest of the cell membrane. LRs are also referred to as 

glycosphingolipid-enriched domains (GEM) or as detergent-resistant membranes (DRM) due to 

the fact that they are not dissociated after exposure to non-ionic detergent, such as Triton-X 100 

or Brij-58, due to their high cholesterol and sphingolipid composition (Simons 1997; Brown 

1998). Due to the low density of DRMs, they can be isolated via sucrose gradient density 

centrifugation, a process which causes DRMs to travel to areas of low sucrose density. lt bas 

been criticized that DRMs are nonphysiological entities that are generated during the processes 

of non-ionic detergent extraction and/or density gradient centrifugation. However, high 

resolution microscopy evidence using cholera toxin (CTX) B subunit (CTB), a pentamer which 

binds to significant amounts of the monosialotetrahexosylganglioside (GMl) ganglioside, a 
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molecule that is heavily enriched in LRs, supports the notion that LRs do exist in physiologically 

normal intact cells (Bromley 2001; Heerklotz 2002). 

Due to their structure, LRs attract certain proteins and exclude others (Simons 1997; 

Kabouridis 2006). One such protein included in the LR is Lck. lt was found wben comparing 

detergent-soluble and insoluble lysates using Jurkat T cells tbat approximately 25-50% of total 

Lck copurified with the DRM fraction (Janes 2000). lt was also determined in two separate 

studies that Lck association with LRs is critical in connecting TCR-ligation with downstream 

signaling (Kabouridis 1997; Hawash 2002). LAT is another protein wbicb is localized with LRs 

and disruption ofthis association disrupts signaling downstream of the ITAM (Zhang 1998; 

Zhang 1998). 

Several reports bave sbown that after TCR activation there is a transient increase in the 

amount of certain proteins present in LRs. These include: TCRs and ITAMs, ZAP-70, PLCyl, 

SLP-76, growth factor receptor-bound protein 2 (Grb2) and PKC8 (Montixi 1998; Xavier 1998; 

Pizzo 2003; Kabouridis 2006). lt has therefore been proposed that upon TCR ligation, TCRs 

translocate to LRs wbere they may be phosphorylated by LR-resident Lck. LR-associated Lck is 

innately inactive, due to the activity of the protein associated with GEM (PAG)/Csk-binding 

protein (Cbp)-Csk inhibitory complex, and mecbanisms underlying the activation of Lck remain 

unclear. lt is possible, however, that a pbospbatase, namely CD45, may relieve inhibition on Lck 

(Kabouridis 2006) (Fig. 9). 
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Figure 9: A model describing the phosphorylation of the ITAM in LR. 
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In resting T cells, Lck, as well as LAT (not shown), is constitutively associated with LR. Lck 

forms a weak interaction with the ITAMs and its activity is kept in its basal state due to the 
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activity of the PAG/Cbp-Csk inhibitory complex. After TCR-pMHC ligation, there is an increase 

in the association of the TCR, as well as Zap-70, PLCy 1, SLP-76, Grb2 and PKC8 (not shown), 

with LRs. After TCR stimulation there is a transient redistribution of CD45 to these domains, 

which leads to dephosphorylation ofLck-Y505 and of PAG/Cbp and the dissociation ofCsk 
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from the PAG/Cbp-Csk complex. This increase in Lck activity results in ITAM phosphorylation 

and a subsequent signaling cascade [Illustration modified from (Kabouridis 2006)]. 
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1.6. Basal homeostatic proliferation of CDS+ T cells 

Thymie output of T lymphocytes is significantly reduced upon reaching puberty. To 

compensate for this, the T cells present in secondary lymphoid tissues are maintained at 

consistent levels by slow turnover in a process called homeostatic proliferation. During this 

process the ratio ofCD4+/CD8+ T cells remains constant (Rocha 1989). Naive and memory cells 

proliferate independently of each other and in their own niches. This homeostatic proliferation 

also maintains the proportion and polyclonality of naive and memory CDS+ T cells relatively 

constant (Tanchot 1998; Surh 2002). 

Naïve and memory T cells appear to have different survival requirements in order to 

maintain their basal homeostatic proliferation. Studies using MHC-deficient mice have shown 

that naive cells require pMHC:TCR interaction in addition to IL-7 for their survival. Memory T 

cells, which proliferate in the absence of TCR stimulation, require signals through both the IL-7 

and IL-15 receptors for survival. In the presence of abundant IL-7 memory T cells can proliferate 

without the need for IL-15 (Murali-Krishna 1999; Tan 2001; Schluns 2003; Surh 2005). 
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1. 7. Acute homeostatic proliferation of CDS+ T cells 

T Lymphopenia is a condition in which an organism displays a reduction in T cell 

numbers in the secondary lymphoid organs. Lymphopenia can be caused by several factors, 

which allows us to subcategorize three different forms ofT lymphopenia: Transient 

lymphopenia, chronic lymhopenia and iatrogenic lymphopenia. Transient lymphopenia occurs in 

the aftermath of certain viral infections, chronic lymphopenia occurs when there is a steady-state 

reduction in lymphocytes, such as what is observed in patients infected with HIV, and iatrogenic 

lymphopenia occurs following radiotherapy and chemotherapy. Elderly people, who have a 

decreased output of thymie T lymphocytes, may be impacted more severely by T lymphopenia 

(Jameson 2002). 

The process in which T cells expand under conditions ofT lymphopenia is referred to as 

LIP. LIP occurs in the absence of a functional thymus and involves the division of existing 

lymphocytes in the secondary lymphoid organs. During LIP the remaining T cells either 

proliferate evenly to fill the T cell compartment, or certain T cells have a proliferative advantage 

and thus proliferate unevenly to fill this niche. The first scenario leads to an overall reduction in 

diversity in a 'full' compartment, whereas the second scenario leads to an oligoclonality resulting 

in an even greater reduction in TCR diversity. This oligoclonality occurs with T cells whose 

TCRs are at the limit of the threshold level of activation by self Ags and thus may have a 

proliferative advantage over others. This oligoclonality could potentially lead to autoimmunity 

since the T cells with the proliferative advantage possess TCRs that recognize self Ag (Khoruts 

2004) (Fig. 10). 
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As described in the previous section, the basal homeostatic proliferation of T cells is 

driven by the interaction of the TCRs of these cells with self pMHC and IL-7. LIP is driven by 

this interaction as well and IL-7 is in abundance under conditions oflymphopenia (Fry 2001; 

Surh 2005). The rapidity of LIP may cause naive T cells to gain the expression of certain 

memory markers: CD122hi, CD132h1, CD44hi and Ly6C. These cells do not however gain the 

expression of activation markers such as CD25 and CD69 (Cho 2000; Goldrath 2000; Murali-

Krishna 2000; Kieper 2002). These cells have a similar phenotype to memory cells following an 

antigenic response, but do not display effector functions. These cells gain high levels of effector 

functions, like true memory cells, after stimulation with cognate Ag (Ramanathan 2009). 



37 

Steady state 

Lym phopen ia-
i nduci ng insult 

~-:-: ••• oe** 
1. Normal T cell population size 

•• •• •• ~ * f-••• °* 
Recovery via LIP where all 
T cell proliferate equally 

1. Normal T cell population size 
2. Limited TCR diversity 

• • • 
•* 

2. Great TCR diversity 

.t•· -+0 ** •*· * 
Recovery via LIP where some 
T cells have a selective 
advantage over others 

1. Normal T cell population size 
2. Oligoclonal expansion 
3. Greatly reduced TCR diversity 
4. Potential automimmunity 

Recovery in presence of a functional thymus 

Figure 10: Representation of immune cell reconstitution following T lymphopenia. 

Each T cell is shown as a unique symbol, which represents a unique TCR. Under normal 

conditions, the T cell repertoire bas vast diversity. Many of these cells are lost following T 

lymphopenia and the diversity of these cells can be renewed in the presence of a functional 

thymus. In the absence of a functional thymus the T cell population is restored via LIP, which 

results in a Joss of TCR diversity. The potential scenarios of equal and unequal proliferation of T 

cells is illustrated [Illustration modified from (Khoruts 2004)] . 
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1.8. Antigen-independent proliferation of CDS+ T cells induced by cytokines leads to a state 

of 'cytokine priming' 

It has been shown that naive CD441°CDS+ T cells are able to undergo antigen non-

specific proliferation in the presence of a homeostatic cytokine, such as IL-7 and IL-15, in 

combination with an inflammatory cytokine, such as IL-6 or IL-21 (Fig. 11) (Zeng 2005; Gagnon 

2007). Furthermore, naive CDS+ T cells that have been stimulated with these synergistic 

combinations of cytokines develop increased reactivity towards cognate antigens. This bas been 

shown using CDS+ T cells expressing transgenic TCRs, particularly, those expressing the P14 

TCR, which specifically recognizes a peptide spanning amino acids 33-41 of the glycoprotein 

(GP) antigen oflymphocytic cboreomeningitis virus (LCMV) (Gagnon 200S). Specifically, pre-

incubation of P14 TCR transgenic CDS+ T cells with IL-7 or IL-15 in the presence ofIL-6 or 

IL-21 leads to proliferation, increased pbosphorylation and DNA binding of signal transducer 

and activator of transcription 5 (STAT5) and modulation of the expression of several cell surface 

molecules such as the increase in CDS, CD45 and costimulatory molecules that can positively 

regulate TCR signaling, and decrease in CD5 that exerts a negatively regulatory effect on TCR 

signaling (Gagnon 200S; Gagnon 2010). Furthermore, it was found that stimulation with the 

combination ofIL-7 and IL-21for48 hours leads to increased LAT-Yl 71 phosphorylation after 

CD3 cross-linking (Gagnon, Unpublisbed Data). As a consequence, these cytokine-prestimulated 

cells display increased proliferation and effector functions upon subsequent Ag stimulation as 

indicated by increased secretion ofIL-2 and IFNy, expression of granzyme B and more efficient 

Ag-specific cytotoxicity towards target cells (Gagnon 200S; Gagnon 2010). 
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The above findings gave raise to the concept of 'cytokine priming' of naïve CDS+ T cells. 

It has been proposed that naïve CDS+ T cells exposed to the stimulatory combinations of IL-15 

and IL-21, a situation that could occur during inflammation caused by innate immune response, 

could sensitizes these cells to lower concentrations of Ag (Ramanathan 200S) (Fig. 12). These 

'primed' cells proliferate in response to lower concentrations of Ag and have more potent 

effector functions. It has been shown that cytokine-primed cells can up-regulate the IL-2 receptor 

(IL-2R) a and~ as well as CD62L and CD44, which might promote their continued migration in 

search of Ag (Gagnon 200S). Therefore it is possible that during an immune response, CDS+ T 

cells are recruited to the site of inflammation where they are stimulated by inflammatory 

cytokines derived from the innate immune system. This may sensitizes these cells to become 

more responsive to invading pathogens (Ramanathan 2009). 
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Figure 11 _ Ag-independent activation of naïve CD8+ T cells by cytokines. 

(A) Activation of CD8+ T cells traditionally occurs following pMHC:TCR ligation between 

APCs and CD8+ T cells. Stimulated cells proliferate with the help of autocrine IL-2. 
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B 

Furthermore, the impact of various inflammatory cytokines are necessary to maxirnize the CD8+ 

T cell response. Most of these cells become effector cells and die upon elirnination of the Ag 

source. Sorne of the activated cells differentiate into memory cells with the help of IL-7 and are 

maintained by IL-15 to provide long-term immunity. (B) Under inflammatory conditions, IL-15, 

IL-21 and IL-6 are produced by cells of the innate immune system. These cytokines can 

stimulate naïve CD8+ T cells and activate them in an Ag-independent manner. This could 

increase in the CD8+ T cell responsiveness to Ag that may augment the adaptive immune 
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responses which could be both useful in eradicating infected cells, but may also be detrimental as 

this may also trigger potentially autoreactive CDS+ T cells [Illustration modified from 

(Ramanathan 2008)]. 
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Figure 12. The concept of 'cytokine Priming ' of naive CD8+ T cells. 

Cytokine synergy induces Ag-independent proliferation of naive CD8+ T cells and primes them 

to display potent effector functions upon subsequent Ag stimulation. During an immune 

response, cells of the innate immune system produce IL-15, IL-21, and IL-6. Meanwhile, IL-7 is 

continuously available. The synergistic combination of IL-7 with IL-21 or IL-6 can stimulate 

proliferation of naive CD8+ T cells in the absence of its cognate Ag. These ' cytokine-primed' 

CD8+ T cells possess a memory-like phenotype and are more sensitive to low concentrations of 

cognate Ags. Upon stimulation with this Ag, the cytokine-primed CD8+ T cells secrete abundant 

quantities ofIL-2 and IFNy, and have more potentAg-specific cytolytic activity on target cells 

[Illustration modified from (Ramanathan 2009)]. 
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1.9. The yc family of cytokines 

The yc family of cytokines share the gamma chain of the IL-2R (CD132). The cytokines 

which signal via this receptor include: IL-2, IL-4, IL-7, IL-9, IL-15, IL-21 and thymie stromal 

lymphopoietin (TSLP) (Kovanen 2004; Alpdogan 2005). Absence of yc causes X-linked severe 

combined immunodeficiency (SCID) (X-SCID) in humans characterized by a reduction in T and 

B lymphocytes and NK cells (Noguchi 1993). 

1.9.1. IL-7 and the IL-7 receptor (IL-7R) 

IL-7 is a 25 kDa hematopoietic growth factor that is essential for lymphocyte 

development and survival. lt is secreted by fetal liver cells, stromal cells found in bone marrow 

and epithelial cells, as well as keratinocytes (Jiang 2005). The IL-7R is a heterodimer, composed 

of an IL-7Ru chain (CD127) and the yc (CD132). Activation of the IL-7R complex 

phosphorylates the CD127-associated JAKl, which subsequently recruits and phosphorylates 

STATl. Meanwhile, yc phosphorylates JAK3, which recruits and phosphorylates STAT5 (Jiang 

2005). IL-7R stimulation also activates the PI3K and the Src kinase pathways. 

IL-7 plays several key roles in lymphocyte biology. lt is a growth and maintenance factor 

for immature and mature thymocytes, promotes the differentiation and survival of CD4 and CD8 

SP thymocytes and is a cofactor for the rearrangement of the TCRP gene (Muegge 1993; 

Morrissey 1994). IL-7 or IL-7Ra knockout mice are characterized by severely impaired T and B 

cell development, while in humans the absence of IL-7Ra leads to the genetic disorder SCID 

(Peschon 1994; von Freeden-Jeffrey 1995; Puel 1998). In the periphery, IL-7 upregulates the 
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anti-apoptotic factors B cell lymphoma 2 (Bcl-2) and Kruppel-like factor, promoting survival for 

naïve and memory T cells (Schober 1999; Schluns 2003). 

1.9.2. IL-15 and the IL-15 receptor (IL-15R) 

IL-15 is a pleiotropic, four a helix bundle cytokine. The IL-15R is a hetero-trimer 

composed ofIL-2~ receptor (CD122) and yc (CD132) and IL-15Ra. The IL-15Ra is a type 1 

transmembrane protein with a short cytoplasmic domain related structurally to the IL-2Ra but is 

specific to the IL-15 receptor and is responsible for ligand binding (Giri 1995). IL-15R signaling, 

like IL-7R stimulation, leads to activation of the JAK/STAT pathway. CD122 recruits JAK.1, 

which leads to the phosphorylation of STAT3. The yc recruits and phosphorylates JAK.3, which 

leads to the phosphorylation of STAT5. Once phosphorylated, STAT3 and STAT5 form homo- or 

hetero-dimers and translocate to the nucleus where they are responsible for the activation of 

certain genes (Johnston 1995). The IL-15 signaling pathway also induces phosphorylation ofLck 

and spleen Tyr kinase (Syk) kinase (Ratthe 2004; Uhlin 2005). Through these signaling pathways 

IL-15 plays a number of roles. It promotes the long-term survival and proliferation renewal of 

memory CDS+ T cells and, due toits upregulation ofBcl-2, enhances the survival of CDS+ T 

cells (Lodolce 199S; Becker 2002; Wu 2002; Schluns 2003). Furthermore, it has been shown that 

IL-15·1- and IL-15Ru-1- mice are lymphopenic and lack memory CDS+ T cells (Lodolce 199S; 

Kennedy 2000). 

1.9.3. IL-21 and the IL-21 receptor (IL-21R) 
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IL-21 is produced by activated CD4+ T cells, specifically T helper (Th) 17 and NKT cells 

(Monteleone 2009). IL-21 binds to the IL-21R, which is expressed by many lymphoid cells, 

including NK cells, T cells, and B cells depending on their activation state, as well as 

keratinocytes and cells of the myeloid lineage, such as DCs (Collins 2003; Distler 2005). The 

IL-21R is a betero-dimer composed of an IL-21Ra cbain and yc. Througb its interactions witb 

the IL-21R, IL-21 activates JAK.1 and JAK.3. Specifically, IL-21R phosphorylates JAK.1 while 

the yc chain phospborylates JAK.3. Tbese phosphorylation events essentially culminate in the 

activation of STATl and STAT3 and to a lesser extent STAT4, STAT5a and STAT5P (Habib 

2003; Zeng 2007; Spolski 200S). IL-21 bas also been sbown to activate the MAPK patbway 

(Spolski 200S). 

IL-21 exerts a number of effects on bematopoietic cells. One example of tbis is tbat IL-21 

bas been implicated in the antibody (Ab) response. Mice deficient in IL-21R generate more IgE 

and have a significant defect in Ab responses to antigenic stimulation even though B cell 

numbers remain the same (Ozaki 2002; Davis 2007). IL-21 also plays an important role in the 

development ofT follicular helper cells (Tfh), wbich regulate the development of the germinal 

center (Vogelzang 200S). IL-21 also acts in synergy with IL-6 in the differentiation of Tb cells 

into Tb 17 cells in a process requiring STAT3. Essentially, IL-21 acts by preventing naïve Th cell 

differentiation into Foxp3+ cells by inbibiting the activity of TGFP (Korn 2007; Nurieva 2007; 

Zhou 2007). 

IL-21 bas been sbown to affect CDS+ T cells as well. Althougb baving no effect on its 

own, when present with IL-7 or IL-15, IL-21 induced proliferation ofboth CD4410 naïve and 

CD44hi as well as memory CDS+ T cell subsets (Zeng 2005; Gagnon 2007). As mentioned 



earlier, naïve CD8+ T cells stimulated with IL-21 in the presence of IL-7 or IL-15 are more 

responsive to cognate Ags (Gagnon 2008). 
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2. Hypothesis / Objectives 

Even though it has been well documented that synergistic combinations ofIL-7 or IL-15 

along with IL-21 enhance the antigen responsiveness of naïve CD8+ T cells, the underlying 

mechanisms have not yet been elucidated. Our hypothesis is that the increased Ag responsiveness 

of cytokine-primed CD8+ T cells results from three potential sources. 1) Cytokine priming may 

cause an increase in the Tyr phosphorylation of key TCR signaling components that could 

facilitate the responsiveness of subsequent TCR signaling events. 2) Cytokine priming may alter 

the distribution and/or composition of LRs, which could lead to the formation of more effective/ 

stable TCR signaling platforms during Ag stimulation. 3) Modulation of cell surface molecules 

induced by cytokine priming may augment the propensity of CD8+ T cell and the APC to form 

more stable conjugates that would potentiate TCR signaling upon encounter with pMHC 

complex on APCs. 

The objectives of my research are to 1) Determine the phosphorylation status ofkey 

membrane proximal signaling proteins after cytokine priming, and after TCR stimulation in 

cytokine-primed versus naïve CD8+ T cells. 2) Evaluate the distribution and composition of LRs 

in cytokine-primed naïve CD8+ T cells. 3) Estimate the efficiency of conjugate formation with 

peptide-loaded target cells by cytokine primed CD8+ T cells compared to naïve cells. 
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3. Materials and Methods 

3.1. Animais 

P14 TCR transgenic mice expressing the transgenic P14 TCR, which recognizes the GP33 

peptide Ag (spans amino acids 33-41 of the glycoprotein Ag of lymphocytic choriomeningitis 

virus in the context ofMHC-I molecule H-2Db) were obtained from Dr. Pamela Ohashi 

(University of Toronto). PMEL TCR transgenic mice expressing TCRs, which recognize the 

GPlOO peptide Ag (spans amino acids 25-33 of the glycoprotein Ag melanocytes in the context 

ofMHC-I molecule H-2Db) were purchased from the Jackson Laboratory. Non-obese diabetic 

(NOD) mice expressing the 8.3 transgenic TCR, which recognizes the islet-specific glucose 6 

phosphatase catalytic subunit related protein (IGRP) peptide Ag (spans amino acids 206-214 of 

IGRP of pancreatic islets in the context ofMHC-I molecule H-2Kd) were purchased from the 

Jackson Laboratory. All animal experiments were carried out with strict adherence to 

institutional guidelines. 

3.2. Cell lines 

EL-4, a lymphoma induced in a C57Bl/6 mouse, which produce low levels of type G 

(Gross) virus Ag H-2b, IL-4 and Thy-1.2 Ag, was obtained from American Type culture 

collection. RMAS-Kd, a peptide transport-deficient mouse lymphoma cell line transfected with 

H-2Kd (Chen 1999), was provided by Dr. A. Amrani (Université de Sherbrooke). 

3.3. Antibodies and reagents 
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Abs against mouse TCRp, CD8a, CD8p, CD45 conjugated to Alexa fluor 488, APC-Cy7, 

fluorescein isothiocyanate (FITC), PE, PE-Cy7 or Biotin were purchased from BD Biosciences 

(San Jose, CA), Biolegend (San Diego, CA) or eBioscience (San Diego, CA). Abs against mouse 

phosphotyrosine 4Gl0, Actin, LAT, LAT-Yl 71 and Lck were purchased from Cell Signaling 

(Danvers, MA), Millipore (Billerica, MA) or Santa Cruz (Santa Cruz, CA). Secondary Abs from 

goat or donkey against goat, mouse or rabbit, and coupled to horseradish perioxidase (HRP), 

were purchased from Jackson ImmunoResearch (West Grave, PA). Recombinant cytokines IL-4, 

IL-7, IL-15, IL-21 and granulocyte-macrophage colony-stimulating factor (GM-CSF) were 

obtained from from PeproTech (Dollard des Ormeaux, QC) or R&D Systems (Minneapolis, 

MN). Peptides were custom synthesized to > 95% purity by GenScript (Scotch Plains, NJ). Other 

reagents, including CTB subunit coupled to Alexa fluor 647 (CTB-Alexa 647), Brij-58, 

streptavidin, lypopolysaccaride (LPS), Vectashield mounting medium, Poly-L-Lysine and CFSE 

were purchased from Invitrogen (Burlington, ON), Molecular Probes (Eugene, OR), Sigma-

Aldrich (Oakville, ON) and Vector Scientific (Moneyrea, MD). 

3.4. Isolation of lymphocytes 

Single cells were prepared by crushing the lymph nodes of mice between two sterile 

slides in phosphate buffered saline containing 2% fetal calf serum (PBS-FCS 2%). The cell 

suspension was centrifuged at 300g. Red blood cells were lysed by re-suspending in a buffered 

solution of ammonium chloride (ACK) (155 mM NH4Cl, lmM KHC03, 0.5 mM EDTA at a pH 

7.2) for one minute. After washing the cells in PBS-FCS 2%, the cells were counted and 

resuspended in RPMI-1640 (Sigma-Aldrich, Oakville, ON), which was supplemented with 2mM 
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L-glutamine of 1000 IU of penicillin, 1 OOOµg/ml of streptomycin, 1 mM of sodium pyruvate 

(Wisent Biocenter, St Bruno, QC), 5.5µM ~-mercaptoethanol (Sigma-Aldrich. Oakville, ON) and 

FCS was added to a final concentration of 5% (RPMI-FCS 5%). Cells were cultured at 37°C in a 

5% C02 containing atmosphere. 

3.5. Purification of CDS+T cells subsets 

CDS+T cells were negatively purified to 95-9S% using Dynal® mouse CDS negative 

isolation kit from lnvitrogen (Carlsbad, CA) following the manufacturer's instructions. 

3.6. Cytokine priming 

Total lymph-node cells or purified naïve CDS+ T cells (2 x 106 cells/ml) were cultured in 

RPMI-5% FCS and were stimulated with IL-7 or IL-15 alone, or in combination with IL-21 for 

varying time points (generally 36 to 40 hours). The cells were harvested and the cells were 

washed to remove the cytokines prior to experimentation. Freshly isolated total naïve T cells or 

purified naïve CDS+ T cells were used as controls in every experiment. 

3. 7. Cell activation 

Purified P14 or NOD S.3 TCR transgenic CDS+ T cells, primed with cytokines (IL-7, 

IL-15, IL-?+IL-21 or IL-15+IL-21) for 40 hours [around the time after which there is an increase 

in TCR sensitivity to Ag (Gagnon 2010)], were separated in portions of 5 x 105 cells into 500µ1 

of PBS-FCS 2% and stimulated via TCR by Ab-mediated crosslinking, ether alone or along with 
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CDS. Anti-TCRP-Biotin (0.125µg/ml), anti-CD8P-Biotin (0.25µg/ml), or anti-TCRP-Biotin + 

anti-CD8P-Biotin were added (Fig. l3A and B) and placed on ice for 30 minutes. Cells were spun 

at 300g, washed with PBS-FCS 2% and spun again and were resuspended in 25µ1 PBS. Abs were 

cross-linked by adding 25µ1of20µg/ml streptavadin, which crosslinks biotinylated molecules 

(final ideal concentration lOµg/ml streptavidin; Fig. 13C), at 37°C for an optimized time of 30 

seconds (Fig. l3D). Cells were lysed in sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE) sample buffer. Equivalent amounts of proteins were 

electrophoresed in SDS-PAGE running buffer (12g tris base, 58g glycine, 10% SDS in lL 

distilled water) in SDS-PAGE gels, composed of 10% acrylamide, transferred to polyvinylidene 

difluoride (PVDF) membranes using Western blot transfer buffer (25 mM tris base, 192 mM 

glycine, 10% methanol, pH 8.3), probed with 4010, LAT and phospho-Yl 71-LAT Abs, and 

developed using the ECL reagent (GE-Amersham). Membranes were stripped (25mM glycine, 

2% SDS, pH 2.0) and reprobed with actin Abs. 
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Figure 13A. Optimization of TCR stimulation using TCRb-Biotin Ab. 

Purified P14 CD8+ T lymphocytes were stimulated with the indicated concentrations of the 

biotinylated anti-TCRP in the presence or absence of a fixed amount of biotinylated anti-CD8p. 

Biotinylated Abs were then cross-linked by 10µ1/ml streptavidin for 30 seconds in a 37°C water 

bath. Cells were lysed and analyzed by Western blot using 4G 10 anti-phospho-Tyr Ab along with 

CD8 crosslinking. Results show increased Tyr-phosphorylation with 0.25µg/ml ofTCRp Ab 

(MW: molecular weight in kDa; Strep: streptavidin; B: coupled with biotin). 
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Figure l3B. Standardizing the optimal CD8P-BiotinAb concentration. 

Purified P14 CD8+ T lymphocytes were stimulated with the indicated concentrations of the 

biotinylated CD8PAb in the presence or absence of a fixed amount of biotinylated anti-TCRp. 

BiotinylatedAb were then cross-linked by 10µ1/ml streptavidin for 30 seconds in a 37°C water 

bath. Cells were lysed and analyzed for p-Tyr proteins. Results show increased Tyr-

phosphorylation with 0.25µg/ml of CD8p Ab (MW: molecular weight in kDa; Strep: 

streptavidin; B: coupled with biotin). 
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Figure 13C. Optimizing the streptavidin concentration for TCR and CD8 crosslinking. 

Purified P14 CD8+ T lymphocytes were stimulated with fixed concentrations of the biotinylated 

CD8PAb in the presence or absence of a fixed amount of biotinylated anti-TCRp. Biotinylated 

Abs were then cross-linked with varying concentrations of streptavidin for 30 seconds in a 37°C 

water bath. Cells were lysed and analyzed by Western blot using 4G 10 Ab. Results show 

maximal Tyr-phosphorylation at a streptavidin concentration of lOµg/ml (MW: molecular weight 

in kDa; Strep: streptavidin; B: coupled with biotin). 
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Figure l3D. Standardizing optimal streptavidin exposure time. 

Purified P14 CD8+ T lymphocytes were stimulated with fixed concentrations of the biotinylated 

CD8P Ab. These cells were stimulated in the presence or absence of a fixed amount of 

biotinylated anti-TCRp. Biotinylated Ab were then cross-linked with exposure to 50µg/ml 

streptavidin for the indicated periods (in seconds) in a 37°C water bath. Cells were lysed and 

analyzed via Western blot. Results show maximal Tyr phosphorylation after 30 seconds of 

exposure (MW: molecular weight in kDa; strep: streptavidin; B: coupled with biotin). 
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3.8. Analysis of lipid rafts using choiera toxin B subunit (CTB) 

Total lymphocytes from P14 mouse lymphocytes that were primed with cytokines for 48 

hours and were compared with naïve cells in all experiments. Cells were suspended in 200µ1 

PBS-FCS 2% and were stained with the CDSa Ab coupled with PE, or the CDSa Ab coupled 

with FITC, as well as CTB-Alexa 647 for 15 minutes in the dark at room temperature (RT). CTB 

binds the GMl ganglioside oflipid rafts (Bromley 2001; Heerklotz 2002). Cells were spun at 

300g, washed with PBS-FCS 2% and then fixed with 2% paraformaldehyde (PFA) in PBS-FCS 

2% for 30 minutes at RT. Cells were washed again, suspended in PBS and CDS+ T cells were 

gated and evaluated for mean CTB expression by flow cytometry. Data was acquired on FACS 

Canto flow cytometer (BD Biosciences San Diego, CA) and was analyzed using FlowJo software 

from TreeStar Inc (Ashland, OR). The experiment was performed three times and the mean 

intensity of CTB expression was normalized and compared across different conditions of 

cytokine priming using one-way analysis of variance (ANOVA) and post-hoc Newman Keul's 

multiple comparison tests. This experiment was also performed over a time course using total 

lymphocytes isolated from P14, PMEL and S.3-NOD TCR transgenic mouse lymph nodes. 

3.9. Confocal microscopy 

Purified CDS+ T cells from P14, PMEL or NOD S.3 mouse lymph nodes were primed 

with cytokines for 36 to 40 hours and were compared against naive cells. 50 x 103 cells were 

suspended in 100µ1 of PBS-FCS 2% and were stained with anAb for CD45 coupled with 

Alexa-4SS as well as CTB Alexa 647 for 30 minutes, in the dark at RT. CTB binds the GMl 

ganglioside of lipid rafts (Bromley 2001; Heerklotz 2002). Cells were spun at 300g, were washed 
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and were fixed with 2% PFA in PBS-FCS 2% for 30 minutes at RT. Cells were spun, washed 

again and were suspended in 100µ1 ofVectashield mounting medium, transferred to microslides 

and covered with 22-mm diameter coverslips (Fisher Scientific, Hampton, NH). Cells were 

examined with a scanning confocal microscope (FVlOOO, Olympus, Tokyo, JP) coupled to an 

inverted microscope with a 63x oil immersion objective (Olympus). Specimens were laser-

excited at 488 nm (40mW Argon laser) and 647nm (Diode laser). Serial horizontal optical 

sections of 512x512 pixels with 2 times line averaging were taken at 0.4µm intervals through the 

entire thickness of the cell (optical resolution: lateral - 0.2µm; axial - 0.8µm). Images were 

acquired during the same day, typically from 10 cells of similar size from each experimental 

condition using identical instrument settings. For Alexa 488/Alexa 647 merged fluorescence 

images, the dots' fluorograms were generated by plotting pixel values of each component 

towards horizontal and vertical axes. CD45 and CTB colocalization was assessed by comparing 

the mean Pearson's Correlation Coefficient (r) for many cells across different conditions of 

cytokine priming using one-way ANOVA and post-hoc Newman Keul's multiple comparison 

tests. 

In the original protocol using poly-L-lysine-coated coverslips, the LRs tended to localize 

towards the poly-L-lysine coating after fixation with 1 or 2% PFA (Fig. 14). Therefore, the 

protocol was modified to fix the stained cells with PFA in PBS-FCS 2% before transfer onto a 

vectashield-coated microslide (Fig. 14). 
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Figure 14. Poly-L-lysine biases the localization ofLRs after fixation with low concentration of 

PFA. 

Purified P14 CD8+ T lymphocytes stained with CTB Alexa-647 were adhered to the microscope 

slides using poly-L-lysine, fixed with varying concentrations of PFA, or with Vectashield alone 

following fixation using 2% PFA. Cross-section images were taken, which demonstrate that at 

low PFA concentration, LRs had a tendency to localize toward the poly-L-lysine-coated cover 



slips. Fixation with 4% PFA appeared to alleviate the problem and no issue arose using the 

'Vectashield-only' protocol. Future experiments were performed using the 'Vectashield-only' 

protocol due to this poly-L-lysine bias and shorter procedural time. 
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3.10. Conjugate formation 

In T cell conjugation assays for P14 TCR Tg CDS+ T cells, which are of C57BL/6 origin, 

MHC compatible EL4 cells and BMDCs (H-2Db) served as the antigen presenting cells (APCs). 

For 8.3-NOD TCR Tg cells, RMAS-Kd cells (H-2K<l) served as APCs, which were cultured 

overnight at 25°C prior to enhance MHC-I expression. The APCs were stained with 0.1 µg CFSE 

in lml PBS for 3.5 minutes with gentle shak.ing. Staining was stopped by adding 2ml ofFCS to 

neutralize CFSE. Cells were spun at 300g, washed and loaded with the cognate peptide: EL4 

cells destined to forrn conjugates with P 14 cells were loaded with 1 µg/rnl of the high-affmity 

GP33 peptide (KAVYNFATM), the medium-affinity A4Ypeptide (KAVANFATM), the low-

affinity W4Ypeptide (KAVWNFATM), or with the non-specific AV peptide (SGPSNTTPEI) as a 

control (Holrnberg 2001). RMAS-Kd cells were loaded with 3µg/ml of the high-affinity 

neurotensin-related peptide NRP-V7 (KYNKANVFL; super agonist) or with the non-specific 

TUM peptide (KYQAVTTTL; non-agonist), as a control (Amrani 2001). Cells were suspended 

in RPMI-5% FCS at a concentration of 1 x 106 cells/ml and were incubated for 1 hour at 37°C 

for EL4 cells and BMDCs, or 25°C for RMAS-Kd cells, for peptide loading onto MHC-I 

molecules. 

Target cells were then coupled at the APC:T cell ratio of 10: 1 with total cytokine-primed 

or naive lymphocytes from respective TCR Tg mouse in a total of 100µ1 ofRPMI-5% FCS. Cells 

were centrifuged for 1 minute to forrn a pellet and placed in 25°C waterbath for 30 minutes, 

conditions which promote APC:T cell conjugation (Perez 1985). Cells were spun at 300g for one 

minute and were stained with an Ab for CD8a coupled to APC-Cy7 or PE-Cy7 for 20 minutes at 

RT in the dark. Cells were spun again and were suspended in PBS. Data was acquired on FACS 
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Canto flow cytometer (BD Biosciences San Diego, CA) and was analyzed using FlowJo software 

from TreeStar Inc (Ashland, OR). Experiments were repeated two or three times for peptides 

loaded onto EL4 or RMAS-Kd cells and the percent of conjugates on gated CDS+ T cells, 

divided by the effect of the null peptide, was normalized and compared between conditions of 

cytokine priming using the one-way ANOVA test. Optimal peptide concentrations and APC:T 

cell ratios were chosen that would permit detection of changes caused by the cytokine priming 

(Fig. 15). Comparison of the datais shown in Fig. 15A.2, 15B.2 and 15C.2. We chose the APC:T 

cell ratio of 10:1 for all future P14 and NOD 8.3 background experiments as these conditions 

produced less variable results (Fig. 15A.2) and would allow comparison ofT cells bearing TCRs 

with different affinities. 
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Figure l5A.1. P14 T cells conjugated with peptide-loaded EL4 cells. 

Total P14 T lymphocytes were conjugated in different APC:T cell ratios with CFSE-labeled EL4 

cells pulsed with varying concentrations of the GP33 (high-affinity) or AV (null) peptide. CD8+ 

T cells were gated and the proportion of CFSE+, anti-CD8 APC-Cy7+ T cells, which represents 

the proportion of CD8+ T cells which formed conjugates with their peptide-loaded APCs, is 

indicated in the upper right quadrant. CFSE-, anti-CD8 APC-Cy7+ T cells in the lower right 

quadrant represent CD8+ T cells that had not formed conjugates with APCs. Non-stained and 

stained APCs are shown on the bottom right panel as a control. 

This experiment was repeated three times and representative data from one experiment are 

shown. 
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Figure I5A.2. Quantitative illustration of the degree of conjugation of Pl4 CD8+ T cells with 

GP33 peptide-loaded EL4 cells at different APC:T cell ratios and peptide concentrations. 

Data from three optimization experiments (as shown in Fig. I5A.1) were pooled for analysis. 
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The percent of P14 CD8+ T cells which formed conjugates with GP33 peptide-loaded EL4 cells 

was divided by the percent of those cells which formed conjugates with AV-peptide loaded cells 

to obtain 'relative Ag-specific conjugate formation' for each peptide concentration and APC:T 

cell ratio. This was done for each experiment in order to normalize the values. Data was analyzed 

using a two-way ANOVA test and the results were non-significant between different peptide 

concentrations or APC:T cell ratios. However, the 10: 1 APC:T cell ratio showed the least 



65 

variability and a quantifiable level of conjugate formation. Hence, the 10: 1 APC:T cell ratio and 

a lµg/ml peptide concentration were used in subsequent experiments on cytokine-primed P14 

cells. 
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Figure 15B.l. PMEL T cells conjugated with peptide-loaded EL4 cells. 

Total PMEL T lymphocytes were conjugated in different APC:T cell ratios with CFSE-labeled 

EL4 cells pulsed with varying concentrations of the MGPlOO (high-affinity) or AV (null) peptide. 

CD8+ T cells were gated and the proportion of CFSE+, anti-CD8 APC-Cy7+ T cells, which 

represents the proportion of CD8+ T cells which formed conjugates with their peptide-loaded 

APCs, is indicated in the upper right quadrant. CFSE-, anti-CD8 APC-Cy7+ T cells in the lower 

right quadrant represent CD8+ T cells that had not formed conjugates with APCs. Non-stained 

and stained APCs are shown on the bottom right panel as a control. 

This experiment was repeated three times and representative data from one experiment are 

shown. 
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Figure 15B.2. Quantitative illustration of the degree of conjugation of PMEL CD8+ T cells with 

MGPlOO peptide-loaded EL4 cells at differentAPC:T cell ratios and peptide concentrations. 

Data from three optimization experiments (as shown in Fig. 15B.J) were pooled for analysis. 

The percent of PMEL CD8+ T cells which formed conjugates with MGPlOO peptide-loaded EL4 

cells was divided by the percent of those cells which formed conjugates with AV-peptide loaded 

cells to obtain ' relative Ag-specific conjugate formation ' for each peptide concentration and 

APC:T cell ratio. This was done for each experiment in order to normalize the values. Data was 

analyzed using a two-way ANOVA test and the results were non-significant between different 

peptide concentrations or APC:T cell ratios. The 10:1 APC:T cell ratio and a lµg/ml peptide 

concentration were used in subsequent experiments on cytokine-primed PMEL cells. 
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Figure ISC.l. NOD S.3 T cells conjugated with peptide-loaded RMAS-Kd cells. 

Total NOD S.3 T lymphocytes were conjugated in different APC:T cell ratios with CFSE-labeled 

RMAS-Kd cells pulsed with varying concentrations of the NRP-A 7 (high-affinity) or TUM 

(null) peptide. CDS+ T cells were gated and the proportion of CFSE+, anti-CDS PE+ T cells, 

which represents the proportion of CDS+ T cells which formed conjugates with their peptide-

loaded APCs, is indicated in the upper right quadrant. CFSE-, anti-CDS PE+ T cells in the lower 

right quadrant represent CDS+ T cells that had not formed conjugates with APCs. Non-stained 

and stained APCs are shown on the bottom right panel as a control. 

This experiment was repeated three times and representative data from one experiment are 

shown. 
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Figure 15C.2. Quantitative illustration of the degree of conjugation of NOD 8.3 CD8+ T cells 

with NRP-A 7 peptide-loaded RMAS-Kd cells at different APC:T cell ratios and peptide 

concentrations. 

Data from three optimization experiments (as shown in Fig. 15C.J) were pooled for analysis. 

The percent of NOD 8.3 CD8+ T cells which formed conjugates with NRP-A 7 peptide-loaded 

RMAS-Kd cells was divided by the percent of those cells which formed conjugates with TUM-

peptide loaded cells to obtain ' relative Ag-specific conjugate formation' for each peptide 

concentration and APC:T cell ratio. This was done for each experiment in order to normalize the 

values. Data was analyzed using a two-way ANOVA test and the results were non-significant 

between different peptide concentrations or APC:T cell ratios. The 10: 1 APC:T cell ratio and a 
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3µg/ml peptide concentration were used in subsequent experiments on cytokine-primed NOD 8.3 

cells. 



3.11. Statistical analysis 

p values were determined by the one-way ANOVA tests with post-hoc Newman-Keul's 

multiple comparison test and the two-way ANOVA. Ap-value is a measure of evidence against 

the null hypothesis, which represents no significant change or no effect. A p value of 0.05 and 

lower is considered "statistically significant". 

3.12. Sucrose gradient centrifugation of lipid rafts from CDS+ T cells 
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In order to optimize the conditions for isolating LRs from CD8+ T cells, 6 x 107 total P14 

mouse lymphocytes were separated into different tubes at cell numbers of 3, 2 and 1 x 107 cells. 

Cells were lysed in 500µ1 of solution containing TKM buffer ( 1 OmM KCl, 1 OmM Tris Cl at pH 

7.5, lmM MgCh) containing 1 % Brij-58 (a non-ionic detergent) with proteases inhibitors [10µ1/ 

ml phenylmethanesulfonylfluoride (PMSF), lµl/ml aprotinin and lµl/ml leupeptin] and Tyr 

pbosphatase inhibitors [10µ1/ml Na3VÜ4 and 10µ1/rnl sodium fluoride (NaF)] for 30 minutes on 

ice, with occasional mixing followed by passing througb a 26G syringe. The appropriate volume 

of 73% sucrose solution diluted in TKM buffer was added to the lysate to yield a final 

concentration of 40% sucrose in lml of total cell lysate, which was transferred to Beckman 

Coulter 13.2mL, 14 x 89mms, thinwall, polyallomer, tubes (Beckman Coulter cat#331372). 

8.5rnl of a 36% sucrose solution was carefully layered on the cell lysate, followed by 2.5ml of a 

5% sucrose solution, both diluted in TKM buffer, to forma step gradient of different sucrose 

concentrations. The tubes were centrifuged at lOOOOOg for 18 hours and at 4°C using the 

Beckman Coulter Optima™ XE lOOK- Preparative Ultracentrifuge to cause the migration of 

LRs to the 5% to 35% sucrose interphase. lml fractions were taken from the top of the tube, and 
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proteins were precipitated by adding 100% trichloroacetic acid (TCA) to a final concentration of 

10% using bovine serum albumin (BSA) as a carrier protein. The pellets were washed in cold 

ethanol were suspended in SDS-PAGE sample buffer and electrophoresed in SDS-PAGE gels, 

transferred to polyvinylidene difluoride membranes, probed with Lck specific Abs, and 

developed using the ECL reagent (GE-Arner-sham) (Fig. 16). Quantity of cells lower than 1 x 

107 cells yielded results too weak to detect (data not shown). 



75 

Lck 5% 35% 40% 
sucrase sucrase sucrase 

Top 
1 1 

Battam 
1 2 3 4 5 6 7 8 9 10 11 12 

1 x 10e7 Cells fJîl ·I 
1 2 3 4 5 6 7 8 9 10 11 12 

2 x 1 Oe7 Ce lis 

3 x 1 Oe7 Cells 

Figure 16. Optimization of conditions for LR isolation by sucrose gradient centrifugation. 

Different nurnbers of total lymph node cells from P14 TCR Tg mice were lysed in TKM-Brij-58 

1 %, loaded into the sucrose gradient and centrifuged at 1 OOOOOg for 18 hours at 4 °C, using a 

preparative ultracentrifuge. lml fractions were collected from the top, proteins were precipitated 

with TCA and were analyzed by western blot for the distribution of Lck as a marker of LRs that 

enriches at the interphase between 5% and 35% sucrose. Top and bottom represent the top and 

the bottom of the centrifugation tube from which lml fractions were drawn. 



4. Results 

4.1. Cytokine priming of CDS+ T cells increases LAT phosphorylation after TCR 

stimulation 

76 

IL-21 can synergize with IL-7 or IL-15 to stimulate proliferation of CDS+ T cells 

independently of overt TCR stimulation. These cells proliferate in response to lower 

concentrations of Ag, secrete more effector cytokines with this response, and display more 

effective cytolytic activity than naive cells orthose prestimulated with any of these cytokines 

alone (Zeng 2005; Gagnon 2007; Gagnon 200S). As mentioned previously, the phosphorylation 

of key Tyr residues perpetuates the signaling cascade, which starts from TCR stimulation and 

leads to the activation of transcription factors involved in a wide array of processes (Lin 2001). 

Therefore, the evaluation of phosphorylated Tyr residues on cellular protein substrates could 

serve as a measure ofT cell activation. Furthermore, the Src family kinase Lck, which is coupled 

to the transmembrane protein CDS, is responsible for phosphorylating the ITAMs on CD3 

chains. This is a key step in initiating the signaling cascade. The localization of Lck to TCRJ 

CD3, a process facilitated by CDS, is necessary for ITAM phosphorylation (Naeher 2002; 

Gakamski 2005; Wooldridge 2005; Laugel 2011). For these reasons we assessed the general Tyr 

phosphorylation status of cytokine-primed and naïve CDS+ T cells, isolated from P 14 and NOD 

S.3 mice, before and after TCR and/or CDS cross-linking, as detailed in section 3.S. 

Following TCR cross-linking alone, P14 CDS+ T cells primed for 40 hours with the 

IL-7+IL-21 combination showed increased levels of protein Tyr phosphorylation, as well as 

phospho-LAT-Yl 71 (Fig. 17A and B). Similar results were found when substituting IL-7 for 

IL-15 (Fig. 17C and D) and in experiments using NOD S.3 mice (Fig. 17E). However, when 



TCR and CDS were cross-linked together there was no appreciable difference in the Tyr-

phosphorylation patterns between the naive and cytokine-primed cells, even though 

phosphorylation events following CDS cross linking alone was not influenced by cytokine 

priming (Fig. 17). The fact that cytokine-primed CDS+ T cells showed an increase in Tyr 

phosphorylation events after cross-linking TCR alone but not after both TCR and CDS cross-

linking, compared to naïve cells, suggests that the increase in TCR sensitivity observed in 

cytokine-primed cells may arise due to an increase in the colocalization ofTCRs with CDS, 

which may occur after priming. This would result in an increase in ITAM-proximal Lck, which 

would facilitate signaling through the T cell in response to lower concentrations of Ag. 

77 



ant-TCR-Biotin 
IL-7 anti-TCR-Biotin anti-CDB-Biotin + anti-CDS-Biotin 

4G10 

Actin 

No Stimulation + strep + strep + strep 

N 7 7+21 N 7 7+21 N 7 7+21 N 

ZAP-70 = 70 kDa 
Lck = 56 kDa 
LAT= 36/38 kDa 

7 7+21 MW (kDa) 

7.5 

- LAT 

32.5 

25 

Figure 17A. Influence of cytokine priming (IL-7 and IL-7+21) on Tyr phosphorylation events 

induced by TCR, CD8 and TCR+CDS cross-linking in P14 TCR Tg CDS+ T cells. 

Purified P14 CDS+ T lymphocytes were stimulated with cytokines (IL-7 or IL-7+21) for 40 h 
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and were compared to freshly isolated naive CDS+ T cells. Cells were left unstimulated, or were 

stimulated with biotinylated TCRP Ab, biotinylated anti-CDSP Ab, or both. Biotinylated Abs 

were then cross-linked with exposure to 10µ1/ml streptavidin for 30 seconds in a 37°C water 

bath. Cells were lysed and analyzed by Western blot for total phospho-Tyr proteins. Results show 

that after TCR cross-linking cytokine-primed CDS+ T cells showed increased protein Tyr 
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phosphorylation compared to naive cells, whereas cytokine priming did not influence the 

phosphorylation events after CD8 or TCR+CD8 cross-linking. The bottom of this figure shows 

the MW of important signaling proteins downstream ofTCR activation (MW: molecular weight 

in kDa; Strep: streptavidin). Representative data from two experiments with comparable results 

are shown. 
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Figure 17B. Influence of cytokine priming (IL-7 and IL-7+21) on the phosphorylation of LAT-

Yl 71 induced by TCR, CD8 and TCR+CD8 cross-linking in P14 TCR Tg CD8+ T cells. 

Purified P14 CD8+ T lymphocytes were stimulated with cytokines (IL-7 or IL-7+21) for 40 h 
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and were compared to freshly isolated naïve CD8+ T cells. Cells were left unstimulated, or were 

stimulated with biotinylated TCRPAb, biotinylated anti-CD8P Ab, or both. Biotinylated Abs 

were then cross-linked with exposure to 10µ1/ml streptavidin for 30 seconds in a 37°C water 

bath. Cells were lysed and analyzed by Western blot for phospho-LAT on Y-171. Results show 

that after TCR cross-linking cytokine-primed CD8+ T cells show increased LAT-YI 71 

phosphorylation compared to naïve cells, whereas cytokine priming did not influence 

phosphorylation after CD8 or TCR+CD8 cross-linking (pLAT: phosphorylated LAT-Y-171; 

Strep: streptavidin). Representative data from two experiments with comparable results are 

shown. 
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Figure 17C. Influence of cytokine priming (IL-15 and IL-15+21) on Tyr phosphorylation events 

induced by TCR, CD8 and TCR+CD8 cross-linking in P14 TCR Tg CD8+ T cells. 

Purified P14 CD8+ T lymphocytes were stimulated with cytokines (IL-15 or IL-15+21) for 40 h 

and were compared to freshly isolated naïve CD8+ T cells. Cells were left unstimulated, or were 

stimulated with biotinylated TCRP Ab, biotinylated anti-CD8PAb, or both. Biotinylated Abs 

were then cross-linked with exposure to 10µ1/ml streptavidin for 30 seconds in a 37°C water 

bath. Cells were lysed and analyzed by Western blot for total phospho-Tyr proteins. Results show 
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that after TCR cross-linking cytokine-primed CD8+ T cells showed increased Tyr 

phosphorylation compared to naive cells, whereas cytokine priming did not influence the 

phosphorylation events after CD8 or TCR+CD8 cross-linking. The bottom of this figure shows 

the MW of important signaling proteins downstream ofTCR activation (MW: molecular weight 

in kDa; Strep: streptavidin). Representative data from two experiments with comparable results 

are shown. 



IL-15 

pLAT 

LAT 

Actin 

anti-TCR-Biotin anti-CD8-Biotin 
No Stimulation + strep + strep 

ant-TCR-Biotin 
+ anti-CD8-Biotin 

+ strep 

N 15 15+21 N 15 15+21 N 15 15+21 N 15 15+21 

83 

Figure 17D. Influence of cytokine priming (IL-15 and IL-15+21) on the phosphorylation of LAT-

Yl 71 induced by TCR, CD8 and TCR+CD8 cross-linking in P14 TCR Tg CD8+ T cells. 

Purified P14 CD8+ T lymphocytes were stimulated with cytokines (IL-15 or IL-15+21) for 40 h 

and were compared to freshly isolated naïve CD8+ T cells. Cells were left unstimulated, or were 

stimulated with biotinylated TCRj3 Ab, biotinylated anti-CD8j3 Ab, or both. Biotinylated Abs 

were then cross-linked with exposure to 10µ1/ml streptavidin for 30 seconds in a 37°C water 

bath. Cells were lysed and analyzed by Western blot for phospho-LAT on Yl 71 residue. Results 

show that after TCR cross-linking cytokine-primed CD8+ T cells show increased LAT-YI 71 

phosphorylation compared to naïve cells, whereas cytokine priming did not influence 

phosphorylation after CD8 or TCR+CD8 cross-linking (pLAT: phosphorylated LAT-Y-171; 

Strep: streptavidin). Representative data from two experiments with comparable results are 

shown. 
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Figure l 7E. Influence of cytokine priming (IL-7 and IL-7+21) on Tyr phosphorylation events 

induced by TCR, CD8 and TCR+CD8 cross-linking in 8.3 TCR Tg NOD CD8+ T cells. 

Purified 8.3 TCR Tg NOD CD8+ T lymphocytes were stimulated with cytokines (IL-7 or 

IL-7+21) for 40 h and were compared to freshly isolated naïve CD8+ T cells. Cells were left 

unstimulated, or were stimulated with biotinylated TCRP Ab, biotinylated anti-CD8PAb, or 

both. Biotinylated Abs were then cross-linked with exposure to 10µ1/ml streptavidin for 30 
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seconds in a 37°C water bath. Cells were lysed and analyzed by Western blot for total phospho-

Tyr proteins. Results show that after TCR cross-linking cytokine-primed CDS+ T cells showed 

increased protein Tyr phosphorylation compared to naïve cells, whereas cytokine priming did not 

influence the phosphorylation events after CDS or TCR+CDS cross-linking. The bottom of this 

figure shows the MW of important signaling proteins downstream ofTCR activation (MW: 

molecular weight in kDa; Strep: streptavidin). Representative data from two experiments with 

comparable results are shown. 
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4.2. Cytokine priming increases the lipid raft (LR) content and localization of CD45 to LR 

in naïve CDS+ T cells 

LRs are transmembrane microdomains, which play important roles in T cell signaling. It 

has been shown that Lck association with LRs is critical in connecting TCR-ligation with 

downstream signaling, and that LR disruption with LAT disrupts signaling downstream of the 

ITAM (Kabouridis 1997; Zhang 1998; Zhang 1998; Hawash 2002). Furthermore, upon TCR 

activation there is a transient increase in the colocalization of important signaling molecules with 

LRs. One of these molecules is the TCR~ chain, which is rich in ITAM motifs (Montixi 1998; 

Xavier 1998; Pizzo 2003; Kabouridis 2006). lt is believed that the colocalization of the ITAM-

containing molecules to LRs promotes ITAM phosphorylation by LR-resident Lck and that the 

innate inhibition on Lck becomes relieved by the CD45 phosphatase after TCR activation 

(Kabouridis 2006). Considering that LR colocalization with signaling molecules is necessary for 

effective T cell signaling, as well as the fact that cytokine priming appears to enhance the 

sensitivity of TCRs to Ag on CD8+ T cells, we evaluated whether increased protein Tyr 

phosphorylation following TCR signaling in cytokine-primed cells is associated with quantitative 

and/or qualitative changes in LRs. 

We first evaluated whether or not cytokine priming influenced the surface expression of 

LRs. We did this by using CTB Alexa-647 and compared LR surface expression of cytokine-

primed and naïve P14 total lymphocytes by flow cytometry. CTB is a pentamer which binds to 

high amounts of the GMl ganglioside, which is enriched in LRs. CTB only binds to large 

amounts of LRs and may therefore be a better indicator of LR localization than simply surface 

expression, since CTB does not bind modest aggregations ofLR (Bromley 2001). We observed 



that P14 TCR Tg CDS+ T cells stimulated with IL-7 or IL-15 for 4S hours show an increase in 

the surface expression of LRs, which is further augmented by the addition ofIL-21 during 

priming (Fig.1 SA). 
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Next we evaluated at what time point after cytokine priming does this increase in LR 

surface expression occur. Using P14, PMEL and S.3-NOD TCR Tg CDS+ T cells we consistently 

observed that the increase in LR surface expression occurs between 24 and 4S hours of cytokine 

priming (Fig 1 SB, C and D). This increase in LR surface expression diminished after 72 hours of 

cytokine exposure (Data not shown). These results suggest that cytokine priming may lead to a 

clustering of LRs, which may facilitate signaling through the TCR. In addition, the amount of 

time needed for cytokine priming to cause an increase in LR localization coïncides with the time 

in which there is an increase in the TCR sensitivity of these cells (Gagnon 2010). 

It has been shown that LR-associated Lck is essentially inactive and requires a release in 

inhibition by a phosphatase, likely CD45, for it to exert its kinase activity (Kabouridis 2006). 

Furthermore, it was found that the combination of the IL-7 and IL-21 cytokines causes a more 

substantial increase in CD45 surface expression than stimulation with IL-7 alone (Gagnon 2010). 

In addition, following cytokine priming, the time in which the increase in CD45 expression 

occurs coïncides with the time the content of LR increases (Fig 1 SB, C and D). We therefore 

hypothesized that it is possible that cytokine priming may modulate the colocalization of CD45 

with respect to LRs, which is associated with Lck, and this may promote a release in inhibition 

ofLck. 

To test the above prediction, we purified CDS+ T cells from P14 mouse lymph nodes, 

cultured them with the indicated cytokines for 40 hours [around the time when LR surface 



88 

expression increases (Fig 1 SB, C and D) as well as the tilne in which there is an increase in 

CDS+ T cell responsiveness to Ag (Gagnon 2010)] and compared them to naïve CDS+ T cells. 

Cells were stained with CTB Alexa-647 and anti-CD45 Ab coupled to Alexa-4SS, and fixed with 

PFA. Colocalization of LRs to CD45 on cytokine-primed cells was then analyzed by confocal 

microscopy and was compared to naïve cells. The results show that there was an increase in the 

localization of CD45 within the LR after stilnulation with IL-7 or IL-15 alone, which was further 

enhanced by the addition ofIL-21 in P14 TCR Tg CDS+ T cells (Fig. 19A). This colocalization is 

unlikely to be an artifact due to elevated expression, although the possibility that the increased 

expression of CD45 might require an increase in LR content cannot be excluded. Similar results 

were shown for CDS+ T cells isolated from S.3 NOD TCR Tg CDS+ T cells (Fig. 19B). Unlike 

P14 and S.3-NOD cells, CDS+ T cells expressing the PMEL Tg TCR did not show significant 

increase in colocalization with IL-7 or IL-15 alone, albeit they showed increased colocalization 

following synergistic stilnulation in the presence of IL-21 (Fig, 19C). The nonsignificant change 

in colocalization resulting after stilnulation with IL-7 or IL-15 alone in PMEL Tg TCR CDS+ T 

cells is unclear. It is possible that the P14 cells are less likely to have received an Ag signal as 

their TCR is specific to a viral Ag, whereas PMEL cells recognize an endogenous Ag that might 

have modulated their LR content and/or composition. It is also possible that 8.3 NOD cells, 

which also recognize an endogenous Ag, did not receive an Ag signal because they have a lower 

affinity TCR. However, the concomitant increase in colocalization of CD45 with LR after the 

addition of IL-21 in all models ofTCR Tg CDS+ T cells suggest that cytokine prilning causes an 

increase in the expression and colocalization ofLRs with CD45, which may relieve the 



inhibition of LR-associated Lck. This could potentially lead to increased TCR signaling 

following stimulation with weak Ag, which would not otherwise activate T cells. 
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Figure 18A. l. Quantitative changes in LR content after cytokine priming. 

Total P14 T lymphocytes were cultured with the indicated cytokines for 48 hours and compared 

to freshly isolated naïve cells. Cells were stained with an Ab for CD8 FITC, as well as CTB 

Alexa-647. The mean fluorescent intensity (MFI) of CTB Alexa-647 was assessed on gated 

CD8+ T cells and is depicted on the bottom left of the figure. The line running through the CTX 

histogram is provided to facilitate visual comparison. Non-stained and single positive stains are 

shown on the bottom right as a control. 

This experiment was repeated three times and a representative figure is shown. Collective data 

from three experiments are shown in the next figure. 
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Figure 18A.2. Quantitative illustration of LR surface expression after 48 hours of cytokine 

pnnung. 
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The mean fluorescent intensity (MFI) of CTB Alexa-64 7 in cytokine-primed P 14 gated CD8+ T 

cells was calculated from three independent experiments, normalized and compared to naïve 

CD8+ T cells. Data was analyzed using a one-way ANOVA with post-hoc Newman-Keul's 

multiple comparison tests. All comparisons were significant except for comparisons between 

IL-7 and IL-15+21 , and IL-7+21 and IL-15+21. This data suggests that there is an increase in LR 

surface expression (or possibly localization) after cytokine priming in P 14 TCR Tg CD8+ T cells 

(RFI = relative fluorescent intensity). 
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Figure l 8B. l. Kinetics of modulation of LR surface expression after cytokine priming in PMEL 

TCR Tg CD8+ T cells. 

Total lymph node cells from PMEL TCR Tg mice were cultured with the indicated cytokines. At 

the indicated time points, aliquots of cells were stained with an anti-CD8 FITC and CTB 

Alexa-64 7 and evaluated for LR content. 

Lymphocyte gates based on forward and side scatter, and non-stained and single positive stained 

controls on the gated population are shown in this figure. 

This experiment was repeated two times and a representative figure is shown. Collective data 

from two experiments are shown in Fig. 18B. 3. 
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Figure 18B.2. Kinetics of modulation of LR surface expression after cytokine priming in PMEL 

TCR Tg CD8+ T cells (continued from the previous figure). 

The top panel shows the proportion of CD8+ T cells within the lymphocyte gate shown in Figure 

18B. J. The bottom panel shows the mean fluorescent intensity (MFI) of CTB Alexa-64 7 in gated 

CD8+ T cells. The line running through the CTX histogram is provided for visual comparison. 

This experiment was repeated two times and a representative figure is shown. Collective data 

from two experiments are shown in the next figure. 
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Figure 18B. 3. Kinetics of modulation of LR surface expression after cytokine priming in PMEL 

TCR Tg CD8+ T cells (continued from the previous two figures) . 

The mean fluorescent intensity (MFI) of CTB Alexa-647 in cytokine-primed PMEL gated CD8+ 

T cells across time from two independent experiments was calculated for each population of cells 

shown in Figure 18B.l and was compared to naïve gated CD8+ T cells. 

The results show an increase in LR surface expression between 24 and 48 hours of cytokine 

priming in PMEL TCR Tg CD8+ T cells. 
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Figure 18 C.1. Kinetics of modulation of LR surface expression after cytokine priming in P 14 

TCR Tg CD8+ T cells. 
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Total lymph node cells from P14 TCR Tg mice were cultured with the indicated cytokines. At the 

indicated time points, aliquots of cells were stained with an anti-CD8 FITC and CTB Alexa-647 

and evaluated for LR content. 

Lymphocyte gate based on forward and side scatter, and non-stained and single positive stained 

controls on the gated population are shown in this figure. 

This experiment was repeated two times and a representative figure is shown. Collective data 

from two experiments are shown in Fig. 18C.3. 
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Figure 18C.2. Kinetics of modulation ofLR surface expression after cytokine priming in Pl4 

TCR Tg CD8+ T cells (continued from the previous figure). 
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The top panel shows the proportion of CD8+ T cells within the lymphocyte gate shown in Figure 

18C. J. The bottom panel shows the mean fluorescent intensity (MFI) of CTB Alexa-64 7 in gated 

CD8+ T cells. The line running through the CTX histogram is provided for visual comparison. 

This experiment was repeated two times and a representative figure is shown. Collective data 

from two experiments are shown in the next figure. 
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Figure 18C.3. Kinetics of modulation of LR surface expression after cytokine priming in P14 

TCR Tg CD8+ T cells (continued from the previous two figures). 

The mean fluorescent intensity (MFI) of CTB Alexa-64 7 in cytokine-primed P 14 gated CD8+ T 

cells across time from two independent experiments was calculated for the population of cells 

shown in Figure 18C.J and was compared to naïve gated CD8+ T cells. 

The results show that there was an increase in LR surface expression between 24 and 48 hours of 

cytokine priming in P14 TCR Tg CD8+ T cells. 
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Figure 18D.J. Kinetics of modulation ofLR surface expression after cytokine priming in 8.3-

NOD TCR Tg CD8+ T cells. 
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Total lymph node cells from 8.3-NOD TCR Tg mice were cultured with the indicated cytokines. 

At the indicated time points, aliquots of cells were stained with an anti-CD8 FITC and CTB 

Alexa-64 7 and evaluated for LR content. 

Lymphocyte gate based on forward and side scatter, and non-stained and single positive stained 

controls on the gated population are shown in this figure. 

This experiment was repeated two times and a representative figure is shown. Collective data 

from two experiments are shown in Fig. 18D.3. 
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Figure lSD.2. Kinetics of modulation of LR surface expression after cytokine prirning in S.3-

NOD TCR Tg CDS+ T cells (continued from the previous figure). 
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The top panel shows the proportion of CDS+ T cells within the lymphocyte gate shown in Figure 

l SD. l. The bottom panel shows the mean fluorescent intensity (MFI) of CTB Alexa-64 7 in gated 

CDS+ T cells. The line running through the CTX histogram is provided for visual comparison. 

This experiment was repeated two times and a representative figure is shown. Collective data 

from two experiments are shown in the next figure. 
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Figure 18D.3. Kinetics of modulation ofLR surface expression after cytokine priming in 8.3-

NOD TCR Tg CD8+ T cells (continued from the previous two figures) . 

The mean fluorescent intensity (MFI) of CTB Alexa-647 in cytokine-primed gated 8.3-NOD 
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CD8+ T cells across time from two independent experiments was calculated for each population 

of cells shown in Figure 18D.1 and was compared to naïve gated CD8+ T cells. 

The results show an increase in LR surface expression between 24 and 48 hours of cytokine 

priming in 8.3-NOD TCR Tg CD8+ T cells. 
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Figure l 9A. l. Cytokine priming promotes colocalization of CD45 with lipid rafts in P 14 cells: 

Confocal image profile. 

Purified CDS+ T lymphocytes from P14 TCR Tg mouse lymph nodes were cultured with the 

indicated cytokines for 40 hours and were compared to naive cells. Cells were stained with an Ab 

for CD45 coupled to Alexa-488, as well as CTB Alexa-64 7, were fixed and were examined by 

confocal microscopy. This experiment was performed two times and representative images of the 

stains are shown individually and together to provide a visual representation of the degree of 

colocalization. 
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Figure 19A.2. Cytokine priming promotes colocalization of CD45 with lipid rafts in Pl4 cells: 

Colocalization graph and intensity profile. 



A quantitative representation of the intensity profile of the images shown on Figure 19A. J. is 

shown on the left panel. The right panel shows the degree of colocalization of CD45 and LR 

across all cross-sections. 
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Figure 19A.3. Cytokine priming promotes colocalization of CD45 with lipid rafts in P14 cells: 

Statistical analysis of colocalization. 
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The mean Pearson's correlation coefficient (r) values were calculated across all cross-sections of 

six images for each condition (total cells: 22 naive, 28 IL-7 stimulated, 35 IL-15 stimulated, 24 

IL-7+IL-21 stimulated and 27 IL-15+IL-21 stimulated cells pooled from two independent 

experiments), and analyzed using a one-way ANOVA test with post-hoc Newman-Keul's 

multiple comparison tests. All comparisons were significant, except between IL-7+IL-21- versus 

IL-15+IL-21-stimulated cells, suggesting that priming with IL-7 or IL-15 increases the degree of 

LR-CD45 colocalization, which is further augmented by their synergy with IL-21. 
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Figure l9B.1. Cytolcine priming promotes colocalization of CD45 with lipid rafts in 8.3-NOD T 

cells: Confocal image profile. 

Purified CD8+ T lymphocytes from 8.3 TCR Tg NOD mouse lymph nodes were cultured with 

the indicated cytolcines for 40 hours and were compared to naive cells. Cells were stained with 

an Ab for CD45 coupled to Alexa-488, as well as CTB Alexa-647, were fixed and were 

examined by confocal microscopy. This experiment was performed two times and representative 

images of the stains are shown individually and together to provide a visual representation of the 

degree of colocalization. 
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Figure 19B.2. Cytokine priming promotes colocalization of CD45 with lipid rafts in 8.3-NOD T 

cells: Colocalization graph and intensity profile. 

A quantitative representation of the intensity profile of the images shown on Figure 19B. I. is 

shown on the left panel. The right panel shows the degree of colocalization of CD45 and LR 

across all cross-sections. 
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Figure 19B.3. Cytokine priming promotes colocalization of CD45 with lipid rafts in 8.3-NOD 

cells: Statistical analysis of colocalization. 
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The mean Pearson's correlation coefficient (r) values were calculated across ail cross-sections of 

six images for each condition (total cells: 73 naive, 92 IL-7 stimulated, 63 IL-15 stimulated, 76 

IL-7+IL-21 stimulated and 81 IL-15+IL-21 stimulated cells pooled from two independent 

experiments), and analyzed using a one-way ANOVA test with post-hoc Newman-Keul's 

multiple comparison tests. All comparisons were significant, except between IL-7+IL-21-versus 

IL-15+IL-21-stimulated cells, suggesting that priming with IL-7 or IL-15 increases the degree of 

LR-Cb45 colocalization, which is further augmented by their synergy with IL-21. 
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Figure l 9C. J. Cytokine priming promotes colocalization of CD45 with lipid rafts in PMEL cells: 

Confocal image profile. 

Purified CD8+ T lymphocytes from PMEL TCR Tg mouse lymph nodes were cultured with the 

indicated cytokines for 40 hours and were compared to naive cells. Cells were stained with an Ab 

for CD45 coupled to Alexa-488, as well as CTB Alexa-647, were fixed and were examined by 

confocal microscopy. This experiment was performed two times and representative images of the 

stains are shown individually and together to provide a visual representation of the degree of 

colocalization. 
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Figure I9C.2. Cytokine priming promotes colocalization of CD45 with lipid rafts in PMEL T 

cells: Colocalization graph and intensity profile. 

A quantitative representation of the intensity profile of the images shown on Figure I 9C. J. is 

shown on the left panel. The right panel shows the degree of colocalization of CD45 and LR 

across all cross-sections. 
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Figure 19C.3. Cytokine priming promotes colocalization of CD45 with lipid rafts in PMEL cells: 

Statistical analysis of colocalization. 

The mean Pearson's correlation coefficient (r) values were calculated across all cross-sections of 

six images for each condition (total cells: 60 naïve, 50 IL-7 stimulated, 64 IL-15 stimulated, 61 

IL-7+1L-21 stimulated and 71 IL-15+IL-21 stimulated cells pooled from two independent 

experiments), and analyzed using a one-way ANOVA test with post-hoc Newman-Keul's 

multiple comparison tests. All comparisons were significant, except between Naïve versus IL-7-, 

Naïve versus IL-15-, and IL-7 versus IL-15-stimulated cells, suggesting that priming with the 

combination ofIL-7 and IL-21 or IL-15 and IL-21 increases the degree ofLR-CD45 

colocalization. 
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4.3. Cytokine priming does not influence the propensity of APC:T cell conjugation 

We also considered another possible mechanism by which cytokine priming could 

augment the TCR sensitivity in CD8+ T cells. TCR stimulation essentially leads to the formation 

of the IS, the contact site between the TCRs ofT cells and the pMHCs of professional APCs 

(Labno 2003; Dombroski 2005; Smith-Garvin 2009). Formation of the IS requires the activity of 

various integrins, which bind their ligands expressed on professional APCs, essentially 

reinforcing the interaction between the two cells. The expression of integrins and their affinity 

for their ligand is controlled by a number of intracellular proteins, which require TCR activation 

and the activity of certain membrane-proximal TCR signaling proteins (Menasche 2007a; 

Menasche 2007b). Therefore, we speculated that modulation ofthis intercellular communication 

process by cytokines rnight also underlie the increased TCR sensitivity of cytokine-prirned CD8+ 

T cells. In other words, it is possible that, in addition to the mechanisms mentioned previously 

(Fig. 17, 18 and 19), cytokine priming may enhance the sensitivity of the TCR by promoting 

persistent TCR stimulation with pMHC by augmenting the propensity/strength of APC:T cell 

interaction. 

To test this prediction, we evaluated the efficiency of conjugate formation between naïve 

or cytokine-prirned TCR Tg CD8+ T cells and APCs loaded with TCR ligands of different 

affinities following a protocol outlined by Perez et al. (Perez 1985). The results of this 

experirnent showed that cytokine priming had no impact on the degree of conjugate formation 

between P14 TCR Tg CD8+ T cells and EL4 cells loaded with either the high-affinity GP33 

peptide or the low-affinity W4Ypeptide, compared to naïve cells, but cytokine stimulation may 

influence P14 TCR Tg CD8+ T cell conjugation with A4Y peptide-loaded EL4 cells (Fig. 20A). 



Similar results were shown for 8.3-NOD TCR Tg CD8+ T cells with RMAS-Kd cells pulsed 

with the agonist NRP-A 7 peptide (Fig. 20B). 
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The lack of any significant results supporting an increase in conjugate formation after 

cytokine priming, as well as a lack of consistency in the directional impact of cytokine priming, 

suggest that cytokine priming of CD8+ T cells does not appear not modulate their efficiency of 

interaction with APCs. This implies that the increase in the TCR sensitivity that occurs after 

cytokine priming likely does not rely on an augmentation of APC:T cell interactions. 
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Figure 20A.1. Effect of cytokine priming on the efficiency of conjugate formation between P 14 

T cells and GP33 peptide-loaded EL4 cells. 

Total lymph node cells from a P14 TCR Tg mouse were primed with the indicated cytokines for 

40 h, and incubated with CFSE-labeled EL4 cells pulsed with lµg/ml of the GP33 (high-affinity) 

or AV (nul!) peptide, at a ratio of 10:1 (APC:T cells) for 1 hour at 37°C. Freshly isolated naïve 

P14 cells were used as contrais. After staining CD8+ T cells with anti-CD8 APC-Cy7+, the cells 

were analyzed by FACS to determine the proportion ofCFSE+ cells in gated CD8+ T cells. This 

value represents the proportion of CD8+ T cells, which formed conjugates with the peptide-

loaded APCs. Non-stained and single positive stains are shown on the bottom as a control. 

Representative data from one of three experiments are shown. 
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Figure 20A.2. Quantification of conjugate formation between cytokine-primed P14 CD8+ T cells 

and GP33 peptide-loaded EL4 cells. 

The percent of cytokine-prirned and naive P14 CD8+ T cells which formed conjugates with the 

GP33 peptide-loaded EL4 cells was divided by the percent of those cells which formed 

conjugates with the non-specific AV-peptide-loaded cells. The AV peptide binds to the MHC-I 

H-2Db but is not recognized by the P14 TCR. This calculation was necessary to offset 

experimental variations caused by cytokine-induced changes in Ag non-specific conjugate 

formation. Data was normalized and is presented as the 'relative degree of conjugation'. Data 

from three independent experirnents were analyzed using the one-way ANOVA test. No 



significant change in the efficiency of conjugate formation was observed following cytokine 

priming. 
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Figure 20A.3. Effect of cytokine priming on the efficiency of conjugate formation between P14 

T cells and A4Y peptide-loaded EL4 cells. 
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Total lymph node cells from a P14 TCR Tg mouse were primed with the indicated cytokines for 

40 h, and incubated with CFSE-labeled EL4 cells pulsed with lµg/ml of the A4Y (medium 

a:ffmity) or AV (null) peptide, at a ratio of 10:1 (APC:T cells) for 1 hour at 37°C. Freshly isolated 

naïve P14 cells were used as controls. After staining CDS+ T cells with anti-CDS APC-Cy7+, the 

cells were analyzed by FACS to determine the proportion ofCFSE+ cells in gated CDS+ T cells. 

This value represents the proportion of CDS+ T cells, which formed conjugates with the peptide-

loaded APCs. Non-stained and single positive stains are shown on the bottom as a control. 

Representative data from one of two experiments are shown. 
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Figure 20A.4. Quantification of conjugate formation between cytokine-primed P14 CD8+ T cells 

and A4Y peptide-loaded EL4 cells. 

The percent of cytokine-primed and naive P14 CD8+ T cells which formed conjugates with the 

A4Y peptide-loaded EL4 cells was divided by the percent of those cells which formed 

conjugates with the non-specific AV-peptide-loaded cells. The AV peptide binds to the MHC-1 

H-2Db but is not recognized by the P14 TCR. This calculation was necessary to offset 

experimental variations caused by cytokine-induced changes in Ag non-specific conjugate 

formation. Data was normalized and is presented as the 'relative degree of conjugation' . 

Averaged data from two independent experiments are shown. Stimulation with cytokines may 

increase the degree of conjugate formation. 
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Figure 20A.5. Effect of cytokine priming on the efficiency of conjugate formation between P 14 

T cells and W4Y peptide-loaded EL4 cells. 
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Total lymph node cells from a P14 TCR Tg mouse were primed with the indicated cytokines for 

40 h, and incubated with CFSE-labeled EL4 cells pulsed with lµg/ml of the W4Y (low affinity) 

or AV (null) peptide, at a ratio of 10:1 (APC:T cells) for 1 hour at 37°C. Freshly isolated naïve 

P14 cells were used as controls. After staining CDS+ T cells with anti-CDS APC-Cy7+, the cells 

were analyzed by FACS to determine the proportion of CFSE+ cells in gated CDS+ T cells. This 

value represents the proportion of CDS+ T cells, which formed conjugates with the peptide-

loaded APCs. Non-stained and single positive stains are shown in the bottom panel as a control. 

Representative data from one of three experiments are shown. 
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Figure 20A.6. Quantification of conjugate formation between cytokine-primed P14 CD8+ T cells 

and W4Ypeptide-loaded EL4 cells. 

The percent of cytokine-primed and naive P 14 CD8+ T cells which formed conjugates with the 

W4Ypeptide-loaded EL4 cells was divided by the percent of those cells which formed 

conjugates with the non-specific AV-peptide-loaded cells. The AV peptide binds to the MHC-I 

H-2Db but is not recognized by the P14 TCR. This calculation was necessary to offset 

experimental variations caused by cytokine-induced changes in Ag non-specific conjugate 

formation. Data was normalized and is presented as the 'relative degree of conjugation'. Data 

from three independent experiments were analyzed using the one-way ANOVA test. No 



significant change in the efficiency of conjugate formation was observed following cytokine 

priming. 
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Figure 20B.1. Effect of cytokine priming on the efficiency of conjugate formation between 8.3-

NOD T cells and NRP-A7 peptide-loaded RMAS-Kd cells. 
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Total lymph node cells from a S.3-NOD TCR Tg mouse were primed with the indicated 

cytokines for 40 h, and incubated with CFSE-labeled RMAS-Kd cells pulsed with lµg/ml of the 

NRP-A 7 (agonist) or TUM (null) peptide, at a ratio of 10: 1 (APC:T cells) for 1 hour at 25°C. 

Freshly isolated naïve S.3-NOD T cells were used as controls. After staining CDS+ T cells with 

anti-CDS PE-Cy7+, the cells were analyzed by FACS to determine the proportion of CFSE+ 

cells in gated CDS+ T cells. This value represents the proportion of CDS+ T cells, which formed 

conjugates with the peptide-loaded APCs. Non-stained and single positive stains are shown in the 

bottom panel as a control. 

Representative data from one of the two similar experiments are shown. 
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Figure 20B.2. Quantification of conjugate formation between cytokine-primed 8.3-NOD CD8+ 

T cells and NRP-A7 peptide-loaded RMAS-Kd cells. 

The percent of cytokine-primed and naïve 8.3-NOD CD8+ T cells which formed conjugates with 

the NRP-A7 peptide-loaded RMAS-Kd cells was divided by the percent ofthose cells which 

formed conjugates with the non-specific TUM-peptide-loaded cells. The TUM peptide binds to 

the MHC-1 H-2Kd but is not recognized by the 8.3 NOD TCR. This calculation was necessary to 

offset experimental variations caused by cytokine-induced changes in Ag non-specific conjugate 

formation. Data was normalized and is presented as the 'relative degree of conjugation'. Data 

from two independent experiments are shown. No noticeable change in the efficiency of 

conjugate formation was observed following cytokine priming. 
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5. Discussion 

In this work, I have shown in two models ofTCR transgenic mice (P14 and NOD 8.3) 

that CD8+ T cells stimulated for 40 hours with IL-7 or IL-15, in combination with IL-21, have an 

overall increase in phosphorylated Tyr, as well as phosphorylated LAT-Yl 71, after TCR cross-

linking (Fig. 17). LAT is an adaptor protein and its phosphorylation leads to the recruitment of a 

number of other signaling proteins involved in calcium mobilization, the activation of the Ras 

pathway and cytoskeletal rearrangement (Iwashima 1994; Lin 2001). The increased 

phosphorylation of LAT-Yl 71 after cytokine-prestimulation and TCR activation implies that 

signalization through the TCR bas a more pronounced eff ect after cytokine priming. 

Interestingly, however, when we cross-linked TCR and CD8 together the general degree of 

phosphorylated Tyr as well as phosphorylated LAT-Yl 71 was high in naïve CD8+ T cells as well 

as cytokine-primed cells, yielding no difference between these conditions (Fig. 17). CD8 is a 

transmembrane protein, which is physically associated with Lck and enhances TCR signaling 

both by enhancing the association rate and half-life interaction of pMHC:TCR ligation 

(Gakamski 2005; Wooldridge 2005), as well as by recruiting Lck within clos~ proximity of the 

ITAMs of the CD3 complex (Naeher 2002; Laugel 2011). This data suggests that cytokine 

priming may enhance TCR sensitivity by increasing TCR-CD8 colocalization. This would 

enhance CD8 proximity to the Ç ITAM as well as facilitate the pMHC:TCR interaction. Further 

investigation via confocal microscopy and/or coimmunoprecipitation would be necessary to 

confrrm if TCRs and CD8 truly become more colocalized after cytokine priming in CD8+ T 

cells. 
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We also found in P 14 cells that stimulation with IL-7 or IL-15 caused an increase in 

CDS+ T cell LR surface expression, compared to naïve cells, and this increase was further 

augmented if IL-21 was also present during cytokine priming. Furthermore, this increase in LR 

surface expression in Pl4, PMEL and NOD S.3 TCR transgenic CDS+ T cells occurred between 

24 and 4S hours after cytokine stimulation, which coïncides with the time at which cytokine 

priming causes an increase in TCR sensitivity (Fig. lS) (Gagnon 2010). LRs are transmembrane 

microdomains, which play important roles in signaling through their inclusion of Lck and LAT, 

the key signaling molecules ofT cell activation. Disruption of these interactions is detrimental as 

it disrupts downstream signaling (K.abouridis 1997; Zhang 199S; Zhang 199S; Hawash 2002). 

During TCR activation, numerous proteins, including TCRs and ITAMs, associate with LRs as 

well (Montixi 199S; Xavier 199S; Pizzo 2003; Kabouridis 2006). During TCR activation, the 

TCRÇ chain with its triple ITAMs, associates with LRs as well (Montixi 199S; Xavier 199S; 

Pizzo 2003; Kabouridis 2006). Our observation of a quantitative increase in LR surface 

expression in cytokine-primed cells suggests that cytokine priming may enhance TCR sensitivity 

by consolidating these important signaling molecules into efficient signaling complexes, which 

may play arole in the more responsive TCRs in cytokine-primed CDS+ T cells. This increase in 

LR surface expression is likely caused by an increase in LR content arising from an increase 

available cholesterol caused by either an enhanced uptake of exogenous cholesterol or the 

synthesis of cholesterol in the ER (Zheng 2003). It is also possible that the content of LRs are not 

changed, but that the increase in cholera toxin expression is actually caused by a clustering of 

LRs (Bromley 2001; Heerklotz 2002). Further research evaluating cholesterol content in 

cytokine-primed cells would help shed light on this issue. 
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We also showed in P14, PMEL and 8.3-NOD TCR Tg CD8+ T cells that there is an 

increase in the localization of CD45 to the lipid rafts after priming with IL-7 or IL-15, which is 

also further enhanced by adding IL-21 (Fig. 19). CD45 is a phosphatase, which plays an 

important role in regulating the activity of Lck by dephosphorylating Lck-Y394, the activating 

Tyr, and Lck-Y505, the inhibitory Tyr (McNeill 2007; Zamoyska 2007). After TCR activation, 

CD45 relieves inhibition on Lck, which allows it to phosphorylate ITAMs on TCR chains 

(Wardenburg 1996; Zhang 1998). Furthermore, CD45 surface expression is enhanced after 

cytokine priming (Gagnon 2010). LR-associated Lck is inherently inactive and it is believed that 

CD45 may relieve inhibition on Lck (Kabouridis 2006). According to this scenario, our data 

suggests that cytokine priming-induced localization of CD45 to LR may relieve the inhibition of 

Lck, which would lead to enhanced phosphorylation ofITAMs by Lck after TCR-ligation. This 

would essentially enhance the sensitivity of the TCR to Ag. 

As mentioned earlier, CD45 acts as a double-edged sword by using its phosphatase 

activity on both the activation and inhibitory sites of Lck (McNeill 2007; Zamoyska 2007). Also, 

it is known that CD45 is a very large molecule and is segregated from the immune synapse since 

it does not fit within the contact surface between the T cell and the APC. As a result, it is 

believed that CD45 acts to initially relieve inhibition on Lck, is separated from Lck briefly upon 

IS formation in order to prevent CD45-induced inactivation of Lck during the T cell activation 

process, but eventually regulates Lck activity by dephosphorylating the activating Tyr (Bromley 

2001 ). It would be interesting to see if CD45 colocalization with LRs is modified after TCR 

activation in cytokine-primed cells by performing confocal microscopy. This could be performed 

by using a TCR Ab, as well as by using a peptide expressed on an APC. It would be interesting to 



evaluate the kinetics of CD45 incorporation to and exclusion from LR after TCR activation in 

cytokine-primed cells compared to naive cells. 
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In the last part of this work, we evaluated whether cytokine priming may enhance the 

e:fficiency with which CD8+ T cells form conjugates with APCs. The hypothesis was that 

cytokine priming may promote the expression/activation of integrins, which would encourage 

more frequent/persistent IS. This would lead to an increase in activation of pMHC-stimulated 

TCRs due to an increase in the likelihood of their ligation (Labno 2003; Dombroski 2005; Smith-

Garvin 2009). Results evaluating the APC:CD8+ T cell ligation after cytokine priming showed 

no significant increase in the propensity of conjugate formation using naive cells. This was found 

using P14 TCR Tg CD8+ T cells coupled with a high-, medium- and low-affmity peptide-pulsed 

Ag presenting cell line, as well as 8.3-NOD TCR Tg CD8+ T cells coupled with high-affinity 

peptide-pulsed Ag presenting cell lines (EL4 for P14 cells from C57BL/6 background and 

RMAS-Kd cells for 8.3 T cells from NOD background) (Fig. 20). Therefore, it is unlikely that 

cytokine priming enhances TCR sensitivity by reinforcing conjugate formation with APCs. 

Further research using larger sample sizes and/or varying-affmity peptides for P14, PMEL and 

8.3 NOD TCR Tg CD8+ T cells may reveal modest differences in the propensity of conjugate 

formation between conditions of cytokine priming and should be pursued in the future. If these 

experiments proved to be fruitful, it would be interesting to evaluate if cytokine priming 

modifies the expression of certain integrins, such as LFA-1 and VLA-4, before and after TCR 

stimulation by either assessing their surface expression or mRNA. The expression and 

association of signaling proteins involved in integrin expression, such as SKAP551RIAM, would 

be interesting to assess as well (Menasche 2007a; Menasche 2007b). 
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The results of my research have uncovered certain mechanisms by which cytokine 

priming enhances TCR sensitivity, but there are still many avenues to explore besides the ones 

already mentioned. It would be interesting to compare naïve and cytokine-primed CDS+ T cells 

on the phosphorylation of Tyr and LAT-Yl 71 after cross-linking with TCR and CD2S. CD2S is 

the T cell costimulatory receptor and activation of CD2S by its ligands promotes T cell 

proliferation, cytokine production, cell survival, and cellular metabolism (Acuto 2003). If 

cytokine-primed cells and naïve cells were to show no difference in Tyr phosphorylation events 

after this cross-linking, similar to our experiment using CDS (Fig. 17), this would suggest an 

impact of cytokine priming on the CD2S signaling pathway. 

It would be equally important to evaluate the protein composition of CDS+ T cell LRs 

after cytokine priming before and after TCR stimulation, and compare them to naïve cells. This 

can be performed via sucrose gradient centrifugation and evaluating the LR fractions for Lck, 

LAT, TCRs and ITAMs by Western blot. Unfortunately, evaluating LR protein expression in 

primary cells is an expensive process requiring large numbers of cells. For instance, 1 x 107 cells/ 

condition were used for Lck detection in Fig. 16. Confocal microscopy could be used to 

circumvent this technical issue, however appropriate phospho-Abs for many signaling proteins 

are not always commercially available. 

Finally, the hypothesis that CD45 may relieve inhibition on LR-associated Lck needs to 

be evaluated by measuring Lck kinase activity in cytokine primed CDS+ T cells. This could be 

performed for total Lck, LR-associated Lck and free Lck and it would determine if cytokine 

priming promotes Lck kinase activity in the lipid rafts. 
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The concept of cytokine priming has important implications in the activation of 

potentially autoreactive CD8+ T cells and tumor Ag-specific CTLs (Ramanathan 2009). 

Targeting cytokines that have a potential role in priming could be a promising therapeutic 

approach that could complement other approaches in treating autoimmune diseases. Similarly, 

the same cytokines could be used to promote activation and expansion of anti-tumor CTLs for 

cell therapy. In this context, the results of my research represent an important advancement 

towards understanding the mechanisms underlying the increased Ag sensitivity of cytokine-

primed CD8+ T cells, which is a critical step towards developing therapies based on cytokine 

priming for cancer immunotherapy, and to alleviate autoimmune diseases. 



145 

6. Acknowledgements 

1 would first like to thank my director Dr. Ilangumaran. The opportunity to complete an 

M.Sc is one that I am very grateful for and 1 sincerely appreciate the chance you gave me. You 

have always been supportive and patient with me and 1 have learned very much under your 

tutelage. 1 enjoyed all of the conversations we had, both work-oriented and personal, and 1 wish 

you the best in all your future projects. 

1 would also like to thank Dr. Ramanathan and Chantal Leblanc for being both helpful in 

the lab, and a pleasure to work with. You have both been instrumental in providing me with the 

knowledge and drive to complete this degree. 

1 would like to give thanks to Julien Gagnon as well. Although you left shortly after my 

enrolment into Dr. Ilangumaran's lab, your early assistance into the understanding of my project 

clarified a lot of confusion in my mind, which would have otherwise perturbed my learning 

experience. 

1 would also like to thank the members of my lab and the lab of Dr. Ramanathan. 

Diwaker, Mehdi, Yirui, Xi Lin, Galaxia, Daniel and Marian, I have had a great time spending 

these several months in the lab with you and 1 will miss you all. 

1 would also like to thank the various interns and short-term students/employees we have 

had in our lab for the pleasure ofyour company. This goes out to Virginie, Sonia, Marilene, 

Michelle, Zeba, Olga and Sridhar. 

1 would like to thank Leonid Volkov for his instructions on how to use the confocal 

microscope, Patrick McDonald for giving me permission to use his analytical centrifuge, and Dr. 



146 

Wagner who took me under his wing for my first internship, an experience which culminated in 

the M.Sc I subsequently undertook. 

I would also like to thank the various professors of my department for the hard work they 

put in everyday, as well as for their helpful feedback regarding my tbree seminars. 

I would like to thank my girlfriend Krystal for encouraging me when times were tough, 

and my mother, Diane, my brother, Jordan, and my friends for their support and for the fun 

times. 

Lastly I would like to thank my evaluators Jana and Alfredo. I realize you two are very 

busy and I appreciate the time you are taking to evaluate my memoir. 



147 

7. Ref erences 

Abbas, A. K., Lichtman, A.H. (2006). Basic Immunology: function and disorder of the immune 

system. 2nd edition. Philadelphia, Saunder Elsevier. 

Acuto, O., Michel, Frédérique (2003). "CD28-Mediated co-stimulation: A quantitative support 

for TCR signalling." Nature Reyiews 3: 939-952. 

Alpdogan, O. a. v. d. B., M. R. M (2005). "IL-7 and IL-15: therapeutic cytokines for 

immunodeficiency." Trends in Immunology 26(1): 56-64. 

Amrani, A., Serra, P., Yamanouchi, J., Trudeau, J. D., Tan, R., Elliott, J.F., Santamaria, P. (2001). 

"Expansion of the antigenic repertoire of a single T cell receptor upon T cell activation." 

Journal oflmmunology 167(2): 655-666. 

Aspinall, R. (2006). "T cell development, ageing and lnterleukin-7." Mechanisms of Ageing and 

Development 127: 572-578. 

Badovinac, V. P., Harty, John T. (2006). "Programming, demarcating, and manipulating CDS+ T-

cell memory." Immunological Reviews 211: 67-80. 

Ballard, D. (2001). "Molecular mechanisms in lymphocyte activation and growth." 

Immunological Research 23(2/3): 157-166. 

Banchereau, J., Steinman, Ralph M. (1998). "Dendritic cells and the control of irnmunity." 

Nature 392: 245-252. 

Baniyash (2004). "TCR Ç-chain downregulation: Curtailing an excessive inflammatory immune 

response." Nature Reviews 4: 675-683. 



148 

Beach, D., Gonen, R., Bogin, Y., Reischi, 1. G. and Yablonski, D. (2006). "Dual role of SLP-76 in 

mediating T cell receptor-induced activation of Phospholipase C-gl." The Journal of 

Biological Chemistry 282(5): 2937-2946. 

Becker, T. C., Wherry, E. J., Boone, D., Murali-Krishna, K., Antia, R., Ma, A. and Ahmed, R. 

(2002). "Interleukin 15 ls Required for Proliferative Renewal ofVirus-specific Memory 

CD8 T Cells." Journal of Experimental Medecine 195(12): 1541-1548. 

Bromley, S. K., Burack, W. R., Johnson, K. G., Somersalo, K., Sims, T. N., Sumen, C., Davis, M. 

M., Shaw, A. S., Allen, P. M. and Dustin, M. L. (2001). "The Immunonological Synapse." 

Annual Review oflmmunolgy 19: 375-396. 

Brown, D. A. a. L., E. (1998). "Function oflipid rafts in biological membranes." Annu. Rev. Cell 

Dev. Biol 14: 111-136. 

Brown, 1. E., Mashayekhi, M., Markiewicz, M., Alegre, M.-L., Gajewski, T. F. (2005). 

"Peripheral survival of naive CD8+ T cells." Apoptosis 10: 5-11. 

Burkhardt, J. K., Carrizosa, E. and Shaffer,M. H. (2008). "The actin cytoskeleton in T cell 

activation." Annual Review oflmmunolgy 26: 233-259. 

Chen, W., Yewdell, J. W., Levine, R. L. and Bennink, J. R. (1999). "Modification of Cysteine 

Residues In Vitro and In Vivo Affects the Immunogenicity and Antigenicity of Major 

Histocompatibility Complex Class 1-restricted Viral Determinants." Journal of 

Experimental Medecine 189(11): 1757-1764. 

Cheng, J., Montecalvo, A. and Kane, L. P. (2011). "Regulation ofNF-kB induction by TCR/ 

CD28." Immunological Research 50(2-3): 113-117. 



Cho, B. K., Rao, V. P., Ge, Q., Eisen, H. N. and Chen, J. (2000). "Homeostasis-stimulated 

Proliferation Drives Naïve T Cells to Differentiate Directly into Memory T Cells." 

Journal of Experimental Medecine 192(4): 549-556. 

Clevers, H., Dunlap, S., Saito, H., Georgopoulos, K., Wileman, T. and Terhorst, C. (1988). 

149 

"Characterization and expression of the murine CD3-E gene." Proc. Natl. Acad. Sei. 85: 

8623-8627. 

Collins, M., Whitters, M. J. and Young, D. A. (2003). "IL-21 and IL-21 receptor." Immunological 

Research 28(2): 131-140. 

Cresswell, P. (2000). "lntracellular Surveillance: Controlling the Assembly ofMHC Class !-

Peptide Complexes." Traffic 1: 301-305. 

D'Souza, W. N., Lefrancois, Leo (2001). "IL-2 Is Not Required for the Initiation of CD8 T Cell 

Cycling but Sustains Expansion." Journal oflmmunology 171: 5727-5735. 

Dalloul, A. (2008). "CD5: A safeguard against autoimmunity and a shield for cancer cells." 

Autoimmunity Reviews 8: 349-353. 

Davies, A. A., Ley, S. C. and Crumpton, M. J. (1992). "CDS is phosphorylated on tyrosine after 

stimulation of theT-cell antigen receptor complex." Proc. Natl. Acad. Sei. 89: 6368-6372. 

Davis, 1. D., Skak, K., Smyth, M. J., Kristjansen, P. E. G., Miller, D. M. and Sivakumar, P. V. 

(2007). "Interleukin-21 Signaling: Functions in Cancer andAutoimmunity." Clinical 

Cancer Research 13(23): 6926-6933. 

Degano, M., Garcia, C., Apostolopoulos, V., Rudolph, M. G., Teyton, L. and Wilson, 1. A. 

(2000). "A Functional Hot Spot for Antigen Recognition in a Superagonist TCR/MHC 

Complex." Immunity 12: 251-261. 



150 

Distler, J. H. W., Jungel, A., Kowal-Bielecka, O., Michel, B. A., Gay, R. E., Sprott, H., Matucci-

Cerinic, M., Chilla, M., Reich, K., Kalden, J. R., Muller-Ladner, U., Lorenz, H. M., Gay, 

S. and Distler, O. (2005). "Expression of Interleukin-21 Receptor in Epidermis From 

Patients With Systemic Sclerosis." Arthritis & Rheumatism 52(3): 856-864. 

Dombroski, D., Houghtling, R. A., Labno, C. M., Precht, P., Takesono, A., Caplen, N. J., 

Billadeau, D. D., Wange, R. L., Burkhardt, J. K. and Schwartzberg, P. L. (2005). "Kinase-

Independent Functions for Itk in TCR-Induced Regulation of Vav and the Actin 

Cytoskeleton." Journal oflmmunology 174: 1385-1392. 

Feske, S. (2007). "Calcium signaling in lymphocyte activation and disease." Nature Reviews 7: 

690-702. 

Fooksman, D. R., Vardhana, S., Vasiliver-Shamis, G., Liese, J., Blair, D. A., Waite, J., Sacristan, 

C., Victora, G. D., Zanin-Zhorov, A., Dustin, M. L. (2010). "Functional anatomy ofT cell 

activation and synapse formation." Annu. Rev. Immunol 28: 79-105. 

Fry, T. J. a. M., C. L. (2001). "Interleukin-7: Master regulator ofperipheral T-cell homeostasis?" 

Trends in Immunology 22(10): 564-572. 

Gagnon, J., Chen, X. L., Forand-Boulerice, M., Leblanc, C., Rama, C, Ramanathan, S. and 

Ilangumaran, I. (2010). "Increased antigen responsiveness of naïve CD8 T cells exposed 

to IL-7 and IL-21 is associated with decreased CDS expression." Immunlogy and Cell 

Biology(l-10). 

Gagnon, J., Ramanathan, S, Leblanc, C. and Ilangumaran, S. (2007). "Regulation ofIL-21 

signaling by suppressor of cytokine signaling-1 (SOCS 1 )in CD8+ T lymphocytes." 

Cellular Signaling 19: 806-816. 



151 

Gagnon, J., Ramanathan, S, Leblanc, C., Cloutier, A., McDonald, P. P. and Ilangumaran, S. 

(200S). "IL-6, in Synergy with IL-7 or IL-15, Stimulates TCR-Independent Proliferation 

and Functional Differentiation of CDS+ T Lymphocytes." Journal oflmmunology 180: 

795S-796S. 

Gakamski, D. M., Luescher, I. F., Pramanik, A., Kopito, R. B., Lemonnier, F., Vogel, H., Rigler, 

R. and Pecht, I. (2005). "CDS kinetically promotes ligand bindingto the T-cell antigen 

receptor." Biophysical Journal 89: 2121-2133. 

Garboczi, D. N., Ghosh, P., Utz, U., Fan, Q. R., Biddson, W. E. and Wiley, D. C. (1996). 

"Structure of the complex between human T-cell receptor, viral peptide and HLA-A2." 

Nature 384: 134-141. 

Garcia, K. C., Degano, M., Stanfield, R. L., Brunmark, A., Jackson, M. R., Peterson, P. A., 

Teyton, L. and Wilson, I. (1996). "An AB T Cell Receptor Structure at 2.5A and Its 

Orientation in the TCR-MHC Complex." Science 274: 209-220. 

Gary-Gouy, H., Lang, V., Sarun, S., Boumsell, L. and Bismuth, G. (1997). "In Vivo Association 

of CDS with Tyrosine-Phosphorylated ZAP-70 and p2 l Phospho-zeta Molecules in 

Human CD3+ Thymocytes." Journal oflmmunology 159: 3739-3747. 

Genot, E. a. C., D. A. (2000). "Ras regulation and function in lymphocytes." Current Opinion in 

Immunology 12: 2S9-294. 

Germain, R. N. (2002). "T-cell development and the CD4-CDS lineage decision." Nature 

Immunology 2: 309-323. 

Giri, J. G., Kumaki, S., Ahdieh, M., Friend, D. J., Loomis, A., Shanebeck, K., DuBose, R., 

Cosman, D., Park, L. S. and Anderson, D. M. (1995). "Identificationandcloning of a 



152 

nove! IL-15 binding protein that is structurally related to the a chain of the IL-2 receptor." 

The EMBO Journal 14(5): 3654-3663. 

Goldrath, A. W., Bevan, Michael J. (1999). "Selecting and maintaining a diverse T-cell 

repertoire." Nature 402: 255-263. 

Goldrath, A. W., Bogatski, L. Y. and Bevan, M. J. (2000). "Naïve T cells transiently acquire a 

memory-like phenotype during homeostatis-driven proliferation." Journal of 

Experimental Medecine 192(4): 557-564. 

Habib, T., Nelson, A. and Kaushansky, K. (2003). "IL-21: A nove! IL-2-family lymphokine that 

modulates B, T, and natural killer cell responses." J Allergy Clin Immunol 112(6): 

1033-1045. 

Haring, J. S., Badovinac, Vladimir P., Harty, John T. (2006). "Inflaming the CDS+ T Cell 

Response." Immunity 25: 19-29. 

Harty, J. T., Tvinnereim, Amy R., White, Douglas W. (2000). "CDS+ T Cell effector mechanisms 

in resistance to infection." Annual Review of Immunology 18: 275-30S. 

Hawash, I. Y., Hu, X. E., Adal, A., Cassady, J. M., Geahlen, R. L. and Harrison, M. L. (2002). 

"The oxygen-substituted palmitic acid analogue, 13-oxypalmitic acid, inhibits Lck 

localization to lipid rafts and T cell signaling." Biochimica et Biophysica Acta 1589: 

140-150. 

Heerklotz, H. (2002). "Triton promotes domain formation in lipid raft mixtures." Biophysical 

Journal 83: 2693-2701. 

Hermiston, M. L., Xu, Z. and Weiss, A. (2003 ). "CD45: A critical regulator of signaling 

thresholds in immune cells." Annual Review oflmmunolgy 21: 107-137. 



153 

Holmberg, K., Mariathasan, S., Ohteki, T., Ohashi, P. S., Gascoigne, N. R. (2001). "TCR Binding 

Kinetics Measured with MHC Class I Tetramers Reveal a Positive Selecting Peptide with 

Relatively High Affinity for TCR." Journal oflmmunology 171: 2419-2427. 

Iwashima, M., Irving, B. A., van Oers, N. S. C., Chan, A. C. and Weiss, A. (1994). "Sequential 

interaction of the TCR with two distinct cytoplasmic tyrosine kinases." Science 263 

(1136-1139). 

Jacobs, S. R., Michalek, Ryan D., Rathmell, Jeffrey C. (2010). "IL-7 Is Essential for Homeostatic 

Control ofT Cell Metabolism In Vivo." The Journal oflmmunology 184: 3461-3469. 

Jameson, S. C. (2002). "Maintaining the norm: T cell homeostasis." Nature Reviews 2: 547-557. 

Janes, P. W., Ley, S. C., Magee, A. I. and Kabouridas, P. S. (2000). "The role of lipid rafts in T 

cell antigen receptor TCR signalling." Seminars in Immunonolgy 12: 23-34. 

Jiang, Q., Li, W. Q., Aiello, F. B., Mazzucchelli, R., Asefa, B., Khaled, A. R. and Durum, S, K. 

(2005). "Cell biology, ofIL-7, a key lymphotrophin." Cytokine Growth Factor Reyiews 

16: 513-533. 

Johnston, J. A., Bacon, C. M., Finbloom, D. S., Rees, R. C., Kaplan, D., Shibuya, K., Ortaldo, J. 

R., Gupta, S., Chen, Y. Q., Giri, J. D. and O'Shea, J. J. (1995). "Tyrosine phosphorylation 

and activation of STAT5, STAT3, and Janus kinases by interleukins 2 and 15." Proc. Natl. 

Acad. Sei. 92: 8705-8709. 

Kabouridis, P. S. (2006). "Lipid rafts in T cell signaling." Molecular Membrane Biology 23(1): 

49-57. 



154 

Kabouridis, P. S., Magee, A. 1. and Ley, S. C. (1997). "S-acylation of LCK protein tyrosine 

kinase is essential for its signalling function in T lymphocytes." The EMBO Journal 16 

(16): 4983-4998. 

Kennedy, M. K., Glaccum, M., Brown, S. N., Butz, E. A., Viney, J. L., Embers, M., Matsuki, N., 

Charrier, K., Sedger, L., Willis, C. R., Brasel, K., Morrissey, P.J., Stocking, K., Schuh, J. 

C. L., Joyce, S., Peschon, J. J. (2000). "Reversible Defects in Natural Killer and Memory 

CD8 T Cell Lineages in Interleukin 15--deficient Mice." Journal of Experimental 

Medicine 191(5): 771-780. 

Kerry, S.E., Buslepp, Jennifer, Cramer, Lorraine A., Maile, Robert, Hensley, Lucinda L., 

Nielsen, Alma 1., Kavathas, Paula, Vilen, Barbara J., Collins, Edward J., Frelinger, Jeffrey 

A. (2003). "Interplay between TCRAffmity and Necessity of Coreceptor Ligation: High-

Affinity Peptide-MHC/TCR Interaction Overcomes Lack of CD8 Engagement." Journal 

oflmmunology 171: 4493-4503. 

Khoruts, A. a. F., J. M. (2004). "A causal link between lymphopenia and autoimmunity." 

Immunology Letters 95: 23-31. 

Kieper, W.C., Tan, J. T., Bondi-Boyd, B., Gapin, L., Sprent, J., Ceredig, R. and Surh, C. D. 

(2002). "Overexpression of Interleukin (IL)-7 Leads to IL-15-independent Generation of 

Memory Phenotype CD8+ T Cells." Journal ofExperimental Medecine 195(12): 

1533-1539. 

Korn, T., Bettelli, E., Gao, W., Awasthi, A., Jager, A., Strom, T. B., Oukka, M. and Kuchroo, V., 

K. (2007). "IL-21 initiates an alternative pathway to induce proinflammatory THl 7 

cells." Nature 448: 484-488. 



155 

Kovanen, P. E. a. L., W. J. (2004). "Cytokines and immunodeficiency diseases: critical roles of 

the gc-dependent cytokines interleukins 2, 4, 7, 9, 15, and 21, and their signaling 

pathways." Immunological Reviews 202: 67-83. 

Kuhns, M. S., Davis, M. M. and Garcia, K. C. (2006). "Deconstructing the form and function of 

the TCR/CD3 complex." Immunity 24: 133-139. 

Labno, C. M., Lewis, C. M., You, D., Leung, D. W., Takesono, A., Kamberos, N., Seth, A., 

Finkelstein, L. D., Rosen, M. K., Schwartzberg, P. L. and Burkhart, J. K. (2003). "Itk 

Functions to Control Actin Polymerization at the Immune Synapse through Localized 

Activation of Cdc42 and WASP." Current Biology 13: 1619-1624. 

Laugel, B., Cole, D. K., Clement, M., Wooldridge, L., Price, D. A. and Sewell, A. K. (2011). 

"The multiple roles of the CDS coreceptor in T cell biology: opportunities for the 

selective modulation of self-reactive cytotoxic T cells." Journal of Leukocyte Biology 90: 

1089-1100. 

Lin, J. a. W., A. (2001). "T cell receptor signalling." Journal of Cell Science 114(2): 243-244. 

Lodolce, J. P., Boone, David L., Chai, Sophia, Swain, Rachel E., Dassopoulos, Thernistocles, 

Trettin, Shanthi, Ma, Averil (1998). "IL-15 Receptor Maintains Lymphoid Homeostasis 

by Supporting Lymphocyte Homing and Proliferation." Immunity 9: 669-676. 

Madden, D. R., Garboczi, D. N. and Wiley, D. C. (1993). "The antigenic identity ofpeptide-

MHC complexes: A comparison of the conformations of five viral peptides presented by 

HLA-A2." .c&li 75: 693-708. 

Mallaun, M., Naeher, D., Daniels, M. A., Yachi, P. P., Hausmann, B., Luescher, I. F., Gascoigne, 

R. J., Palmer, E. (2008). "The T Cell Receptor's a-Chain Connecting Peptide Motif 



Promotes Close Approximation of the CD8 Coreceptor Allowing Efficient Signal 

Initiation." Journal of Immunology 180: 8211-8221. 

Mazzucchelli, R., Durum, Scott K. (2007). "Interleukin-7 receptor expression: intelligent 

design." Nature Reviews 7: 144-154. 

McCaughtry, T. M., Wilken, Matthew S., Hogquist, Kristin A. (2007). "Thymie emigration 

revisited." Journal of Experimental Medicine 204(11): 2513-2520. 

156 

McNeill, L., Salmond, R. J., Cooper, J. C., Carret, C. K., Cassady-Cain, R. L., Roche-Molina, 

M., Tandon, P., Holmes, N. and Alexander, D. R. (2007). "The differential regulation of 

Lck kinase phosphorylation sites by CD45 is critical for T cell receptor signaling 

responses." Immunity 27: 425-437. 

Menasche, G., Kliche, S., Bezman, N. and Schraven, B (2007a). "Regulation ofT-cell antigen 

receptor- mediated inside-out signaling by cytosolic adapter proteins and Rap 1 effector 

molecules." Immunological Reviews 218: 82-91. 

Menasche, G., Kliche, S., Chen, E. J.H., Stradal, T. E. B., Schraven, B. and Koretzky, G. 

(2007b). "RIAM Links the ADAP/SKAP-55 Signaling Module to Rapl, Facilitating T-

Cell-Receptor-Mediated Integrin Activation." Molecular and Cellular Biology 27(11 ): 

4070-4081. 

Monteleone, G., Pallone, F. and Macdonald, T. T. (2009). "Interleukin-21 (IL-21)-mediated 

pathways in T cell-mediated disease." Cytokine Growth Factor Reviews 20: 185-191. 

Montixi, C., Langlet, C., Bernard, A., Thimonier, J., Dubois, C., Wurbel, M., Chauvin, J., Pierres, 

M. and He, H. (1998). "Engagement ofT cell receptor triggers its recruitment to low-

density detergent-insoluble membrane domains." The EMBQ Journal 17(18): 5334-5348. 



157 

Morrissey, P.J., McKenna, H., Widmer, M. B., Braddy, S., Voice, R., Charrier, K., Williams, D. 

E. and Watson, J. D. (1994). "Steel factor (c-kit ligand) stimulates the in vitro growth of 

immature CD3-/CD4-/CD8- thymocytes: Synergy with IL-7." Cellular Immunology 157: 

118-131. 

Muegge, K., Vila, M. P. and Durum, S. K. (1993). "Interleukin-7: A Cofactor for V(D)J 

Rearrangement of the T Cell Receptor B Gene." Science 261(93-95). 

Murali-Krishna, K., Lau, L. L., Sambhara, S., Lemonnier, F., Altman, J. andAhmed, R. (1999). 

"Persistence ofmemory CDS T cells in MHC class I-deficiency mice." Science 286 

(1377-1383). 

Murali-Krishna, K. a. A., R. (2000). "Cutting edge: Naïve T cells masquerading as memory 

cells." Journal of Immunology 165: 1733-1737. 

Murphy, K. (2011). Janeway's Immunobiology: The Immune System: Eiihtth Edition, Garland 

Science. 

Naeher, D., Luescher, I. F. and Palmer, E. (2002). "A Role for the A-Chain Connecting Peptide 

Motif in Mediating TCR-CDS Cooperation." The journal oflmmunology 169: 

2964-2970. 

Neefjes, J., Jongsma, Marlieke L. M., Paul, Petra, Bakke, Oddmund (2011). "Towards a systems 

understanding ofMHC class I and MHC class II antigen presentation." Nature Reviews 

11: 823-836. 

Noguchi, M., Yi, H., Rosenblatt, H. M., Filipovich, A. H., Adelstein, S., Modi, W. S., McBride, 

O. W. and Leonard, W. J. (1993). "Interleukin-2 Receptor y Chain Mutation Results in X-

Linked Severe Combined lmmunodeficiency inHumans." .c&.il 73: 147-157. 



158 

Nurieva, R., Yang, X. O., Martinez, G., Zhang, Y., Panopoulos, A. D., Ma., L., Schluns, K., Tian, 

Q., Watowich, S. S., Jetten, A. M. and Dong, C. (2007). "Essential autocrine regulation 

by IL-21 in the generation of inflammatory T cells." Nature(480-484). 

Oh-hora, M. a. R., A. (2008). "Calcium signaling in lymphocytes." Current Opinion in 

Immunology 20: 250-258. 

Ozaki, K., Spolski, R., Feng, C. G., Qi, C. F., Cheng, J., Sher, A., Morse III, H. C., Liu, C., 

Schwartzberg, P. L. and Leonard, W. J. (2002). "A Critical Role for IL-21 in Regulating 

lmmunoglobulin Production." Science 298: 1630-1635. 

Perez, P., Bluestone, J. A., Stephany, D. A. and Segal, D. M (1985). "Quantitative measurements 

of the specificity and kinetics of conjugate formation between cloned and cytotoxic T 

lymphocytes and splenic target cells by dual parameter flow cytometry." Journal of 

lmmunology 134(1): 478-485. 

Peschon, J. J., Morrissey, P.J., Grabstein, K. H., Ramsdell, L. S., Ziegler, S. F., Williams, D. E., 

Ware, C.B., Meyer, J. D. and Davison, B. L. (1994). "Barly Lymphocyte Expansion Is 

Severely Impaired in Interleukin 7 Receptor-deficient Mice." Journal of Experimental 

Medecine 180: 1955-1960. 

Pizza, P., Giurisato, E., Bigsten, A., Tassi, M., Tavano, R., Shaw, A. and Viola, A. (2003). 

Immunology Letters 91: 3-9. 

Puel, A., Ziegler, S. F., Buckley, R. H. and Leonard, W. J. (1998). "Defective IL 7R expression in 

T-B+NK+ severe combined immunodeficiency." Nature Genetics 20: 394-397. 



159 

Ramanathan, S., Gagnon, J. and Ilangumaran, S. (200S). "Antigen-nonspecific activation of 

CDS+ T lymphocytes by cytokines: relevance to immunity, autoimmunity, and cancer." 

Arch. Immunol. Tuer. Exp. 56: 311-323. 

Ramanathan, S., Gagnon, Julien, Dubois, Stephanie, Forand-Boulerice, Melissa, Richter, Martin 

V., Ilangumaran, Subburaj (2009). "Cytokine Synergy in Antigen-Independent Activation 

and Priming of Naive CDS+ T Lymphocytes." Critical Reviews in Immunology 29(3): 

219-239. 

Ratthe, C. a. G., D. (2004). "Interleukin-15 enhances human neutrophil phagocytosis by a Syk-

dependent mechanism: importance of the IL-15Ra chain." Journal ofLeukocyte Biology 

76: 162-16S. 

Rocha, B., Dautigny, N and Pereira, P. (19S9). "Peripheral T lymphocytes: expansion potential 

and homeostatic regulation of pool sizes and CD4/CDS ratios in vivo." European Journal 

of Immunology 19(5): 905-911. 

Rojo, J. M., Bello, R. and Portoel, P. (200S). "T-cell receptor." Advanced Experiments in Medical 

Biology 640: 1-11. 

Rudolph, M. G., and Wilson, 1. A. (2002). "The specificity ofTCRIMHC interaction." Current 

Opinion in Immunology 14: 52-65. 

Rudolph, M. G., Stanfield, R. L. and Wilson, I.A. (2006). "How TCRs bind MHCs, peptides, 

and coreceptors." Anuual Review oflmmunology 24: 419-466. 

Sallusto, F., Geginat, Jens, Lanzavecchia, Antonio (2004). "Central Memory And Effector 

Memory T Cell Subsets: Function, Generation, and Maintenance." Annual Review of 

Immunolgy 22: 745-763. 



160 

Schluns, K. S. a. L., L. (2003). "Cytokine control of memory T cell development and survival." 

Nature Reviews 3: 269-279. 

Schluns, K. S. a. L., L. (2003). "Memory T-cell development and survival." Nature Reviews 3: 

269-280. 

Schober, S. L., Kuo, C. T., Schluns, K. S., Lefrancois, L., Leiden, J. M. and Jameson, S. C. 

(1999). "Expression of the Transcription Factor Lung Kru"ppel-Like Factor Is Regulated 

by Cytokines and Correlates with Survival of Memory T Cells In Vitro and In Vivo." 

Journal oflmmunology 163: 3662-3668. 

Schwarts, R. H. (2003). "T cell anergy." Annual Review oflmmunolgy 21: 305-334. 

Sebzda, E., Mariathasan, Sanjeev, Ohteki, Toshiaki, Jones, Russell, Bachmann, Martin F., 

Ohashi, Pamela S. (1999). "Selection of the T cell repertoire." Annual Review of 

Immunology 17: 829-874. 

Seder, R. A., Ahmed, Rafi (2003). "Similarities and differences in CD4+ and CDS+ effector and 

memory T cell generation." Nature Immunology 4(9): 835-843. 

Simons, K. a. I., E. (1997). "Functional rafts in cell membranes." Nature 387(569-572). 

Smith-Garvin, J. E., Koretsky, G. A. and Jordan, M. S. (2009). "T cell activation." Annual 

Review of Immunolgy 27: 591-619. 

Spolski, R. a. L., W. J., (2008). "Interleukin-21: Basic Biology and Implications for Cancer and 

Autoimmunity." Annual Review oflmmunolgy 26: 57-79. 

Stone, J. C. (2011). "Regulation and Function of the RasGRP Family of Ras Activators in Blood 

Cells." Genes & Cancer 2(3): 320-334. 



161 

Surh, C. D. a. S., J. (2002). "Regulation of naïve and memory T-cell homeostasis." Microbes and 

Infection 4: 51-56. 

Surh, C. D. a. S., J. (2005). "Regulation of mature T cell homeostasis." Seminars in 

Immunonolgy 17: 183-191. 

Takahama, Y. (2006). "Journey through the thymus: stromal guides for T-cell development and 

selection." Nature Immunology 6: 127-135. 

Tan, J. T., Dudl, E., LeRoy, E., Murray, R., Sprent, J., Weinberg, K. I. and Surh, C. D. (2001). 

"IL-7 is critical for homeostatic proliferation and survival of nai ·ve T cells." PNAS 98 

(15): 8732-8737. 

Tanchot, C. a. R., B. (1998). "The organization of mature T cell pools." Immunology Today 19 

(12): 575-579. 

Thompson, J. E., Phillips, R. J., Erdjument-Bromage, H., Tempst, P. and Ghosh, S. (1995). "IKB-

b Regulates the Persistent Response in a Biphasic Activation ofNF-KB." Ccll 80: 

573-582. 

Uhlin, M., Masucci, M. G. and Levitsky, V. (2005). "Regulation of lck degradation and refractory 

state in CDS+ cytotoxic T lymphocytes." PNAS 102(26): 9264-9269. 

Van Kaer, L. (2002). "Major histocompatibility complex class I-restricted antigen processing and 

presentation." Tissue Antigens 60: 1-9. 

van Stipdonk, M. J. B., Lemmens, Edward E., Schoenberger, Stephen P. (2001). "Naïve CTLs 

require a single brief period of antigenic stimulation for clonal expansion and 

differentiation." Nature Immunology 2(5): 422-429. 



162 

Veillette, A., Book.man, M. A., Horak, E. M. and Balen, J. B. (19SS). "The CD4 and CDS T Cell 

Surface Antigens Are Associated with the Interna! Membrane Tyrosine-Protein Kinase 

p56lck." Cell 55: 301-30S. 

Vogelzang, A., McGuire, H. M., Yu, D., Sprent, J., Mackay, C. R. and King, C. (200S). "A 

Fundamental Role for Interleukin-21 in the Generation ofT Follicular Helper Cells." 

Immunity 29: 127-137. 

von Boehmer, H., Fehling, Hans Jorg (1997). "Structure and function of the pre-T cell receptor." 

Annual Review oflmmunology 15: 433-452. 

von Freeden-Jeffrey, U., Vieira, P., Lucian, L. A., McNeil, T., Burdach, S. E. G. and Murray, R. 

( 1995). "Lymphopenia in Interleukin (IL)-7 Gene-deleted Mice Identifies IL-7 as a 

Nonredundant Cytokine." Journal ofExperimental Medecine 181: 1519-1526. 

Wardenburg, J. B., Fu, C., Jack.man, J. K., Flotow, H., Wilkinson, S. E., Williams, D. H., 

Johnson, R., Kong, G., Chan, A. C. and Findell, P. R. (1996). "Phosphorylation of SLP-76 

by the ZAP-70 protein-tyrosine kinase is required for T-cell receptor function." The 

Journal ofBiological Chemistty 271(33): 19641-19644. 

Wooldridge, L., van den Berg, H., Glick, M., Gostick, E., Laugel, B., Hutchinson, S. L., Milicic, 

A., Brenchley, J. M., Douek, D. C., Price, D. A. and Sewell, A. K. (2005). "Interaction 

between the CDS Coreceptor and Major Histocompatibility Complex Class I Stabilizes T 

Cell Receptor-Antigen Complexes at the Cell Surface." The Journal of Biological 

Chemistry 280(30): 27491-27501. 



163 

Wu, T. S., Lee, J. M., Lai, Y. G., Hsu, J. C., Tsai, C. Y., Lee, Y. H. and Liao, N. S. (2002). 

"Reduced Expression of Bcl-2 in CDS+ T Cells Deficient in the IL-15 Receptor a-Chain." 

Journal oflmmunology 168: 705-712. 

Xavier, R., Brennan, T., Li, Q., McCormack, C. and Seed, B. (199S). "Membrane 

Compartmentation Is Required for Efficient T Cell Activation." lmmunity 8: 723-732. 

Zamoyska, R. (2007). "Why is there so much CD45 on T cells." Immunity 27(421-423). 

Zeng, R., Spolski, R., Casa, E., Zhu, W., Levy, D. E. and Leonard, W. J. (2007). "The molecular 

basis oflL-21-mediated proliferation." Blood 109(10): 4134-4142. 

Zeng, R., Spolski, R., Finkelstein, S.E., Oh, S., Kovanen, P. E., Hinrichs, C. S., Pise-Masison, C. 

A., Radonovich, M.F., Brady, J. N., Restifo, N. P., Berzofsky, J. A. and Leonard, W. J. 

(2005). "Synergy of IL-21 and IL-15 in regulating CDS+ T cell expansion and function." 

Journal of Experimental Medecine 201(1): 139-14S. 

Zhang, W., Sloan-Lancaster, J., Kitchen, J., Trible, R. P. and Samelson, L. E (199S). "LAT: The 

ZAP-70 tyrosine kinase substrate that links T cell receptor to cellular activation." Cell 92: 

S3-92. 

Zhang, W., Trible, R. P. and Samelson, L. E (199S). "LAT Palmitoylation: Its Essential Role in 

Membrane Microdomain Targeting and Tyrosine Phosphorylation during T Cell 

Activation." Immunity 9: 239-246. 

Zheng, Y., Plemenitas, A., Fielding, C. J., Peterlin, B. M. (2003). "Nef increases the synthesis of 

and transports cholesterol to lipid rafts and HIV-1 progeny virions." .eNAS_ 100(14): 

S460-S465. 



164 

Zhou, L., Ivanov, 1. 1., Spolski, R., Min, R., Shenderov, K., Egawa, T., Levy, D. E., Leonard, W. 

J. and Littman, D. R. (2007). "IL-6 programs TH-17 cell differentiation by promoting 

sequential engagement of the IL-21 and IL-23 pathways." Nature Immunology 8(9): 

967-974. 

Zuniga-Pflucker, J. C. (2004). "T-cell development made simple." Nature Reviews 4: 67-73. 

Zuniga-Pflucker, J. C., Lenardo, Michael J. (1996). "Regulation ofthymocyte development from 

immature progenitors." Current Opinion in Immunology 8: 215-224. 




