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Abstract

Invariant natural killer T (/NKT) cells are a unique lymphocyte subpopulation 

with potent immunomodulatory properties. They can produce copious amounts of pro- 

and/or anti-inflammatory cytokines, yet the mechanisms governing the type of immune 

responses they elicit are not fully understood. Conventional T cell activation can be 

achieved or augmented by glycosylphosphatidylinositol (GPI)-anchored proteins. 

Whether this is also true for /NKT cells is essentially unexplored. I hypothesized that 

ligation of GPI-anchored proteins such as Thy-1 and CD55 will enhance /"NKT cell 

activation leading to robust cytokine production. Using flow cytometry, mouse /NKT 

cells were found to constitutively express Thy-1. Thy-1 engagement combined with 

classical TCR stimulation led to /NKT cell activation and cytokine production as 

measured by ELISA and RT-qPCR. Similarly, human /NKT cells expressed CD55, the 

cross-linking of which enhanced TCR-mediated activation. Overall, I have demonstrated 

that GPI-anchored proteins play a significant role in the magnitude of /NKT cell 

responses.

Keywords

invariant natural killer T (/NKT,) cells, a-galactosylceramide, GPI-anchored proteins, 

Thy-1, CD55, cellular activation, costimulation
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Introduction
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The immune system is a complex network of tissues, cells, and secreted factors 

whose primary function is to protect the host from infection. Immune responses are 

mounted when various components of the immune system detect a foreign invader. This 

triggers the activation of effector cells, which are capable of destroying foreign material 

or providing help to other immunocytes. To ensure that a controlled response is elicited, 

several types of regulatory immune cells exist. These regulatory cells can either promote 

or suppress immune responses in order to minimize bystander host damage while 

eradicating the foreign material. Examples include Foxp3+ T regulatory (Treg) cells, 

CD8+ Treg cells, y8 T cells, myeloid-derived suppressor cells, and natural killer T (NKT) 

cells.

1.1. NKT cells: general introduction

NKT cells are a unique subset of T lymphocytes that possess some characteristics 

of natural killer (NK) cells. They were first described in the 1980s when several groups 

independently identified mouse T cells with biased usage of the T cell receptor (TCR) 

VP8 chain (1,2). A few years later, a subset of Vp8 chain-biased, double negative (CD4' 

CD8') T cells were identified that expressed the NK cell marker NK1.1 (3). These cells 

were described as an “NK/T bipotential” subset that was functionally and phenotypically 

distinct from NK cells. Several years later, these cells were found to express a single 

invariant TCRa chain, containing the V al4Jal8  segment, which pairs with either Vp8, 7, 

or 2 (4). Since these early findings, the field of NKT immunobiology has exploded and 

these cells have proven to play important roles in health and disease.

In addition to coexpressing the TCR and NK markers, NKT cells are 

characterized by their ability to respond to lipid antigens presented by CD Id molecules 

(5). This is in contrast to conventional T cell activation, where peptide antigens are 

presented to T cells in the context of major histocompatibility complex (MHC) class I or 

II (6, 7). CD Id is an MHC class I-like molecule possessing a deep hydrophobic pocket, 

which makes it ideal for binding water-insoluble lipids (8). Two main subsets of NKT 

cells exist: invariant NKT (/NKT) cells and variant NKT (vNKT) cells. This
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classification is based on the TCR arrangement of these subsets. /NKT cells, also known 

as classical or type I NKT cells, have an invariant V al4Jal8 chain paired with a semi

invariant Vp chain (Vp8, 7, or 2), while the less commonly studied vNKT cells, or type II 

NKT cells, have a more diverse TCR repertoire [reviewed in (9)]. Both subsets respond 

to antigens presented in the context of CD Id; however, their antigen specificities do not 

appear to overlap. /NKT cells are often characterized by their responsiveness to the 

marine sponge-derived glycolipid a-galactosylceramide (a-GalCer), in addition to 

recognizing microbial glycolipids such as Sphingomonas glycosphingolipids and some 

self antigens (10-12). vNKT cell ligands remain relatively unknown, although these cells 

have been shown to recognize myelin-derived 3’-sulfated galactosylceramide, also 

known as sulfatide (13). Since most research in the NKT cell field—including this 

study—relate to the invariant subset, only /NKT cells will be discussed from this point 

forward.

Stimulation of /NKT cells with a-GalCer initiates a broad immune response that 

has widespread effects in the host. Briefly, /NKT cells have been shown to aid in 

bacterial and viral clearance (14, 15), tumor surveillance (16), maintaining self-tolerance

(17) , and protection against a number of autoimmune diseases such as type 1 diabetes

(18) . /NKT cells have also been implicated in the development of atherosclerosis (19) 

and airway hyperreactivity (20), and have been shown to promote the development of 

certain autoimmune diseases (21, 22). Due to these seemingly opposite outcomes, /NKT 

cells have been termed the “double-edged swords” of the immune system (23) (Figure

1.1.). Ultimately, by studying the immunobiology of /NKT cells, we can better 

understand how these cells are able to either promote or suppress immune responses.

1.2. The role of /NKT cells in immune responses

1.2.1. Innate immunity

The innate arm of the immune system consists of several barriers and effector 

molecules that serve as the first line of defense against invading pathogens. Such barriers 

include both physical barriers, such as the skin and mucosal surfaces, and physiological



Figure 1.1. The immunomodulatory effects of /NKT cell activation. /NKT cell 

recognition of glycolipid antigens, such as a-galactosylceramide, presented by CD Id 

molecules on antigen presenting cells leads to robust cytokine production that can induce 

either a ThI- or TH2-type response. In most cases, the response is beneficial to the host 

(shown in green); however, the response is occasionally detrimental (shown in red). 

Accordingly, /NKT cells have been termed the “double-edged swords” of the immune 

system. APC: antigen-presenting cell; THl/2: T helper type 1/2; IL: interleukin; IFN: 

interferon; TNF: tumor necrosis factor.

Adapted from Godfrey and Berzins, 2007 (24)
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barriers, which include conditions such as temperature, pH, and various soluble and cell- 

associated molecules [reviewed in (25)]. Many of the molecules involved in innate 

immunity, termed pattern recognition receptors (PRRs) have the ability to recognize 

highly conserved and repetitive microbial motifs known as pathogen-associated 

molecular patterns (PAMPs). The engagement of PRRs with PAMPs leads to the 

production of pro-inflammatory cytokines, chemokines, and effector molecules that 

recruit innate immune cells such as neutrophils and monocytes to the site of damage. 

Upon arrival, these cells ingest extracellular material and pathogenic organisms by the 

process of phagocytosis. In addition to neutrophils and monocytes, NK cells also play a 

role in innate immunity through their rapid activation and ability to recognize and kill 

targets without prior exposure to antigen. Together, these cell subsets, in addition to 

numerous others, protect against foreign invaders in a non-specific manner.

1.2.2. Adaptive immunity

Unlike the innate immune system, the distinguishing hallmarks of adaptive 

immunity are antigenic specificity and memory [reviewed in (26)]. B and T 

lymphocytes, the two main effector cells of adaptive immune responses, are capable of 

distinguishing subtle differences among antigens and eliciting appropriate responses. B 

lymphocytes develop in the bone marrow and express a unique antigen-binding receptor 

termed the B cell receptor (BCR). When the BCR comes into contact with its cognate 

antigen, the B cell divides rapidly and differentiates into memory B cells and plasma cells. 

Long-lived memory B cells persist in the circulation as defenders against future 

encounters with that unique antigen. Plasma cells, on the other hand, generally have a 

shorter overall lifespan and secrete copious amounts of antigen-specific antibodies—the 

major effector molecules of humoral immunity. T lymphocytes, which mature in the 

thymus, are the other main effector cell of the adaptive immune response. They, too, 

express a unique antigen-binding receptor (i.e. TCR); however, this receptor only 

recognizes antigen bound to an MHC molecule (27). Upon encountering antigen, naive T 

cells proliferate and differentiate into various effector T cells. The two best characterized 

subpopulations include T helper (Th) and T cytotoxic (Tc) cells. Th cells secrete 

cytokines that play an important role in activating B cells, Tc cells, macrophages, and
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various other immune cells. Depending on the cytokine profile secreted, these Th cells 

can be further subdivided into two subsets designated ThI and Th2 (28). The Tr I subset 

secretes cytokines that promote cell-mediated functions including inflammation and 

tissue injury, while the Tr2 subset mediates humoral immunity. Once exposed to cognate 

antigen and TrI -derived cytokines, Tc cells differentiate into cytotoxic T lymphocytes 

(CTLs) that directly kill antigen-expressing cells such as virus-infected cells and tumor 

cells. The Tr1/Th2 paradigm has been recently expanded to include a new subset of Tr 

cells termed Tr17 [reviewed in (29)]. These cells contribute to pathogen clearance by 

secreting pro-inflammatory cytokines such as interleukin (IL)-l 7, IL-17F, IL-21, and IL- 

22. Together, the diverse pool of B and T lymphocytes protect the host from foreign 

substances by mounting a robust immune response specific for the invading pathogen.

1.2.3. iNKT cells act as a bridge between innate and adaptive immunity

The innate and adaptive arms of the immune system work hand-in-hand to 

eliminate foreign invaders. /NKT cells have been proposed to bridge the two arms of the 

immune system due to their ability to respond rapidly to antigenic challenge and 

subsequently transactivate other immune cells [(reviewed in (30)]. In the circulation, 

/NKT cells constitutively express the activation markers CD69 and CD44 (31). They 

survey the host in a constant state of low-level activation, ready to quickly act when the 

host is challenged with antigen. When this occurs, bacterial and viral components are 

often first recognized by PRRs—such as toll-like receptors (TLRs)—on the surface of 

dendritic cells (DCs). DCs respond by secreting the pro-inflammatory cytokine IL-12, 

which subsequently enhances /NKT cell activation and leads to the rapid release of 

interferon (IFN)-y (32). This promotes NK cell, macrophage, and pathogen-specific ThI 

cell activation. In addition, /NKT cells support class switching and somatic 

hypermutation in B cells (33). Together, these effector cells elicit a coordinated immune 

response that effectively eradicates the invading microbe. By bridging the innate and 

adaptive arms of the immune system, /NKT cells help unify the immune system in order 

to generate the most effective immune response (Figure 1.2.).



Figure 1.2. /NKT cells act as a functional bridge between innate and adaptive 

immunity. /NKT cell activation in response to bacterial and viral pathogens is initiated 

by bacterial and/or viral components binding to PRRs, such as TLRs, on the DC surface 

(1). This causes DCs to release the pro-inflammatory cytokine IL-12, which binds to IL- 

12Rs on the /NKT cell surface (2). IL-12R binding enhances basal /NKT cell activation 

and leads to the rapid release of IFN-y (3). IFN-y promotes the activation of NK cells, T 

cells, and B cells which together elicit a coordinated immune response that effectively 

eradicates the invading microbe. TLR: toll-like receptor; DC: dendritic cell; IL-12R: IL- 

12 receptor.

Adapted from Taniguchi et al., 2003 (30)
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1.3. /NKT cell signalling and activation

Upon TCR engagement, an /NKT cell becomes activated through a series of 

signalling events. These events are largely assumed to be similar to those occurring in 

conventional T cells; however, differences between signalling molecules in T cells and 

/NKT cells have been found (34-36). Upon activation, /NKT cells produce copious 

amounts of cytokines and undergo proliferation. This is followed by eventual contraction 

of the expanded /NKT population in order to maintain a homeostatic size and state. 

Subsequent encounter with glycol ipids often results in a state of long-term /NKT cell 

hyporesponsiveness termed anergy (37). The specific events known to mediate /"NKT 

cell activation are described below.

1.3.1. TCR-mediated signalling

In conventional T cells, the signalling cascades that give rise to T cell activation 

have been widely studied [reviewed in (38)]. While this has not been the case for /NKT 

cells, it is likely that many of the signalling pathways are similar. The TCR is a multi

subunit complex comprised of the antigen-specific TCRaP heterodimer and invariant 

subunits CD3y, CD38, CD3e, and TCR^ that contain immunoreceptor tyrosine-based 

activation motifs (ITAMs) in their cytoplasmic domains. Signalling cascades are 

initiated when the TCRaP heterodimer recognizes peptide antigen presented in the 

context of self MHC. The earliest documented event following TCR engagement is the 

phosphorylation of TCR/CD3 ITAMs by the Src family of protein tyrosine kinases (PTKs) 

Lck and Fyn. These phosphorylated ITAMs serve as docking sites for the SH2 domains 

of the tyrosine kinase zeta-chain associated protein of 70 kilodalton (ZAP-70), which 

becomes activated and subsequently phosphorylates a number of adaptor molecules. 

Linker for activation of T cell (LAT) is a transmembrane adaptor protein that plays an 

essential role in TCR signalling. Upon phosphorylation by ZAP-70, LAT recruits 

phospholipase C (PLC)yl, an enzyme responsible for the degradation of 

phosphatidylinositol bisphosphate (PIP2) into inositol triphosphate (IP3) and 

diacylglycerol (DAG). IP3 causes intracellular calcium levels to rise, thereby activating 

the calcium-binding protein calcineurin. This protein induces translocation of nuclear
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factor of activated T cells (NFAT), a transcription factor involved in IL-2 production. 

Meanwhile, DAG activates several isoforms of protein kinase C (PKC), a family of 

kinases that play an important role in nuclear factor k B (NFkB) activation, another 

transcription factor responsible for IL-2 production. DAG also recruits and activates Ras 

guanyl nucleotide-releasing protein (RasGRP), which initiates the Ras signalling pathway. 

Ras, a guanosine triphosphate (GTP)-binding protein, activates a series of 

serine/threonine and dual-specificity (Ser/Thr and Tyr) kinases eventually leading to the 

activation of the mitogen-activated protein kinase (MAPK) family members extracellular 

signal-related protein kinases 1/2 (ERK1/2), c-jun N-terminal kinase (JNK), and p38. 

These MAPKs directly activate transcription factors such as Jun, Fos, and activator 

protein-1 (AP-1) that are involved in T cell activation.

1.3.2. Signalling molecules involved in iNKT cell activation

The TCR-mediated signalling pathways involved in /NKT cell activation have 

received little attention to date. On the other hand, the signalling molecules involved in 

/"NKT cell ontogeny have been more extensively studied and may also be important for 

/NKT cell function. Differences in signalling pathways between T cells and /NKT cells 

were first seen with Fyn-deficient mice; /NKT cell numbers were low but conventional T 

cell numbers were unaffected (34, 39). Since Fyn interacts with signalling lymphocyte 

activation molecule (SLAM)-associated protein (SAP)(40), subsequent work investigated 

/NKT cell development in SAP_/' mice and individuals with X-linked lymphoproliferative 

disease (XLP) who harbour mutations in the gene encoding SAP. Both SAP-deficient 

mice and XLP patients had reduced numbers of /NKT cells but normal levels of 

conventional T cells (35). This observation suggests that SAP may play a unique role in 

/NKT cell signalling. Among its many functions, SAP has been shown to couple with 

Rac signalling pathways to influence downstream MAPK activity (41), bind weakly to 

Lck (42), and cooperate with the TCR to increase activation of NF-kB (43). Unlike 

conventional T cells, /NKT cells are highly dependent on NF-kB for their development 

(36, 44). Ultimately, many of the signalling molecules that contribute to /NKT cell 

development are also involved in TCR-mediated signalling pathways in conventional T 

cells. While the role of these molecules in /NKT cell activation is currently unknown,
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further research in this important area will hopefully shed light on the signalling 

mechanisms involved in /NKT cell activation.

1.3.3. Cytokine production by iNKT cells

When the invariant TCR of an /NKT cell recognizes CD ld-bound a-GalCer, the 

/NKT cell responds by secreting large amounts of IL-4 in the first 2-4 hours (45). Such a 

rapid release of cytokine is made possible by the fact that /NKT cells circulate with 

preformed cytokine mRNA that is waiting to be translated (46). A gradual shift towards 

IFN-y production occurs subsequently, with IFN-y levels peaking at approximately 16-24 

hours. In vivo, a substantial amount of IFN-y is produced by /NKT cells themselves; 

however, most of the detected IFN-y originates from transactivated NK cells (47). These 

events are specific to a-GalCer and may vary depending on the glycolipid agonist 

presented, the costimulatory molecules present on the /NKT cell surface, and/or the 

tissues in which /NKT cells reside. In mice, it has been shown that liver /NKT cells are 

better mediators of anti-tumor responses compared to splenic and thymic /NKT cells (36, 

48). Furthermore, within the liver, double negative (DN) /NKT cells are more efficient at 

tumor cell rejection than the CD4+ subset. These findings are consistent with a previous 

study demonstrating that human DN /NKT cells produce predominantly Th 1 -type 

cytokines while CD4+ /NKT cells are skewed towards Tj^-type cytokine production (49).

1.3.4. iNKT cell proliferation, homeostasis, andanergy

It was once believed that mouse /NKT cells undergo cell death immediately 

following activation as they become virtually undetectable by flurochrome-conjugated 

CD Id tetramers routinely used for /NKT cell staining (50). As first demonstrated by 

Wilson et al. (51), it is now widely accepted that /NKT cells downregulate their TCR 

shortly after activation. Reappearance of the TCR occurs 24 hours post-activation and 

coincides with rapid /NKT cell proliferation and expansion. Peak cell numbers are 

reached on day 3, at which point cytokine secretion stops and /NKT cells begin to die off. 

Homeostatic levels are reached between days 7 and 9 when /NKT cell numbers return to 

normal. Interestingly, restimulation with a-GalCer induces a state of anergy (37).



13

Anergic /NKT cells are hyporesponsive as judged by their inability to proliferate, produce 

cytokines, and transactivate other immune cells.

1.3.5. Transactivation o f  other immune cells

Activation of /NKT cells with a-GalCer has downstream effects on almost all 

hematopoietic cells, including DCs, NK cells, and B and T lymphocytes. DC maturation 

is enhanced following /NKT cell activation as measured by heightened IL-12 production 

and increased expression of MHC class II molecules and B7 and CD40 costimulatory 

molecules (52). NK cells proliferate, secrete IFN-y, and exhibit increased cytotoxic 

activity (47, 53). B cells are activated, demonstrate more sustained memory B cell 

responses, and antibody production is enhanced (54, 55). As described above, the 

cytokine profile of CD4+ T cells is influenced by /NKT cell activation. Furthermore, 

/NKT cells have been shown to be potent helper cells for cytotoxic T lymphocyte priming 

(56). The ability of /"NKT cells to induce such broad immune responses reinforces the 

importance of understanding the precise events involved in their activation.

1.4. The role of costimulation in /NKT cell activation

In conventional T cell activation, two signals are required for a productive 

response. Interactions between the TCR and a peptide-bound MHC molecule constitute 

signal one, whereas signal two is transmitted via costimulatory molecules (57). 

Costimulation is a critical requirement for naive T cell activation; if signal two is absent, 

T cells may die or become anergic (58). /NKT cells, on the other hand, do not require 

costimulation for their activation. Mice lacking the costimulatory molecules CD40L or 

CD28 have impaired IFN-y and IL-4 secretion in response to a-GalCer stimulation (59); 

however, further experiments utilizing intracellular staining showed that all /NKT cells 

produce both IFN-y and IL-4 after a-GalCer administration in CD40'/' and CD28'/_ mice 

(46). This suggests that costimulation is required for optimal cytokine secretion but not 

for cytokine production. In support of this notion, several molecules including CD28, 

CD40L, inducible T cell costimulator (ICOS), 4-IBB, glucocorticoid-induced tumor
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necrosis factor (TNF) receptor (GITR), and 0X40 have been shown to play an important 

role in a-GalCer-mediated /NKT cell activation and are described below.

1.4.1. CD28 and CD40L

In addition to their role in cytokine secretion, the CD28 and CD40L pathways 

appear to differentially regulate ThI- and TH2-type functions of /NKT cells. CD28 is 

required for both IFN-y and IL-4 secretion since CD28_/' mice showed impaired levels of 

both cytokines after a-GalCer administration (59). CD40L, on the other hand, only seems 

to be required for IFN-y secretion as CD40‘/' mice had no change in serum IL-4 levels 

three hours after a-GalCer administration compared to wildtype mice. Additionally, it 

has been shown that both of these costimulatory pathways are required for the normal 

proliferative expansion of /NKT cells in vivo (60). CD40L'A and cytotoxic T lymphocyte 

antigen (CTLA)-4 immunoglobin (Ig) transgenic mice displayed reduced overall numbers 

and frequency of /NKT cells in both the liver and spleen after a-GalCer injection 

compared with wildtype mice.

1.4.2.1COS

ICOS, a member of the CD28 superfamily of costimulatory receptors, has been 

shown to costimulate /NKT cell activation independent of CD28 activity (61). Blockade 

of ICOS decreases a-GalCer-induced IFN-y and IL-4 levels both in vitro and in vivo. 

Like CD28, ICOS is thought to promote both ThI and Tn2-type responses equally. 

ICOS-deficient mice reportedly have partially inhibited /NKT cell cytotoxic activity and 

have reduced ThI-type responses, as measured by their decreased ability to prevent tumor 

metastasis, compared with their wildtype counterparts. The Th2 response in ICOS- 

deficient mice also appears to be defective (62). In wildtype mice, /NKT cells normally 

promote airway hyperreactivity (AHR); however, ICOS'A /NKT cells were unable to 

induce AHR. In addition to its effect on cytokine production, ICOS was also shown to be 

required for CD4+ /NKT cell homeostasis. CD4+ /NKT cell numbers were significantly 

reduced in the spleen and liver of both ICOS'A and ICOSL'A mice.
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1.4.3. 4-IBB

The first indication that 4-IBB, a TNF receptor superfamily member, was 

involved in /NKT cell responses came in 2004 when 4-lBB-deficient mice were found to 

have impaired /NKT cell development (63). Since then, it has been demonstrated that 4- 

1BB functions as a costimulatory molecule on the surface of /NKT cells. Engagement of 

4-IBB with an agonistic monoclonal antibody (mAb) enhanced a-GalCer-induced IFN-y 

and IL-4 production (64). Likewise, 4-1BB'a mice had lower serum cytokine levels after 

a-GalCer administration compared with wildtype mice. In a disease model, 4-IBB 

engagement exacerbated the induction of /NKT cell-mediated AHR in an IL-4Ra- but not 

IFN-y-mediated pathway, suggesting that 4-IBB costimulation on /NKT cells promotes a 

Tn2-type response.

1.4.4. G1TR

GITR is another member of the TNF receptor superfamily that has been shown to 

play a role in /NKT cell costimulation. GITR engagement using an agonistic mAb, in the 

presence of TCR signals, resulted in enhanced IL-2, IFN-y, and IL-4 production, 

expression of activation markers such as CD25 and CD69, and proliferation (65). These 

findings were translated to the hypersensitivity pneumonitis (HP) disease model, in which 

/NKT cells function to attenuate HP progression. /NKT cells were preincubated with an 

agonistic anti-GITR Ab and then adoptively transferred into CDld'y' mice prior to HP 

induction. The inflammatory responses in mice that received GITR-engaged /NKT cells 

were much less severe than those in mice receiving /NKT cells preincubated with control 

IgG. Cytokine analysis demonstrated that anti-GITR-pretreated /NKT cells produced less 

IFN-y and more IL-4 than control antibody-pretreated /NKT cells in the HP model. 

Overall, these findings suggest that GITR costimulates /NKT cell activation and 

promotes a Tj^-type response.

1.4.5. 0X40

0X40— like CD40L, 4-1BB, and GITR—is a member of the TNF receptor 

superfamily. Much like the other molecules, 0X40 has been shown to play a



costimulatory role in a-GalCer-induced /NKT cell activation. OX40L blockade on DCs 

inhibited their ability to support /NKT cell activation, as judged by reduced IFN-y 

production (66). Furthermore, in a study using OX40'/' mice, /NKT cells produced 

significantly lower levels o f IFN-y than wildtype /"NKT cells did after a-GalCer 

stimulation (67). The role of 0X40 in /NKT cell activation still needs further 

investigation as IL-4 levels were not measured and a disease model was not employed in 

either study.

All of the aforementioned studies have demonstrated that costimulation, while not 

absolutely essential for /NKT cell activation, is an important component of optimal /NKT 

cell responses. Costimulation is involved in /NKT cell proliferation, activation, 

homeostasis, and development. It can differentially regulate ThI- and Tn2-type 

responses which, in turn, influence disease outcome. The costimulatory molecules 

described above might merely be a small snapshot of dozens of other unidentified 

costimulatory molecules on the /NKT cell surface. Ongoing research in the /NKT cell 

field will hopefully reveal some of these molecules and may provide new tools for 

modulating /NKT cell responses. For instance, the role of glycosylphosphatidylinositol 

(GPI)-anchored proteins as potential costimulators of /NKT cells has remained 

unexplored. This topic forms the basis of my thesis research.

16

1.5. GPI-anchored proteins

There are a number of proteins that are uniquely linked to the cell membrane 

through a GPI anchor. The first piece of evidence alluding to the existence of lipid- 

anchored proteins came from Slein and Logan, who discovered that treatment of cells 

with the bacterial enzyme phosphatidylinositol-phospholipase C (PI-PLC) led to the 

selective loss of alkaline phosphatase from the cell surface (68). Ferguson and colleagues 

were the first to fully elucidate the structure of the GPI anchor using variant surface 

glycoprotein (VSG) present on the surface of the parasitic protozoan Trypanosoma brucei 

(69). They found that GPI-anchored proteins are linked at their carboxyterminus to a 

trimannosyl-glucosamine core; the glucosamine core is attached to phosphatidylinositol,
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which anchors the structure to the outer leaflet of the plasma membrane through a 

phosphodiester linkage. In the presence of Pl-PLC, the phosphodiester bond is cleaved 

and the protein is released from the cell surface (Figure 1.3.). Endogenous PLC has been 

found in mammalian tissues, suggesting that it may play a role in downregulating GPI- 

anchored protein levels on the cell surface (70).

1.5.1. The purpose o f the GPI anchor

The GPI anchor is thought to direct proteins to the extracellular surface since 

conventional intracellular proteins that have been artificially attached to a GPI anchor 

will be expressed extracellularly (71, 72). More specifically, it has been suggested that 

the GPI anchor targets proteins to distinct, detergent-insoluble regions of the cell 

membrane termed lipid rafts (73). These lipid raft microdomains are enriched in 

cholesterol, glycolipids, and sphingolipids and form associations with the acylated tails of 

tyrosine kinases and GPI-anchored proteins. The fluid-like architecture within these 

regions is ideal for highly motile signalling molecules; consequently, lipid rafts have been 

termed “organizational centers” for signalling (74).

1.5.2. Functions o f  GPI-anchored proteins

GPI-anchored proteins serve a wide variety of functions on the cell surface. 

These include, but are not limited to, roles as adhesion molecules, enzymes, antigens, and 

mediators of cell signalling [reviewed in (75)]. In particular, their ability to modulate cell 

signalling is an interesting concept since GPI-anchored proteins are exclusively linked to 

the outer leaflet of the lipid membrane bilayer and lack a transmembrane domain.

Several studies have shown that Ab-mediated cross-linking of numerous GPI- 

anchored proteins [e.g. 5'-NT (76), Thy-1 (77), Ly-6 (78), DAF (79)] has a downstream 

effect on signalling events; namely tyrosine, serine, and threonine residue 

phosphorylation, intracellular calcium mobilization, and transcription factor activation. 

Interestingly, it is believed that a component of the GPI anchor itself is responsible for 

signalling since cells expressing a transmembrane form of the GPI-anchored protein 

decay accelerating factor (DAF), also known as CD55, were not activated when cross-



Figure 1.3. The structure of the GPI anchor. GPI-anchored proteins are linked at their 

carboxyterminus to a trimannosyl-glucosamine core. The core is attached to 

phosphatidylinositol, which anchors the structure to the outer leaflet of the plasma 

membrane through a phosphodiester linkage (shown in blue). In the presence of PI-PLC, 

the phosphodiester bond is cleaved and the protein is released from the cell surface. 

P-EthN: phosphoethanolamine; Man: mannose; GlcN: glucosamine; Ino: inositol; PI-PLC: 

phosphatidylinositol-phospholipase C.

Adapted from M edof et ai, 1996 (80) and Paulick and Bertozzi, 2008 (75)
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linked (81). How an outer leaflet protein interacts with the inner leaflet remains 

somewhat of a mystery; however, a number of theories to explain signalling through GPI- 

anchored proteins have been proposed. GPI-anchored proteins have been shown to 

associate with PTKs, key regulators of cell activation and signal transduction (82). It has 

been suggested that lipid raft microdomains coalesce when GPI-anchored proteins are 

cross-linked, which facilitates interactions between PTKs and allows them to reach the 

cell’s required threshold for activation (74, 83). Others propose that GPI-anchored 

proteins physically interact with transmembrane proteins such as CD45 (84), forming a 

bridge between the GPI-anchored protein and the inner leaflet of the plasma membrane. 

Ultimately, these signalling events have been most commonly observed in T lymphocytes, 

suggesting that signalling induced by GPI-anchored proteins may be mediated by the 

TCR. For Thy-1- and Ly-6 -mediated activation, the presence of the TCR is required for 

activation to occur (85). Furthermore, T lymphocyte clones that are deficient in GPI 

anchor biosynthesis have a reduced capacity to signal through their TCR (8 6 ). This 

interdependence between the TCR and GPI-anchored proteins further supports the notion 

that GPI-anchored proteins play an important role in cell signalling.

1.5.3. Defects in GPI anchor biosynthesis

GPI anchor biosynthesis is mediated by the X-linked phosphatidylinositol glycan 

class A (PIG-A) gene. Somatic mutations in this gene leads to the partial or complete 

lack of GPI-anchored proteins on all blood cells, giving rise to a disorder called 

Paroxysmal Noctural Hemoglobinuria (PNH) (87). This condition is characterized by 

hemolysis, thrombosis, and anemia due to the increased susceptibility of red blood cells 

to components of the complement cascade (8 8 ). Specifically, DAF and Membrane 

Inhibitor of Reactive Lysis (MIRF or CD59 or protectin) are GPI-anchored proteins that 

protect red blood cells from complement-mediated lysis in normal individuals (89, 90). 

Although red blood cell lysis is the dominant manifestation of PNH, these individuals 

also exhibit underlying immune cell functional abnormalities. For example, T cells from 

PNH patients have severe defects in TCR-dependent proliferation and IFN-y production 

(91).
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Most of the work done to better understand the role o f GPI-anchored proteins in 

cell signalling has utilized T lymphocytes. Whether and how GPI-anchored proteins 

mediate /NKT cell signalling have not been previously explored. To investigate this 

notion, my research has focused on the GPI-anchored proteins Thy-1 (CD90) and CD55 

(DAF) on /NKT cells.

1.6. Thy-1

1.6.1. The history o f  Thy-1

Thy-1 is a small, heavily glycosylated GPI-anchored protein (92). It was first 

identified in the 1960s as a marker to distinguish between lymphocytes of thymic and 

non-thymic origin (93). Since then, investigations on Thy-1 have led to a number of 

important discoveries in a wide range of fields including—but not limited to— 

immunology, neuroscience, and biochemistry. Anti-sera specific for Thy-1 were the first 

reagents used to distinguish between B cells and T cells (94). It was later observed that 

Thy-1-specific anti-sera caused spleen and lymph node proliferation, suggesting a role for 

Thy-1 in T cell activation (95). This was later confirmed by Kroczek et al., who 

identified an anti-Thy-1 mAb (clone G7) that was capable of activating T cells (96). 

Structural studies on Thy-1 established the foundation of the immunoglobulin 

superfamily (97) and led to the first biochemical characterization of a vertebrate GPI 

anchor (98). Currently, Thy-1 is used as a marker for lipid rafts in murine cells due to its 

abundance within these specialized areas. Despite five decades of fruitful research on 

Thy-1, its exact biological function remains somewhat of a mystery.

1.6.2. Characteristics o f  Thy-1

Homologues of Thy-1 have been identified in both invertebrate and vertebrate 

species including squid (99), frogs (100), chickens (101), rodents (93, 102), dogs (103), 

and humans (104). In mice, there are two allelic variants of the Thy-1 gene that code for 

either Thy-1.1 or Thy-1.2 (105). The latter is expressed in most mouse strains whereas
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the former is limited to AKR/J and PL strains. Thy-1.1 and Thy-1.2 differ only in amino 

acid 89, which are arginine and glutamine in Thy-1.1 and Thy-1.2, respectively (97).

1.6.3. Thy-1 tissue distribution and expression

Thy-1 is expressed on a diverse assortment of cell types including thymocytes 

(93), lymphocytes (106), neuronal cells (93), fibroblasts (107), and stem cells (108). In 

all species studied to date, Thy-1 is present on neuronal cells and fibroblasts. In contrast 

to this conserved expression, Thy-1 expression in the immune system varies largely 

between species. In mice, Thy-1 is the most heavily expressed surface protein on 

thymocytes, covering 10-20% of the total cell surface [reviewed in (109)]. As 

thymocytes mature into T cells, Thy-1 levels decrease [reviewed in (110)]. Mature 

mouse T cells express Thy-1 at lower levels (-200,000 copies per cell) than thymocytes 

(-1 million copies per cell). In rats, Thy-1 is found on both early and mature thymocytes; 

however, this expression is lost on mature T cells. Finally, in humans, Thy-1 expression 

is strictly confined to a small population of early cortical thymocytes ( 1 1 1 ).

1.6.4. Functions o f  Thy-1

The reported functions of Thy-1 are diverse and sometimes contradictory 

depending on where it is expressed. On neurons and endothelial cells, Thy-1 has 

adhesion properties and mediates cell-cell interactions [reviewed in (112)]. Neuronal 

Thy-1 has dual functions, acting as both a receptor on neurons and as a ligand for (33 

integrins on astrocytes (113). It is reported to act by either inhibiting (114) or promoting 

(115) neurite outgrowth. When acting as a ligand, Thy-1 induces focal adhesion 

formation and stress fiber formation in astrocytes (113). Endothelial cell Thy-1 binds to 

p2  integrins on the surface o f leukocytes, thereby facilitating leukocyte migration and 

extravasion through the endothelium (116, 117). Thy-1 has also been shown to have 

adhesive properties in the immune system. Thymocyte adhesion to the thymic epithelium 

is mediated by Thy-1 interacting with an unknown ligand, suggesting that Thy-1 may 

play a role in early T cell maturation (118). While the role of Thy-1 as an adhesion 

molecule is important, most studies on Thy-1 in the immune system have focused on its 

ability to modulate T cell activation and proliferation.
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Thy-1 function in the context of T cells has been primarily studied using an array 

of anti-Thy-1 mAbs. As a result, differences in antibody specificities and experimental 

systems have identified conflicting functions for Thy-1. Thy-1 cross-linking stimulates 

proliferation and IL-2 production by T cells independent from TCR-mediated signalling 

(77). Interestingly, an intact and functional TCR/CD3 complex must be present in order 

for T cells to be activated through Thy-1 (85). When combined with conventional TCR 

stimulation, Thy-1 cross-linking enhances TCR signalling as measured by tyrosine 

phosphorylation, intracellular calcium influx, and IL-2 production (119). Furthermore, 

peripheral T cells from Thy-1-deficient mice show reduced calcium influx and tyrosine 

kinase activity following TCR stimulation (120). Conversely, Thy-1 has also been shown 

to negatively regulate T cell responses. Thymocytes of Thy-1-deficient mice showed 

hyperresponsiveness to TCR triggering in the form of increased phosphorylation of TCR 

subunits, calcium influx, and cell proliferation (121). These conflicting findings reflect 

the controversy that exists with regard to the function of Thy-1 in T cell biology.

1.6.5. Outstanding questions

Despite the abundance of research on Thy-1 over the past five decades, numerous 

outstanding and important questions remain. Firstly, the ligand for T cell-associated Thy- 

1 remains unknown. As mentioned previously, Thy-1 binds to P2 and P3 integrins on 

neurons and leukocytes such as polymorphonuclear cells, monocytes, and DCs; however, 

little is known for Thy-1 on T cells. Identification of the putative T cell-associated Thy-1 

ligand, if it exists, would reduce our reliance on mAbs to study Thy-1 and would lead to a 

better understanding of Thy-l’s specific biological function. Secondly, precisely how 

signalling through Thy-1 occurs remains a mystery. As with GPI-anchored proteins in 

general, many hypotheses have been proposed to explain how Thy-1 transmits an 

intracellular signal. Potential mechanisms include an association of Thy-1 with the 

TCR/CD3 complex (85) or other transmembrane proteins such as CD45 (84), the release 

of bioactive second messengers upon Thy-1 cross-linking (122), and enhanced protein 

tyrosine kinase phosphorylation due to lipid raft aggregation upon Thy-1 cross-linking 

(83). Others have simply suggested that the abundance of Thy-1 on the cell surface may 

have indirect effects on TCR signalling [reviewed in (109)]. Regardless, no clear
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consensus has been reached with regards to the mechanism explaining how Thy-1 

transmits an intracellular signal. These two outstanding questions combined with the 

conflicting evidence on Thy-1 function stress the importance of further research to better 

understand the immunobiology of this ever enigmatic molecule.

1.7. CD55 (Decay Accelerating Factor)

1.7.1. Characteristics o f  CD 5 5

CD55 is a 70 kilodalton (kDa) protein that is tethered to the cell surface by a GPI 

anchor. It was first identified in 1969 as a regulator of complement activation (123, 124). 

Since then, a number of additional functions for this molecule have been revealed. CD55 

is present on the surface of erythrocytes, leukocytes, epithelial and endothelial cells in all 

species studied to date (125). On peripheral blood cells, the primary function of CD55 is 

to accelerate the decay of both the C3 and C5 convertases of the complement cascade 

(126). This prevents C3b deposition and the downstream formation of the membrane 

attack complex (MAC), ultimately protecting these cells from unnecessary complement- 

mediated lysis. CD55 is also an adhesion receptor for many viral and bacterial pathogens 

such as enteroviruses and Escherichia coli (127, 128). Furthermore, CD55 has been 

identified as a ligand for the epidermal growth factor receptor CD97 (129), which is 

expressed on all cells of hematopoietic origin, including macrophages, dendritic cells, 

and activated leukocytes (130). CD97 is thought to play a role in leukocyte adhesion and 

migration since blocking this molecule with mAbs impairs granulocyte migration in 

experimental colitis and pneumonia (131).

1.7.2. The role o f  CD55 in signal transduction

Like Thy-1 and other GPI-anchored proteins, CD55 has been shown to be 

involved in signal transduction. In human T cells, treatment with rabbit antiserum to 

CD55 combined with phorbol ester led to enhanced T cell proliferation (79). 

Additionally, CD55 was found to associate with the tyrosine kinases Lck and Fyn upon 

concurrent stimulation with mAbs to CD55 and phorbol esters (81). Moving away from
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non-specific mitogenic stimulation, Capasso et al. demonstrated that coengagement of 

CD55 and CD3 resulted in enhanced proliferation and activation of human CD4+ T cells 

(132). In contrast to these findings, a role for CD55 in suppressing T cell function has 

been demonstrated using CD55-deficient mice (133, 134). In these studies, it was shown 

that the T cell hyperresponsiveness seen in CD55-deficient mice was related to increased 

complement activation, as responses returned to normal in CD55'/'C3'/' or CD55'AFactor 

D'/_ double-knockout mice. Overall, these findings suggest that CD55 has a role in 

enhancing T cell activation.

1.8. Rationale and objectives

As described above, little is known concerning the role of GPI-anchored proteins 

such as Thy-1 and CD55 on T cells. On the T cell surface, GPI-anchored proteins have 

been shown to possess costimulatory properties capable of enhancing T cell activation. 

To date, however, the role of these molecules on /NKT cells has not been investigated. 

GPI-anchored proteins may represent a new subset of immunomodulatory molecules on 

the /NKT cell surface. The ability of /NKT cells to either promote or suppress immune 

responses and the relatively unknown mechanisms behind these differential responses 

necessitate further research in this area.

In order to better understand the factors influencing /NKT cell activation, the 

main objective of this study was to investigate the expression and function of GPI- 

anchored proteins in /NKT cells. The specific aims were: (i) to determine whether the 

GPI-anchored protein Thy-1 is expressed on mouse /NKT cells; (ii) to investigate 

whether classical TCR-mediated /NKT cell activation is enhanced by Thy-1 cross-linking; 

and (iii) to translate my findings from mouse to human in order to better understand the 

role of GPI-anchored proteins in human /NKT cell activation. I hypothesized that Thy-1, 

a prototype GPI-anchored protein, is present on mouse /NKT cells and that cross-linking 

of Thy-1 and other GPI-anchored proteins will enhance classical TCR-mediated /NKT 

cell activation resulting in robust cytokine production.
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Chapter 2:

Materials and Methods
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2.1. Cell lines and culture medium

DN32.D3 NKT cells (Val4+, CD4'CD8‘ mouse /NKT hybridoma) (4) were 

obtained from Dr. Albert Bendelac (Howard Hughes Medical Institute, Chicago, IL). 

N38-2C12 NKT cells (V al4+, CD4+CD8' mouse iNKT hybridoma) (135) were a gift 

from Dr. Kyoko Hayakawa (Fox Chase Cancer Center, Philadelphia, PA). Human 

mesenchymal stem cells (aldehyde dehydrogenase high, ALDHhl) (136) were generously 

provided by Dr. David Hess (Robarts Research Institute, The University of Western 

Ontario, London, ON). All mouse cells were maintained in RPMI-1640 medium 

(G1BCO® Invitrogen, Carlsbad, CA) supplemented with 10% heat-inactivated fetal calf 

serum (FCS) (HyClone, Logan, UT), 100 U/mL penicillin, 100 pg/mL streptomycin, 2 

mM L-glutamine, 0.1 mM MEM non-essential amino acids (all from GIBCO® 

Invitrogen), 1 mM sodium pyruvate and 50 uM p-mercaptoethanol (both from Sigma- 

Aldrich Canada Ltd., Oakville, ON). Human cells were cultured in RPMI-1640 

containing 10% FCS, 100 U/mL penicillin, 100 pg/mL streptomycin, and 2 mM L- 

glutamine (hereafter referred to as complete medium).

2.2. Mice

C57BL/6 mice were purchased from Charles River Canada (Senneville, PQ) and 

maintained under specific pathogen-free conditions in the Animal Care and Veterinary 

Services unit of The University of Western Ontario. Adult (6-12 week old) female mice 

were used in all experiments and were cared for in accordance with the guidelines 

established by the Canadian Council on Animal Care.

2.3. Antibodies and reagents

Monoclonal antibodies to Thy-1 (activating clone G7 and blocking clone 30-H12) 

were purchased from eBioscience (San Diego, CA). Functional grade isotype controls 

Rat IgG2c and Mouse IgGl were from MBL International (Woburn, MA) and 

eBioscience, respectively. Rat IgG2c was used as a control for anti-Thy-1 mAb clone G7
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and Mouse IgGl was used as a control for anti-CD55 mAb. Monoclonal antibodies 

against human CD55 (functional grade and PE-conjugated) were purchased from the 

International Blood Group Reference Laboratory (Bristol, UK). For a list of all 

fluorescent antibodies used in this study, please see Tables 2.1., 2.2., and 2.3..

Synthetic a-galactosylceramide (a-GalCer) and its vehicle (polysorbate-20) were 

originally obtained from Kirin Brewery (Tokyo, Japan). Allophycocyanin (APC)- 

conjugated PBS-57-loaded and -unloaded CDld tetramers for staining mouse and human 

/NKT cells were generously provided by the National Institutes of Health Tetramer Core 

Facility (Atlanta, GA). Percoll and Ficoll-Paque density gradients were from GE 

Healthcare (Chalfont St. Giles, UK). Recombinant mouse IL-4 and granulocyte- 

macrophage colony-stimulating factor (GM-CSF) were purchased from PeproTech Inc. 

(Rocky Hill, NJ). Carboxyfluorescein diacetate, succinimidyl ester (CFSE) was 

purchased from Molecular Probes® Invitrogen.

2.4. Flow cytometric analysis

Rat hybridoma cells (clone 2.4G2) producing a mAb against mouse Fey receptor 

(FcyR) II/III (“Fc block”) were obtained from Dr. Jonathan Yewdell (National Institute of 

Allergy and Infectious Diseases, Bethesda, MD). For mouse cell staining, cells were 

preincubated with Fc block for 20 minutes before incubation with fluorescent antibodies 

for 30 minutes on ice. Staining was performed in phosphate-buffered saline (PBS) 

(GIBCO® Invitrogen) containing 2% FCS and 0.1% sodium azide (Fisher Scientific 

Company, Ottawa, ON), hereafter referred to as FACS staining buffer. After staining, 

cells were washed twice prior to fixation in 1% paraformaldehyde (Electron Microscopy 

Sciences, Hatfield, PA). Flow cytometry was performed using a FACSCalibur or 

FACSCanto II and CellQuest or FACSDiva software (BD Biosciences, San Jose, CA). 

Analysis was carried out using FlowJo (Treestar, Inc., Ashland, OR).
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Table 2.1.: Anti-mouse antibodies used in this research

Target Fluorochom e Clone Origin Company
CD1d PE 1B1 Rat BD Pharmingen
CD11c FITC N418 Armenian Hamster eBioscience
CD16/CD32 R-PE 2.4G2 Rat BD Pharmingen
CD16/CD32 functional grade 93 Rat eBioscience
CD25 PE PC61.5 Rat eBioscience
CD69 PE H1.2F3 Armenian Hamster BD Pharmingen
CD80 FITC 16-10A1 Armenian Hamster eBioscience
CD86 APC GL1 Rat eBioscience
CD90 FITC 30-H12 Rat eBioscience
CD90 PE 30-H12 R a t_____ eBioscience
CD90 functional grade G7 Rat eBioscience
CD90 functional grade 30-H12 Rat eBioscience

! NK1.1 PE PK136 Mouse BD Pharmingen
TCR3 FITC H57-597 Armenian Hamster eBioscience

Table 2.2.: Anti-human antibodies used in this research

Target Fluorochom e Clone Origin Company
CD3 FITC OKT3 Mouse eBioscience
CD3 APC-eFluor780 UCHT1 Mouse eBioscience
CD55 ...PE.................... ....... BRIC 216 j Mouse U of Bristol
CD55 functional grade BRIC 216 j Mouse U of Bristol
CD69 PE FN50 Mouse eBioscience
CD90 PE 5E10 Mouse eBioscience

, io con'!* Jcids outer uk 'wcVcd wr-c* t, oJumiv wcr£ incuhidcd 
Table 2.3.: Isotype control immunoglobulins used in this research

Isotype Fluorochrom e Origin Com pany

J g Q l FITC Rat eBioscience

.iflGI PE Rat eBioscience
ig e i PE Mouse eBioscience
lgG1 functional grade Mouse eBioscience
lgG2a APC Rat eBioscience
lgG2b PE Rat eBioscience
lgG2c functional grade Rat MBL



30

2.5. Splenic and hepatic lymphoid mononuclear cell preparation

Mice were sacrificed by carbon dioxide (CO2) asphyxiation. For isolation of 

splenic mononuclear cells, spleens were removed and processed in ice-cold PBS (pH 7.2- 

7.4) using a glass tissue homogenizer. Cell suspensions were depleted of erythrocytes by 

incubation with ACK lysis buffer (0.15 M NH4CI, 1 mM KHCO3, 0.1 mM EDTA) for 5 

minutes at room temperature with occasional mixing. For isolation of hepatic 

mononuclear cells, the liver was perfused by injecting 10 mL of PBS into the hepatic 

portal vein using a 10 mL syringe and a 27-gauge needle (Becton Dickinson, Franklin 

Lakes, NJ). The excised liver was cut into small pieces and pressed through wire mesh 

with a glass plunger (Sigma-Aldrich Canada Ltd.). The liver homogenate was 

resuspended in a 33.75% Percoll solution (GE Healthcare) and centrifuged at 700 x g for 

12 minutes at 25°C. The pelleted cells were washed and cell suspensions were depleted 

of erythrocytes as described above.

2.6. Magnetic bead /NKT cell isolation

For splenic /NKT cell isolation, nylon wool fiber columns (Polysciences Inc. 

Warrington, PA) were used to deplete cell suspensions of B cells and adherent cells (137). 

The columns were pre-incubated at 37°C with 20 mL of pre-warmed cRPMI. After 1 

hour, 1 -2  x 1 0 8 splenocytes were added to each column and the medium was drained to 

allow the cells to completely enter the packed wool. Columns were incubated for 1 hour 

at 37°C. Next, non-adherent cells were collected by opening the stopcock and slowly 

allowing the cell suspension to exit the column into a 50 mL Falcon tube (Becton 

Dickinson). The collected cells were spun down and resuspended in cRPMI.

Hepatic lymphoid mononuclear cells and T cell-enriched splenocytes were each 

resuspended in PBS + 2% FCS + 1 mM EDTA (EasySep buffer) at a concentration of 1-2 

x 108 cells/mL. Following the manufacturer’s instructions, /NKT cells were isolated 

using the EasySep APC Selection Kit (StemCell Technologies, Vancouver, BC). The 

APC-conjugated antibody used was APC-conjugated PBS-57-loaded mouse CD Id
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tetramer at a 1:40 dilution of 25 pL per 1 mL of cell suspension. To improve purity, an 

additional round of magnetic separation was performed for a total of six 5 minute 

separations. The purity of isolated /NKT cells from both the spleen and the liver was 

>95% as judged by flow cytometry.

2.7. Hepatic /NKT cell sorting

To prevent non-specific antibody binding, liver mononuclear cells were incubated 

with 20 pL Fc block per million cells for 20 minutes on ice. Cells were stained with 

fluorescein isothiocyanate (FITC)-conjugated anti-TCR(3 mAb (clone H57-597) (T.200 

dilution in FACS staining buffer) from eBioscience and phycoerythrin (PE)-conjugated 

anti-NKl.l mAb (clone PK136) (1:50 dilution in FACS staining buffer) from BD 

Biosciences for 30 minutes on ice. To prevent clumping, cells were washed and briefly 

incubated with PBS + 0.1% bovine serum albumin (BSA) + 10 mM EDTA (both from 

Sigma-Alderich Canada Ltd.) for 10 minutes. Cells were washed again, filtered through 

a 40-pm strainer (Becton Dickinson), and resuspended at 30-40 x 106 cells/mL in Hank’s 

Buffered Saline Solution (HBSS, pH 7.2-7.4) (GIBCO® Invitrogen) with 0.1% BSA. 

TCRP+NK1.1+ cells were sorted using a FACSVantage cell sorter and FACSDiva 

software (both BD Biosciences). The purity of sorted /NKT cells was >99%.

2.8. Generation of bone marrow-derived dendritic cells (BMDCs)

The femurs and tibias of adult mice were excised and placed in cold PBS. All soft 

tissue was removed and the bones were sterilized in 70% ethanol for one minute. To 

obtain bone marrow cells, the ends of the bone were cut and the interior was flushed with 

cold PBS using a 10 mL syringe and a 27-gauge needle. Bone marrow cells were filtered 

through a 70-pm strainer (Becton Dickinson) and red blood cells were removed using 

ACK lysis buffer as described above. Cells were resuspended at 4 x 106 cells/mL in 

cRPMI containing 4 ng/mL GM-CSF and 1000 U/mL IL-4 (both from PeproTech Inc., 

Rocky Hill, NJ) and 20 x 106 cells were seeded into each well of a 6-well polystyrene 

plate (Becton Dickinson). On days 2 and 4, floating cells were removed and fresh cRPMI



32

containing GM-CSF and IL-4 was added to the adherent cells. On day 6 when dendritic 

cells detach, all floating cells were harvested. Surface staining was performed on an 

aliquot of cells in order to confirm the expression of various DC markers. BMDCs were 

stained with FITC-conjugated anti-CDl lc mAb (1:100 dilution in FACS staining buffer), 

PE-conjugated anti-CDld mAb (1:100 dilution in FACS staining buffer), FITC- 

conjugated anti-CD80 mAb (1:100 dilution in FACS staining buffer), and APC- 

conjugated anti-CD86 mAb (1:150 dilution in FACS staining buffer) or their respective 

isotype-matched controls. After this step, unstained cells were used in cell culture as 

accessory cells.

2.9. In vitro /NKT cell activation

Between 20,000 - 100,000 /NKT cells in a total volume of 200 pL were seeded in 

96-well polystyrene microplates (Becton Dickinson). Flat-bottomed plates were used for 

activating hybridomas (DN32.D3 and N38-2C12), while U-bottom plates were used for 

freshly isolated hepatic /NKT cells. When activating either the N38-2C12 hybridoma or 

sorted /NKT cells, BMDCs were added to the wells at a ratio of 5 /NKT: 1 DC. Cells 

were stimulated with either a-GalCer, anti-Thy-1 (G7), or a combination of the two. In 

some experiments, cells were first treated with increasing concentrations of the anti-Thy- 

1 blocking mAb (clone 30-H12) for 20 minutes prior to the addition of G7. In other 

experiments, FcyRs II/III were blocked with anti-CD 16/32 (5 pg/mL) for 20 minutes 

prior to the addition of G7. For the /NKT hybridomas, culture supernatants were 

harvested after 24 hours in order to analyze cytokine levels by enzyme-linked 

immunosorbent assay (ELISA). For sorted /NKT cells, culture supernatants were 

harvested after 48 hours. All cultures were incubated at 37°C and 5% CO2 for the 

indicated time periods.

2.10. In vivo /NKT cell activation

Mice were injected intraperitoneally (i.p.) with 2 pg of a-GalCer or vehicle. After 

72 hours, mice were sacrificed and splenic and hepatic mononuclear cells were isolated
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as described above. Cells were stained with FITC-conjugated anti-TCR(3 mAb and APC- 

conjugated PBS-57-loaded mouse CDld tetramer (both at a 1:100 dilution in FACS 

staining buffer) and /NKT cells (TCRp+CDld tetramer+) were analyzed using flow 

cytometry.

2.11. Analysis of cytokine production

The cytokine content o f culture supernatants was quantified by ELISA using the 

Ready-Set-Go kits for mouse IL-2, IL-4, and IFN-y (eBioscience). Plates were read at a 

dual wavelength of 450/570 nm using a Benchmark Microplate Reader (Bio-Rad 

Laboratories, Hercules, CA).

2.12. Reverse transcriptase quantitative PCR (RT-qPCR)

DN32.D3 cells were seeded into 24-well plates (Becton Dickinson) at 1-2 x 106 

cells/well in a total volume of 1 mL. Cells were stimulated with a-GalCer (100 ng/mL), 

the indicated doses of anti-Thy-1 mAb G7, or a combination of the two as described 

above. After 24 hours, the cells were harvested and total RNA was extracted using 

TRIzol (Invitrogen). RNA concentration and purity were measured using a NanoDrop 

1000 (Thermo Scientific, Waltham, MA). One pg of RNA was reverse transcribed into 

complementary DNA (cDNA) using oligo(dT)ig primers within the Advantage RT-for- 

PCR Kit (Clontech Laboratories Inc., Mountain View, CA). For qPCR, the resulting 

cDNA was diluted 1:100 in diethyl pyrocarbonate (DEPC)-treated water (Invitrogen) for 

GAPDH amplification, 1:5 for IL-2 and IL-4 amplification, and remained undiluted for 

IFN-y amplification. Briefly, 2.5 pL of cDNA was added to 10 pL QuantiTect SYBR 

Green (Qiagen Inc., Mississauga, ON), 2.4 pL of 1.25 pM forward and reverse primers, 

and 5.1 pL DEPC-treated water for a total volume of 20 pL/tube. Primers used for cDNA 

amplification can be found in Table 2.4. The amplification protocol for all genes of 

interest was as follows: the Taq DNA polymerase was activated for 15 minutes at 95°C 

followed by 40 cycles of denaturation for 15 seconds at 95°C and annealing for 30 

seconds at 60°C. A melt analysis was always performed post-cDNA amplification in
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Table 2.4.: Primers used for quantitative polymerase chain reaction (qPCR)

Gene of Interest Primers

GAPDH F: 5'- CGT CCC GTA GAC AAA ATG GT -3' 
R: 5'- TTG ATG GCA ACA ATC TCC AC -3'

IL-2 F: 5'- AAC TCC CCA GGA TGC TCA C -3' 
R: 5’- CGC AGA GGT CCA AGT TCA TC -3'

IL-4 F: 5’- TGA ACG AGG TCA CAG GAG AA -3* 
R: 5'- CGA GCT CAC TCT CTG TGG TG -3'

IFN-y F: 5’- ACA GCA AGG CGA AAA AGG AT -3' 
R: 5’- TGA GCT CAT TGA ATG CTT GG -3'
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order to ensure that only one PCR product was being amplified. Data was acquired on a 

Rotor-Gene 3000 (Corbett Life Science, Concord, AUS) and analyzed using the AACt 

method (138). This method was applicable since all primers had 100% efficiency as 

judged by linear regression analysis of a standard cDNA dilution series. mRNA levels 

were expressed relative to untreated cells, which were assigned an arbitrary expression 

ratio of 1.

2.13. Human peripheral blood mononuclear cell (PBMC) isolation

All human work was performed in accordance with a protocol approved by the 

University of Western Ontario Research Ethics Board for Health Sciences Research 

Involving Human Subjects. Peripheral blood was collected from healthy volunteers 

(male and female, ranging in age from 23 to 44 years old) into heparinized vacutainer 

tubes (Becton Dickinson) and subsequently diluted with an equal volume of PBS. The 

diluted blood was overlaid onto a Ficoll-Paque gradient (GE Healthcare) and spun at 800 

x g for 30 minutes. Mononuclear cells at the interface were isolated and washed twice 

with PBS and spun at 1400 rpm and once at 1000 rpm to remove platelets. PBMCs were 

resuspended in complete medium.

2.14. Thy-1 expression on human /NKT cells

Human PBMCs were incubated with APC-conjugated PBS-57-loaded human 

CDld tetramer at room temperature (1:100 dilution in FACS staining buffer). After 30 

minutes, excess tetramer was removed by washing once in FACS staining buffer. Cells 

were further stained with either APC-eFluor780-conjugated anti-CD3 mAb (1:20 dilution 

in FACS staining buffer) or FITC-conjugated anti-CD3 mAb (1:5 dilution in FACS 

staining buffer) and either PE-conjugated anti-Thy-1 mAb (1:5 dilution in FACS staining 

buffer) or an isotype control for 30 minutes on ice. Following this step, cells were 

washed twice with PBS and flow cytometric analysis was immediately performed using a 

FACSCanto II with FACSDiva software. In some studies, human mesenchymal stem 

cells were used as a positive control for Thy-1 expression. Cells were harvested and
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stained with PE-conjugated anti-Thy-1 mAb or an isotype-matched control as described 

above.

2.15. CFSE proliferation assay

Human PBMCs were incubated with 5 pM CFSE (Molecular Probes® Invitrogen) 

for 15 minutes at 37°C. Cells were washed and further incubated in complete medium 

for 30 minutes. CFSE-stained cells were seeded at 3 x 106 cells per well in a 24-well 

plate. Some wells had been coated overnight with 10 pg/mL anti-CD55 (International 

Blood Group Reference Laboratory, Bristol, UK) diluted in PBS. Prior to seeding, the 

plate was extensively washed with PBS. In addition to plate-bound anti-CD55, an 

optimal dose of a-GalCer (100 ng/mL) was added to some cultures. On day 6, cells were 

harvested and /NKT cells were identified by staining with APC-conjugated PBS-57- 

loaded human CDld tetramer (1:100 dilution in FACS staining buffer). Using a 

FACSCanto II with FACSDiva software, CDld tetramer+ /NKT cells were gated upon 

and CFSE dilution was analyzed.

2.16. Statistical analysis

For cytokine data, the results are graphed as mean ± standard deviation (SD) in 

triplicate wells of independent experiments. Differences were determined by Student’s 

two-tailed t test using GraphPad Prism 5 software (GraphPad Software Inc., La Jolla, 

CA). Differences were considered statistically significant at R-values less than 0.05 

where *, ** and *** denote P<0.05, P<0.01, and P0.001, respectively. Data are shown 

as representative of at least three independent experiments unless otherwise stated.



Chapter 3:

Results
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3.1. Thy-1 is highly expressed on both resting and activated mouse /NKT cells

Thy-1 (CD90) has been shown to be expressed on mouse T cells (106); however, 

its presence on /NKT cells has yet to be reported. In order to investigate this, DN32.D3 

mouse /"NKT hybridoma cells were left untreated or activated with 100 ng/mL of the 

/NKT cell agonist a-GalCer for 24 hours and were subsequently stained for Thy-1. It was 

observed that Thy-1 is highly expressed on both resting and activated DN32.D3 cells 

(Figure 3.1.). This finding was further confirmed in primary mouse cells. Mice were 

injected i.p. with either a-GalCer or vehicle. Three days later, when /NKT cell expansion 

is known to reach its peak (45), mice were sacrificed. Splenocytes and liver lymphoid 

mononuclear cells were isolated and Thy-1 expression was analyzed by flow cytometry. 

Thy-1 was found to be highly expressed on both resting and activated primary /NKT cells 

(TCR.p+CDld tetramer+) (Figure 3.2.). As expected, conventional T cells (TCRP+CDld 

tetramer') were highly positive for Thy-1, whereas non-T cells (TCRP') did not exhibit 

any marked expression of Thy-1 (data not shown). Interestingly, the surface expression 

of Thy-1 on a per cell basis was slightly decreased upon activation in both the hybridoma 

and the primary /NKT cells. Nevertheless, these experiments clearly show abundant 

expression of Thy-1 on mouse /NKT cells regardless of their activation status.

3.2. Thy-1 cross-linking leads to mouse /NKT cell activation

Thy-1 cross-linking has been shown to lead to conventional T cell activation 

independent of classical TCR-mediated activation as judged by proliferation and IL-2 

production (77), suggesting a role for Thy-1 in costimulation of T cell responses. Since 

little is known regarding the events and costimulatory molecules involved in /NKT cell 

activation, the effects of Thy-1 cross-linking in /NKT cells were explored using a soluble 

anti-Thy-1 mAb (clone G7) that can cross-link Thy-1 on the cell surface (96). DN32.D3 

cells were incubated for 24 hours with increasing doses of G7 and IL-2 production was 

measured as an indicator of activation. Thy-1 cross-linking by G7 induced IL-2 

production in a dose dependent manner (Figure 3.3.). DN32.D3 cells that were

incubated with 40 pg/mL of a rat IgG2c mAb (isotype control for G7) did not produce



Figure 3.1. Thy-1 is expressed on mouse /NKT hybridoma cells. DN32.D3 mouse 

/NKT hybridoma cells were left untreated or were activated with a-GalCer (100 ng/mL) 

for 24 hours. Cells were harvested and stained with PE-conjugated anti-Thy-1.2 mAb 

(open histogram) or isotype control (filled histogram). The expression of Thy-1 was 

analyzed by flow cytometry and the mean fluorescence intensity (MFI) was calculated. 

Data are representative of 3 experiments yielding similar results.
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Figure 3.2. Thy-1 is expressed on mouse splenic and hepatic /NKT cells. C57BL/6 

mice were injected intraperitoneally with 2 pg of a-GalCer or vehicle. Splenocytes (A) 

and hepatic lymphoid mononuclear cells (B) were prepared 72 hours post-injection. Cells 

were stained with FITC-conjugated anti-TCRp mAb, A PC-conjugated PBS-57-loaded 

mouse CD Id tetramer, and either PE-conjugated anti-Thy-1.2 mAb (open histogram) or 

isotype control (filled histogram). TCRp+CDld tetramer+ /NKT cells were gated on and 

Thy-1 expression was analyzed. Data are representative of 3 experiments yielding 

similar results. MFI: mean fluorescence intensity.
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Figure 3.3. Thy-1 cross-linking alone leads to mouse /NKT cell activation. DN32.D3 

cells were seeded at 20,000 cells per well in a 96-well plate. Cells were incubated with 

various doses of soluble anti-Thy-1 mAb (clone G7) or an isotype control (rat IgG2c). 

After 24 hours, culture supernatants were harvested and IL-2 levels were measured by 

ELISA. Error bars represent standard deviation of triplicate wells within each 

experimental group. Data are representative of 3 experiments yielding similar results.
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any IL-2. For subsequent experiments utilizing G7, a concentration of 5 pg/mL was 

chosen as the low dose since it induced IL-2 at concentrations slightly lower than the half 

maximal levels. For the high dose, 40 pg/mL G7 was selected as this was where the IL-2 

response began to plateau.

/NKT cells have been reported to express FcyRIII (139), a receptor capable of 

binding the Fc portion of antibodies of IgG isotype. FcyRII/III expression on DN32.D3 

cells was examined and it was found that FcyRs were present on these cells (Figure 

3.4A). To ensure that ¡'NKT cell activation by G7 was a consequence of Thy-1 triggering 

and not G7 binding to FcyRs, DN32.D3 cells were pre-incubated with 5 pg/mL anti- 

FcyRII/III mAb for 20 minutes. Following this, increasing doses of soluble G7 were 

added to the cultures. Blockade of FcyRs failed to decrease Thy-1-mediated IL-2 

production (Figure 3.4B), clearly indicating that ¡"NKT cell activation was not mediated 

by non-specific binding of G7 to ¡NKT cells through FcyRs.

3.3. Thy-1 cross-linking enhances a-GalCer-mediated mouse /NKT cell activation

3.3.1. iNKT hybridoma cells

Thy-1 is reportedly capable of both activating (119) and suppressing (121) 

conventional T cell responses depending on the experimental conditions used. Thy-1 is 

unique among classic costimulatory molecules in that it can act as signal 1 (e.g. in the 

absence of TCR-mediated signalling) in addition to acting as signal 2 (140). Similar to 

conventional T cell responses, I have demonstrated that Thy-1 cross-linking leads to 

/NKT cell activation. More importantly, the influence of Thy-1 on TCR-mediated ¡NKT 

cell activation is unknown. In order to investigate this, the optimal concentration of a- 

GalCer that would yield the greatest amount of IL-2 production by DN32.D3 cells was 

first determined. Stimulation with 100 ng/mL of a-GalCer induced the greatest response, 

which is consistent with what has been widely published in the literature (Figure 3.5A). 

For measuring activation, the optimal time point was determined to be between 24 and 48 

hours post-stimulation, which is also consistent with the literature (Figure 3.5B). The 24 

hour time point was chosen for all subsequent experiments utilizing DN32.D3 cells.



Figure 3.4. FeyRs are present on mouse /NKT cells but do not contribute to Thy-1- 

mediated /NKT cell activation. A) DN32.D3 cells were stained with PE-conjugated 

anti-FeyRII/II1 mAb (open histogram) or isotype control (filled histogram). FcyRII/III 

expression on DN32.D3 cells was analyzed by flow cytometry. B) FeyRs of DN32.D3 

cells were blocked by treatment with an anti-FcyRII/III mAb (5 pg/mL). After 20 

minutes, indicated doses of soluble G7 were added into the cultures. Culture supernatants 

were harvested after 24 hours and IL-2 levels were measured by ELISA. Error bars 

represent standard deviation of triplicate wells within each experimental group. Data are 

representative of two independent experiments yielding similar results. MFI: mean 

fluorescence intensity.
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Figure 3.5. Kinetics of a-GalCer-mediated mouse /NKT cell activation. A) DN32.D3 

cells were incubated with various doses of a-GalCer or 1000 ng/mL of vehicle for 24 

hours. Culture supernatants were harvested and IL-2 levels were measured by ELISA. B) 

DN32.D3 cells were incubated with 100 ng/mL of a-GalCer. Culture supernatants were 

harvested at the indicated time points post-stimulation and the IL-2 content of culture 

supernatants was measured by ELISA. Error bars represent standard deviation of 

triplicate wells within each experimental group. Data are representative of three 

independent experiments yielding similar results.
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To explore how Thy-1 cross-linking may modulate classical TCR-mediated /NKT 

cell activation, DN32.D3 cells were stimulated with G7 in the presence or absence of a- 

GalCer. After 24 hours of culture, supernatants were harvested and their cytokine 

contents were measured. For Thy-1 cross-linking, a low dose (5 pg/mL) and a high dose 

(40 pg/mL) of G7 were used in order to better characterize Thy-l’s ability to activate 

and/or suppress TCR-mediated /NKT cell activation. When DN32.D3 cells were 

stimulated with a-GalCer and either a low or high dose of G7, IL-2 production was 

statistically significantly greater than that of either treatment alone (Figure 3.6., top 

panel). This indicates that Thy-1 cross-linking enhances a-GalCer-mediated /NKT cell 

activation. IFN-y and IL-4 levels were also examined in order to see whether Thy-1 

cross-linking induces the production of prototype /NKT cell cytokines. Thy-1 cross- 

linking alone induced IFN-y and IL-4 production at both doses; furthermore, it 

significantly enhanced a-GalCer-mediated IFN-y and IL-4 production in a similar manner 

to that seen with IL-2 (Figure 3.6., middle and bottom panels). Given the significance 

of these findings, it was important to ensure that the results were not exclusive to one 

/NKT hybridoma. In mice, two types of /NKT cells exist: CD4'CD8' (double negative, or 

DN) and CD4+CD8‘ (CD4+) /NKT cells (141). Since DN32.D3 is a DN /NKT hybridoma, 

these results were corroborated using the CD4+ /NKT hybridoma N38-2C12. A similar 

trend to what was seen with DN32.D3 cells was observed with N38-2C12 cells for all 

cytokines analyzed (Figure 3.7.). This suggests that enhanced TCR-mediated cytokine 

production after Thy-1 cross-linking was not influenced by CD4 expression and that our 

findings can be generalized to both DN and CD4+ /NKT cells.

While a good measure of activation, the cytokine content of culture supernatants 

does not necessarily reflect new cytokine production. Some cytokines may be bound to 

their corresponding receptors making them undetectable or underdetectable by ELISA 

(142). The expression of these receptors may also be differentially altered by a-GalCer 

and/or G7 treatment. Furthermore, post-transcriptional and post-translational regulation 

may influence the amount of cytokine secreted into culture supernatant. This is 

influenced by the rates of transcription, mRNA turnover, translation, and protein



Figure 3.6. Thy-1 cross-linking enhances a-GalCer-mediated cytokine secretion by 

mouse DN32.D3 /NKT hybridoma cells. DN32.D3 cells were incubated with either a- 

GalCer alone (100 ng/mL), a low (5 pg/mL) or high (40 pg/mL) dose of G7, or a 

combination a-GalCer and G7. After 24 hours, culture supernatants were harvested and 

IL-2, IFN-y, and IL-4 levels were measured by ELISA. Error bars represent standard 

deviation of triplicate wells within each experimental group. Statistical significance is 

denoted by asterisks, where ** and *** represent P<0.01 and P<0.001, respectively. 

Data are representative of three independent experiments yielding similar results.



J3
D

|E
9*

» IL-4(pg/mL) ? IFN-y (pg/mL) ? IL-2(pg/mL)

to

***



Figure 3.7. Thy-1 cross-linking enhances a-GalCer-mediated cytokine secretion by 

mouse N38-2C12 /NKT hybridoma cells. N38-2C12 cells were incubated with either 

a-GalCer alone (100 ng/mL), a low (5 pg/mL) or high (40 pg/mL) dose of G7, or a 

combination of a-GalCer and G7. After 24 hours, culture supernatants were harvested 

and IL-2, IFN-y, and IL-4 levels were measured by ELISA. Error bars represent standard 

deviation of triplicate wells within each experimental group. Statistical significance is 

denoted by asterisks, where ** and *** represent PO.Ol and PO.OOl, respectively.
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degradation (142). For these reasons, reverse transcriptase (RT) quantitative PCR was 

utilized to determine whether Thy-1-mediated enhancement of /NKT cell cytokine 

production also occurred at the mRNA level. DN32.D3 cells were stimulated in culture 

with a combination of G7 and/or a-GalCer. After 24 hours, cells were harvested and total 

RNA was extracted and reverse transcribed into cDNA. Quantitative—also known as 

“real-time”— PCR was performed for the genes encoding IL-2, IFN-y, and IL-4. 

Cytokine mRNA levels were normalized to that of the housekeeping gene GAPDH and 

expressed relative to unstimulated cells using the AACt method (138). Expression ratios 

of IL-2, IFN-y, and IL-4 mRNA were significantly greater in cultures receiving a 

combination of a-GalCer and G7 compared to cultures receiving either treatment alone 

(Figure 3.8.). Interestingly, unstimulated DN32.D3 cells had relatively low levels of 

IFN-y and IL-4 mRNA as judged by the large absolute difference in expression ratios 

between stimulated and unstimulated cells for both cytokines (Figure 3.8., middle and 

bottom panels). This was unexpected since /NKT cells have been shown to circulate in 

an activated state with pre-formed cytokine mRNA ready to be translated (143). 

Regardless, these results were consistent with what was seen at the secreted protein level, 

which further emphasizes that Thy-1 ligation enhances a-GalCer-mediated /NKT cell 

activation.

In addition to cytokine responses, a myriad of studies have measured CD69 and 

CD25 expression on the /NKT cell surface as indicators of activation (139, 144, 145). 

The early activation marker CD69 is upregulated 4 hours after activation and initiates 

PTK activity, calcium flux, and transcription of IL-2 (146). CD25 (IL-2 receptor a-chain) 

is a middle activation marker upregulated 12-24 hours post-activation that initiates 

cellular proliferation and differentiation [reviewed in (147)]. The expression of CD69 

and CD25 in DN32.D3 cells that had been stimulated with a-GalCer alone, G7 alone, or 

a-GalCer combined with G7 was examined. As expected, Thy-1 cross-linking enhanced 

CD69 expression—albeit only slightly— in cells that had been stimulated with a-GalCer 

(Figure 3.9A). Similarly, CD25 levels were only slightly enhanced when cells were 

stimulated with a-GalCer in the presence of Thy-1 ligation; however, CD25 expression 

remained low regardless of the stimulus (Figure 3.9B). While not conclusive evidence,



Figure 3.8. Cytokine mRNA levels are enhanced when Thy-1 is cross-linked in the 

presence of a-GalCer. DN32.D3 cells were incubated with either a-GalCer alone (100 

ng/mL), a low (5 pg/mL) or high (40 pg/mL) dose of G7, or a combination of a-GalCer 

and G7. After 24 hours, cells were harvested and total RNA was extracted. RNA was 

reverse transcribed into cDNA, which was then amplified by qPCR using primers specific 

for IL-2, IFN-y, and IL-4. Cytokine mRNA levels were normalized to GAPDH and the 

normalized values were graphed as expression ratios. Expression ratios were relative to 

untreated cells, which were assigned a value of 1. Error bars represent standard deviation 

of triplicate qPCR reactions within each experimental group. Statistical significance is 

denoted by asterisks, where *** represents PO.OOl. Data are representative of three 

independent experiments yielding similar results.
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Figure 3.9. Expression of activation markers CD69 and CD25 is enhanced when 

Thy-1 is cross-linked in the presence of a-GalCer. DN32.D3 cells were incubated 

with either a-GalCer alone (100 ng/mL), a low (5 pg/mL) dose of G7, or a combination 

of a-GalCer and G7. After 24 hours, cells were harvested and separately stained with 

PE-conjugated anti-CD69 mAb (open histogram) or isotype control (filled histogram) (A) 

and PE-conjugated anti-CD25 mAb (open histogram) or isotype control (filled histogram) 

(B). CD69 and CD25 expression on DN32.D3 cells was analyzed by flow cytometry. 

Mean fluorescence intensity (MFI) values for each treatment group were graphed. Data 

are representative of two independent experiments yielding similar results.
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these results agree with what was seen at the level of cytokine production and further 

support the notion that Thy-1 cross-linking enhances a-GalCer-mediated /NKT cell 

activation.

3.3.2. Freshly isolated primary iNKT cells

To translate what was found in /NKT hybridomas to primary cells, the 

consequences of Thy-1 cross-linking on freshly isolated /NKT cells were examined. 

Mouse /NKT cells were successfully isolated from both the spleen and the liver by 

positive selection using magnetic nanoparticles (Figure 3.10A). A highly pure 

population was obtained (>97% purity) (Figure 3.10B); however, the relative yield was 

poor and a high level of basal activation was observed in cells that received no additional 

stimulus (data not shown). Alternatively, /NKT cells were isolated by cell sorting. 

Hepatic /NKT cells were focused on because the liver has a substantial percentage of 

these cells and because there are well-established procedures for isolating /NKT cells 

from this organ. Liver mononuclear cells were isolated and stained with fluorochrome- 

conjugated mAbs against the /NKT cell surface markers NK1.1 and TCR(3 (Figure 

3.11A). NK1.1 was used instead of the loaded CDld tetramer since tetramer-based 

isolation procedures often lead to partially activated /NKT cells that can spontaneously 

produce cytokines in culture [reviewed in (148)]. Sorted hepatic /NKT cells (>99% 

purity) (Figure 3.1 IB) were cultured with BMDCs in the presence or absence of a- 

GalCer, G7, and a-GalCer combined with G7. BMDC cultures typically consisted of 

approximately 70% C D llc+ cells. These cells expressed CDld, CD80, and CD86 

(Figure 3.12.). Thy-1 cross-linking alone induced IFN-y and IL-4 production by freshly 

isolated hepatic /NKT cells; furthermore, Thy-1 cross-linking enhanced a-GalCer- 

mediated cytokine production (Figure 3.13.). To ensure that G7 treatment was inducing 

cytokine production by the /NKT cells and not by the accessory BMDCs, Thy-1 

expression on BMDCs was assessed. Thy-1 was expressed at moderate levels (Figure 

3.14A) but its cross-linking on BMDCs did not result in IFN-y or IL-4 production 

(Figure 3.14B). Overall, what was found using freshly isolated primary hepatic /NKT 

cells was consistent with what was observed using /NKT cell hybridomas and provides



Figure 3.10. Isolation of mouse splenic and hepatic /NKT cells using magnetic 

nanoparticles. A) Six naïve C57BL/6 mice were sacrificed. The spleens and livers were 

removed and pooled, and both splenocyte and hepatic lymphoid mononuclear cell 

suspensions were prepared. Nylon wool fiber columns were used to deplete splenocyte 

suspensions of B cells and adherent cells. Following this step, both splenocytes and 

hepatic mononuclear cells were stained with APC-conjugated PBS-57-loaded mouse 

CD Id tetramer and subsequently incubated with anti-APC magnetic nanoparticles. Cells 

were placed in a magnetic column and CD Id tetramer-bound /NKT cells were positively 

selected over 2 rounds of washes. After each step, an aliquot of cell suspension was 

removed and stained with FITC-conjugated anti-TCRp mAb and APC-conjugated PBS- 

57-loaded mouse CD Id tetramer. Samples were analyzed by flow cytometry and 

TCRp+CDld tetramer+ /NKT cells were gated on. B) After two rounds of washes in the 

magnetic column, splenic (left panel) and hepatic (right panel) cells were stained with 

FITC-conjugated anti-TCRp mAb and APC-conjugated PBS-57-loaded mouse CD Id 

tetramer in order to assess purity. Data are representative of two independent 

experiments yielding similar results.
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Figure 3.11. Isolation of mouse hepatic /NKT cells using cell sorting. A) Up to ten

naïve C57BL/6 mice were sacrificed. The livers were removed, homogenized with a 

glass tissue homogenizer, and resuspended in a 33% Percoll density gradient. After 

centrifugation, the pellets—which consisted of mononuclear cells—were pooled and 

treated with ACK lysis buffer to remove red blood cells. Cells were stained with F1TC- 

conjugated anti-TCRp mAb and PE-conjugated anti-NKl.l mAb prior to cell sorting. B) 

TCRffNKl.C hepatic /NKT cells were isolated using a FACSVantage cell sorter with 

>99% purity.
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Figure 3.12. Characterization of mouse BMDCs used as accessory cells for sorted 

hepatic /NKT cells. Bone marrow cells were isolated from the tibias and femurs of 

naïve C57BL/6 mice. Cells were seeded at 20 x 106 cells/well in a 6-well plate and were 

given IL-4 (1000 U/mL) and GM-CSF (4 ng/mL) on days 0, 2, and 4. On day 6 when 

dendritic cells detach, the floating cells were harvested and stained with fluorescent 

antibodies against CD 11c, CD Id, CD80, and CD80 (open histograms) or isotype- 

matched fluorescent antibodies (filled histograms). The expression of BMDC surface 

markers was analyzed by flow cytometry. Data are representative of two independent 

experiments yielding similar results.





Figure 3.13. Thy-1 cross-linking enhances a-GalCer-mediated cytokine secretion by 

mouse hepatic /NKT cells. Isolated TCRp+N K l.l+ hepatic /NKT cells were seeded at 

100,000 cells/well in a 96-well plate. BMDCs were added to each well at a ratio of 5 

/NKT cells: 1 BMDC. Cells were incubated with either a-GalCer alone (100 ng/mL), a 

low (5 pg/mL) or high (40 pg/mL) dose of G7, or a combination of a-GalCer and G7. 

After 48 hours, culture supernatants were harvested and IFN-y and IL-4 levels were 

measured by ELISA. Error bars represent standard deviation of triplicate wells within 

each experimental group. Statistical significance is denoted by asterisks, where ** and 

*** represent P<0.01 and P<0.001, respectively. Data are representative of three 

independent experiments yielding similar results.
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Figure 3.14. Thy-1 cross-linking on mouse BMDCs does not lead to cytokine 

production. A) BMDCs were cultured as previously described. On day 6, cells were 

harvested and were stained with PE-conjugated anti-Thy-1.2 mAb (open histogram) or 

isotype control (filled histogram). Thy-1 expression on BMDCs was analyzed by flow 

cytometry. B) Day 6 BMDCs were seeded at 20,000 cells/well in a 96-well plate. The 

G7 mAb (40 pg/mL) was added into the culture. To some wells, 100,000 sorted hepatic 

/NK.T cells were added. After 48 hours, culture supernatants were harvested and IFN-y 

and IL-4 levels were measured by ELISA. Error bars represent standard deviation of 

triplicate wells within each experimental group. Data are representative of two 

independent experiments yielding similar results.
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further support to the notion that Thy-1 triggering can enhance classical TCR-mediated 

activation of /NKT cells.

3.4. Thy-l-mediated stimulation does not bias mouse /NKT cells towards either a 
ThI- or Tn2-type response

To determine whether Thy-1 cross-linking skews /NKT cell responses towards the 

production of either ThI- or Tn2-type cytokines, the ratio of IFN-y-to-IL-4 production in 

both the DN32.D3 hybridoma and sorted /NKT cells was graphed (Figure 3.15.). All 

treatment groups were analyzed relative to a-GalCer, which was assigned a ratio of 1 

since it is considered to be a TnO-type /NKT agonist (149). With DN32.D3 cells, a slight 

bias towards ThI-type cytokine production was observed when Thy-1 was cross-linked. 

A similar trend was seen with the CD4+ N38-2C12 cells (data not shown). This was not 

the case with the more physiological sorted hepatic /NKT cells. Since no sound 

conclusions can be made from this data, it can be inferred that Thy-1 does not bias /NKT 

cells towards either a ThI - or TH2-type response.

3.5. Thy-1 blockade does not influence a-GalCer-mediated mouse /NKT cell 
activation

In order to better understand the role of Thy-1 in enhancing a-GalCer-mediated 

/NKT cell activation, the effect of Thy-1 blockade was investigated using a non

activating anti-Thy-1.2 mAb (clone 30-H12) (150). If Thy-1 engagement is required for 

optimal /NKT cell responses, a decrease in a-GalCer-mediated IL-2 production is 

expected after Thy-1 blockade with 30-H12. DN32.D3 cells in the presence or absence 

of BMDCs were pretreated with increasing doses of anti-Thy-1.2 mAb 30-H12. These 

doses were chosen based on a previous report using the 30-H12 mAb to effectively block 

T cell-associated Thy-1 (151). After 20 minutes, a-GalCer (100 ng/mL) was added to the 

cultures and cells were incubated for 24 hours. In both the presence and absence of 

BMDCs, Thy-1 blockade led to no observable decrease in IL-2 production (Figure 3.16.). 

This suggests that functional Thy-1 is not absolutely required for /NKT cell activation as 

its blockade does not influence a-GalCer-mediated /NKT cell activation.



Figure 3.15. Thy-1 cross-linking does not bias mouse /NKT cells towards either a 

Th1- or Tn2-type response. The ratios of IFN-y production to IL-4 production for both 

the DN32.D3 /NKT hybridoma (top panel) and sorted hepatic /NKT cells (bottom panel) 

were graphed. Ratios were calculated relative to a-GalCer-treated cells, which were 

assigned a ratio of 1.
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Figure 3.16. Thy-1 blockade does not influence a-GalCer-mediated mouse /NKT 

cell activation. DN32.D3 cells were seeded at 20,000 cells/well in a 96-well plate. 

BMDCs were added to some of the wells at a ratio of 5 /NKT cells: 1 BMDC. Blockade 

of Thy-1 was achieved by incubating cells with increasing doses of a blocking anti-Thy- 

1.2 mAb (clone 30-H12). After 20 minutes, a-GalCer (100 ng/mL) was added into each 

well. Culture supernatants were harvested after 24 hours and IL-2 levels were measured 

by ELISA. Error bars represent standard deviation of triplicate wells within each 

experimental group. Data are representative of one independent experiment.

r
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3.6. Thy-1 is not expressed on human peripheral blood iNKT cells

To extend what was found in the mouse model, the effects of GPI-anchored 

protein cross-linking on human /NKT cell responses were explored. It is known that 

Thy-1 is not expressed on peripheral conventional Tcells in humans (111). Nevertheless, 

the expression of Thy-1 on human /NKT cells was examined. Freshly isolated PBMCs 

were isolated from healthy human donors and stained with PBS-57-loaded human CD Id 

tetramer, anti-CD3 mAb, and anti-Thy-1 mAb in order to examine Thy-1 expression on 

human /NKT cells. As expected, Thy-1 was not expressed on human peripheral blood 

/NKT cells (Figure 3.17A). Since human /NKT cells constitute a rare population of 

PBMCs, unloaded human CD Id tetramer was used as a control to confirm that /NKT 

cells, and not other cells, were being detected (Figure 3.17B). In order to ensure that the 

anti-Thy-1 mAb used for staining was functional, human mesenchymal stem cells were 

stained as a positive control. These cells are known to express high levels of Thy-1 (136). 

Thy-1 was highly expressed on these cells (Figure 3.17C), indicating that the antibody 

was working well and confirming that Thy-1 is not, in fact, expressed on peripheral blood 

/NKT cells. Due to the absence of Thy-1 on human /NKT cells, the focus was shifted to 

CD55 (also known as Decay Accelerating Factor, or “DAF”), a GPI-anchored protein 

that—like Thy-1 in mouse T cells—is widely expressed on human PBMCs. CD55 was 

found to be expressed on human peripheral blood /NKT cells (Figure 3.18.), which 

enabled further investigation as to whether it plays a role in human /NKT cell activation.

3.7. CD55 cross-linking enhances a-GalCer-mediated human /NKT cell activation

In human conventional T cells, CD55 ligation has been shown to enhance 

classical TCR-mediated activation (132). To determine the effects of CD55 cross-linking 

on human /NKT cell activation, we incubated CFSE-stained human PBMCs with plate- 

bound mAb to CD55 (anti-CD55) alone, a-GalCer alone, or plate-bound anti-CD55 

combined with a-GalCer. On day 6, /NKT cell proliferation, as judged by CFSE dye 

dilution, was measured as an indicator of activation. CD55 cross-linking alone had no 

effect on /NKT cell proliferation; however, /NKT cell proliferation was enhanced when 

anti-CD55 was combined with a-GalCer stimulation (Figure 3.19A). The effect of anti-



Figure 3.17. Thy-1 is not expressed on human peripheral blood /NKT cells. A)

Peripheral blood was collected from healthy donors and mononuclear cells were isolated 

using a Ficoll-Paque gradient. Cells were stained with FITC-conjugated anti-CD3 mAb, 

APC-conjugated PBS-57-loaded human CD Id tetramer, and PE-conjugated anti-Thy-1 

mAb (open histogram) or isotype control (filled histogram). CD3+ CD Id tetramer+ /"NKT 

cells were gated on and Thy-1 expression was analyzed. Data are representative of two 

independent experiments yielding similar results. B) Peripheral blood mononuclear cells 

were stained with FITC-conjugated anti-CD3 mAb and APC-conjugated unloaded human 

CDld tetramer. Cells were analyzed by flow cytometry to confirm the absence of non

specific binding by the unloaded CDld tetramer. C) Human mesenchymal stem cells 

were stained with PE-conjugated anti-Thy-1 mAb (open histogram) or isotype control 

(filled histogram). Thy-1 expression was analyzed by flow cytometry.
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Figure 3.18. CD55 is expressed on human peripheral blood /NKT cells. Peripheral 

blood was collected from healthy donors and mononuclear cells were isolated using a 

Ficoll-Paque gradient. Cells were stained with FITC-conjugated anti-CD3 mAb, APC- 

conjugated PBS-57-loaded human CD Id tetramer, and PE-conjugated anti-CD55 mAb 

(open histogram) or isotype control (filled histogram). CD3+ CD Id tetramer+ /NKT cells 

were gated on and CD55 expression was analyzed by flow cytometry.
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CD55 was specific since cells incubated with both plate-bound mouse IgGl (isotype 

control for anti-CD55) and a-GalCer showed no difference in proliferation compared to 

cells treated with a-GalCer alone (data not shown). For each donor, the proportion of 

/NKT cells undergoing proliferation in each treatment group was expressed relative to the 

proportion of /NKT cells undergoing proliferation following a-GalCer treatment (a- 

GalCer treatment = 100% proliferation) and the mean percent of control from a total of 4 

donors was graphed (Figure 3.19B). The data clearly demonstrated that CD55 cross- 

linking enhances a-GalCer-mediated human /NKT cell activation. In addition to /NKT 

cell proliferation, CD55 cross-linking enhanced a-GalCer-induced CD69 expression 

when compared to levels seen with a-GalCer treatment alone (Figure 3.19C). This 

suggests that CD55 on human /NKT cells may be functionally similar to Thy-1 on mouse 

/NKT cells since both molecules are capable of enhancing a-GalCer-mediated /NKT cell 

activation.



Figure 3.19. CD55 cross-linking enhances a-GalCer-mediated human /NKT cell 

activation. A) Human PBMCs were labeled with 5 pM CFSE and seeded at 3 x 106 

cells/well in a 24-well plate. Some wells contained plate-bound anti-CD55 and some 

wells received 100 ng/mL a-GalCer. After 6 days of culture, cells were harvested and 

stained with APC-conjugated PBS-57-loaded human CD Id tetramer. Using flow 

cytometry, CD Id tetramer* /NKT cells were gated upon and CFSE dilution was analyzed 

as a measure of /NKT cell proliferation. Data are representative of four independent 

experiments yielding similar results. B) /“NKT cell proliferation results were averaged 

from 4 healthy donors. For each donor, cells treated with a-GalCer served as the positive 

control and were assigned a value of 100%. The proliferation values resulting from all 

other treatment groups were expressed as a percentage of the control. Error bars 

represent standard error of the mean. Statistical significance is denoted by asterisks, 

where * represents P<0.05. C) Human PBMCs were seeded at 3 x 106 cells/well in a 24- 

well plate. Some wells contained plate-bound anti-CD55 and some wells received 100 

ng/mL a-GalCer. After 6 days of culture, cells were harvested and stained with APC- 

eFluor780-conjugated anti-CD3 mAb, APC-conjugated PBS-57-loaded human CD Id 

tetramer, and PE-conjugated anti-CD69 mAb (open histogram) or isotype control (filled 

histogram). CD3+CDld tetramer* /"NKT cells were gated upon and CD69 expression was 

analyzed as a measure of /NKT cell activation. Mean fluorescence intensity (MFI) values 

for each treatment group were graphed. Data are representative of two independent 

experiments yielding similar results.
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4.1. Research goals

/NKT cells play an important role in modulating immune responses. Molecular 

interactions between the invariant TCR and lipid-bound CD Id molecules are at the heart 

of /NKT cell activation, yet there are a variety of accessory molecules on the /NKT cell 

surface that influence how TCR-mediated signals are transduced. In conventional T cells, 

accessory signals, including costimulation, are necessary for cytokine production. 

Engagement of costimulatory molecules such as CD28, CD40L, ICOS, 4-IBB, and 

0X40 has been shown to enhance signalling through the TCR and thus lead to productive 

T cell activation [reviewed in (38)]. Without these costimulatory signals, signalling 

through the TCR alone results in a hyporesponsive state termed anergy or even apoptotic 

cell death (152).

In contrast, /NKT cells are not absolutely dependent on these accessory molecules 

for their activation. Several studies suggest that costimulation is required for optimal 

cytokine secretion but not for de novo cytokine production. For example, mice lacking 

CD28 or CD40L have impaired cytokine secretion in response to a-GalCer stimulation 

(59), but retain the ability to synthesize cytokine mRNA (46). Furthermore, CD28 and 

CD40L seem to be required for normal proliferative expansion of /NKT cells (60). Other 

costimulatory molecules on the /NKT cell surface have been shown to contribute to 

optimal /NKT cell responses. ICOS blockade decreases a-GalCer-induced IFN-y and IL- 

4 production (61). 4-lBB-deficient mice have lower serum cytokine levels after a- 

GalCer administration compared with wildtype mice (64). GITR engagement, in the 

presence of TCR signals, results in enhanced IL-2, IFN-y, and IL-4 production, 

expression of activation markers such as CD25 and CD69, and proliferation (65). In the 

absence of 0X40, /NKT cells produce significantly lower levels of IFN-y after a-GalCer 

stimulation (66). From these studies it is clear that research investigating costimulatory 

molecules on the /NKT cell surface has advanced our understanding of /NKT cell 

responses.

In addition to the aforementioned “classical” costimulatory molecules, there are 

numerous other molecules on /NKT cells that may also influence their activation. GPI-
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anchored proteins constitute a family of molecules that are abundantly expressed on the 

lymphocyte cell surface. To date, the role of these molecules on /NKT cells has not been 

investigated; however, GPI-anchored proteins have been shown to play a role in T cell 

activation. On the T cell surface, the prototypic mouse GPI-anchored protein Thy-1 has 

been shown to possess costimulatory properties. Thy-1 engagement together with TCR 

stimulation induces mouse T cell proliferation comparable to that seen following TCR 

and CD28 coligation (140). In humans, coengagement of CD55 and CD3 results in 

enhanced proliferation and activation of CD4+ T cells (132).

In this study, I sought to investigate the expression and function of GPI-anchored 

proteins in /NKT cells. Firstly, Thy-1 was found to be expressed on both resting and 

activated mouse /NKT cells. Thy-1 cross-linking alone led to /NKT cell activation as 

measured by IL-2 production. Furthermore, Thy-1 cross-linking in conjunction with 

TCR stimulation enhanced /NKT cell activation compared to cells that had only received 

TCR stimulation as judged by cytokine production, cytokine secretion, and expression of 

activation markers. Our findings could be extrapolated from mice to humans. Thy-1 was 

absent from the human /NKT cell surface; however, CD55 was found to be expressed on 

these cells. Like Thy-1 on mouse /NKT cells, CD55 cross-linking enhanced TCR- 

mediated human /NKT cell activation. These findings suggest that GPI-anchored 

proteins play an important role in enhancing /NKT cell activation.

4.2. Thy-1 is highly expressed on both resting and activated mouse /NKT cells

To my knowledge, this study is the first to demonstrate Thy-1 expression on 

/NKT cells. Thy-1 was found to be highly expressed on both resting and a-GalCer- 

activated DN32.D3 /NKT hybridoma cells (Figure 3.1.) and splenic and hepatic mouse 

/NKT cells (Figure 3.2.). Interestingly, the surface expression of Thy-1 on a per cell 

basis was slightly decreased upon activation in both the hybridoma and in primary /NKT 

cells. One possible explanation for this finding is that Thy-1 may be internalized upon 

activation. This result is similar to that observed for the TCR on /NKT cells, where the 

TCR is downregulated shortly after stimulation but reappears by day 3 (51). Whether or
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not this is also the case for Thy-1 requires further experimentation. Alternatively, 

activation may lead to increased PI-PLC activity—the enzyme responsible for cleaving 

the phosphodiester bond of phosphatidylinositol within the GPI anchor—which would 

enhance Thy-1 shedding. This theory is plausible considering that products released due 

to GPI-anchored protein cleavage have been hypothesized to be involved in signal 

transduction pathways [reviewed in (153)]. Additionally, the cleavage of GPI-anchored 

proteins may serve as a regulatory mechanism to prevent overactivation of /NKT cells. 

Contrary to our observation that Thy-1 levels decreased following /NKT cell activation, 

in conventional T cell activation GPI-anchored proteins appear to be resistant to bacterial 

PI-PLC (154). The physiological relevance of Thy-1 downregulation after activation is 

unknown; however, these experiments clearly show abundant expression of Thy-1 on 

mouse /NKT cells regardless of their activation status. In future studies it would be 

interesting to investigate whether Thy-1 surface expression increases after the initial 

downregulation, or if the abundance of Thy-1 on the surface compensates for the 

downregulation.

4.3. Thy-1 cross-linking on its own induces mouse /NKT cell activation

Thy-1 cross-linking alone led to robust mouse /NKT cell activation, even in the 

absence of classical TCR stimulation and accessory cells (Figure 3.3.). This finding is 

consistent with previous studies demonstrating that Thy-1 plays a mitogenic role in T cell 

activation, perhaps due to the relative abundance of surface Thy-1 and the presence of 

Thy-1 and the TCR in similar lipid rafts. In T cells, G7 mAb-mediated cross-linking of 

Thy-1 is capable of inducing proliferation, IL-2 production, and CD25 upregulation (77). 

More recently, it has been shown that T cell activation in response to Thy-1 cross-linking 

alone is not optimal compared to Thy-1 cross-linking in the presence of costimulation 

provided by CD28 ligation (140). This is supported by the finding that Thy-1-mediated 

activation with mAbs other than G7 requires the presence of mitogenic 4p-phorbol-12- 

myristate-13-acetate (PMA), an activator of PKCs, for T cell proliferation (96). Even G7 

and PMA are known to act synergistically in the context of conventional T cell activation
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(155). Overall, in conventional T cells it seems that additional signals are required for 

appreciable Thy-1-mediated activation.

In this study, Thy-1 cross-linking on the /NKT hybridoma DN32.D3 in the 

absence of accessory cells led to significant IL-2 production comparable to that seen after 

stimulation with the prototype /NKT cell agonist a-GalCer (Figure 3.6.). Furthermore, 

consistent with what was previously shown in T cells using both FcyR-deficient mice and 

anti-FcyRII/III mAb (140), FcyRs were not found to be involved in Thy-1-mediated 

/NKT cell activation (Figure 3.4B). This is most probably due to the physicochemical 

properties of anti-Thy-1 mAb G7, which is a self-aggregating mAb (96). The ability of 

Thy-1 cross-linking to induce a comparable /NKT cell response to that of a-GalCer 

stimulation could be due to the fact that /NKT cells, unlike conventional T cells, exist in a 

partially activated state (31). Thus, the signals generated by Thy-1 cross-linking in the 

absence of costimulation may be sufficient to overcome the cell’s threshold for activation. 

Building on this, we investigated how costimulation influences Thy-1-mediated 

activation in N38-2C12 /NKT cells, which require accessory cells (i.e. BMDCs) for their 

activation. Interestingly, following Thy-1 crosslinking, decreased IL-2 production was 

seen when BMDCs were present; in their absence, IL-2 production was higher 

(Appendix A). The presence of Thy-1 on BMDCs (Figure 3.14A) may have competed 

with Thy-1 on /NKT cells, thus reducing the interactions between anti-Thy-1 mAb and 

Thy-1 on the /NKT cell surface. There is also the possibility that molecules on the 

BMDC surface contributed to enhanced activation-induced cell death of /NKT cells 

following Thy-1 ligation. Alternatively, costimulation may inhibit Thy-1-mediated /NKT 

cell activation in certain subsets of cells. This clearly demonstrates the pitfalls of 

working with cell lines, which do not always mirror physiological conditions as closely 

as believed. Nevertheless, given the difficult nature of obtaining large quantities of 

purified /NKT cells, cell lines have proven to be useful tools for studying /NKT cell 

responses.

A number of mechanisms have been proposed to explain how mitogenic 

stimulation through Thy-1 occurs. First, an intact and functional TCR/CD3 complex is
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required since Thy-1 cross-linking does not activate TCR/CD3-deficient T cells (85). 

There is likely a functional association between Thy-1 and some elements of the TCR 

signalling pathway, as Thy-1- and TCR-mediated signalling events are similar in many 

respects (155). Furthermore, both Thy-1 and the TCR have been shown to physically 

associate with CD45 (84). This suggests that a ternary complex might exist such that 

cross-linking of Thy-1 would be equivalent to TCR engagement. Alternatively, it has 

been proposed that the abundant expression of Thy-1 on the T cell surface may have an 

indirect effect on TCR signal transduction [reviewed in (109)]. Others have found that 

cross-linking of GPI-anchored proteins such as Thy-1, which is enriched within lipid rafts, 

leads to lipid raft aggregation and clustering of signalling molecules which may, in turn, 

trigger signalling cascades (74, 83). These proposed mechanisms, many of which have 

been studied in T cells, would likely also apply to zNKT cells. Nevertheless, 

understanding how, mechanistically, Thy-1 cross-linking induces z'NKT cell activation is 

an important question worth investigating.

4.4. Thy-1 cross-linking enhances TCR-mediated mouse z'NKT cell activation

Thy-1 cross-linking combined with a-GalCer stimulation led to enhanced z'NKT 

cell cytokine production (Figures 3.6., 3.7., 3.8.) compared with cells that had been 

stimulated with a-GalCer alone. This suggests that Thy-1 can function as costimulatory 

molecule on z'NKT cells that weakly, yet still appreciably, enhances zNKT cell responses. 

Unlike conventional costimulatory molecules, however, Thy-1 is also capable of 

triggering zNKT cell activation in the apparent absence of classical TCR ligation (Figure

3.3.). I use the term “apparent” because z'NKT cells are known to respond to endogenous 

lipids that may be constitutively present in the environment (12, 45) and thus a 

constitutively low level of TCR-mediated activation may exist. These findings are 

consistent with what has been shown in T cells, where Thy-1 is capable of providing 

either signal 1 or signal 2 depending on the availability of other signalling molecule 

ligands (140). In the future, it would be interesting to examine the effect of Thy-1 

triggering in conjunction with the engagement of classical costimulatory molecules in 

z'NKT cells.
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Thy-1 cross-linking on both CD4'CD8' (DN) and CD4+ zNKT hybridoma cells 

enhanced the cytokine response to a-GalCer (Figures 3.6. & 3.7.). Interestingly, the 

response to Thy-1 cross-linking alone was much less potent in the CD4+ zNKT cell 

hybridoma (N38-2C12) compared to the DN zNKT cell hybridoma (DN32.D3) and never 

exceeded the response elicited by a-GalCer. In conventional T cells, CD4+ is a 

coreceptor that augments cytokine production through the recruitment of Lck and by 

physically stabilizing TCR:MHC interactions [reviewed in (156)]. In zNKT cells, CD4 

interacts with CD Id (157) and its engagement with mAb enhances zNKT cell activation 

(158); however, CD4 expression is not necessary for maximal zNKT cell activation (159). 

One possible explanation for our findings is that the presence of CD4 on the zNKT cell 

surface may physically interfere with maximal Thy-1 cross-linking due to its sheer 

abundance. Alternatively, different hybridomas may respond differently to the same 

stimuli since they are not always an accurate representation of primary cell function in 

vivo.

In addition to enhanced cytokine production, Thy-1 cross-linking together with a- 

GalCer stimulation led to slightly upregulated CD69 and CD25 expression (Figure 3.9.). 

In the case of CD25, only a slight increase in surface expression was seen even after 

stimulation solely with a-GalCer. A similar result was seen by Kim et al. in hepatic 

primary zNKT cells that had been stimulated with a-GalCer for 24 hours (65), yet the 

authors did not elaborate on this finding in their article. There exists the remote 

possibility that CD25 expression on zNKT cells, particularly the DN32.D3 zNKT cell 

hybridoma, is inconsistent and perhaps not as good a marker for zNKT cell activation as 

once thought. Further confirmation of zNKT cell activation could be achieved using 

additional indicators of activation status such as CD62L and CD44.

The results seen in zNKT hybridoma cells were confirmed in primary hepatic 

zNKT cells that were purified by cell sorting. Only IFN-y and IL-4 production was used 

to assess activation (Figure 3.13.) due to the limited number of purified zNKT cells that 

could be acquired in any given sort. An appreciable number of cells were recovered from
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each sort when the liver was used as the source, yet caution must be taken when applying 

these findings to all zNKT cells. Functional differences between /NKT cells of different 

organs have been reported; for example, liver-derived /NKT cells are better mediators of 

tumor rejection than their thymic and splenic counterparts (48). Examining splenic zNKT 

cell responses to Thy-1 cross-linking in parallel with hepatic /NKT cell responses would 

have strengthened my findings. Unfortunately, this was not feasible since /NKT cells 

constitute such a small population of splenocytes (approximately 1.5%) (160) which 

limits their purification. The sorting approach utilized the /NKT cell markers NK1.1 and 

TCRp (Figure 3.11.). Since NK1.1 is also expressed on NK cells (161) and vNKT cells 

(162), it is not a perfect /NKT cell marker and it is possible that non-/NKT cell 

contaminants were present in culture. There are reportedly cells that express both NK1.1 

and the TCR but are CD ld-independent (163). Furthermore, some CDld-dependent 

NKT cells do not express NK1.1 (164), which may suggest that the sorting strategy 

excluded some iNKT cells. However, it is reassuring that very similar /NKT cell 

frequencies were always found when CD Id tetramer and NK1.1 staining were performed 

in parallel (Appendix B). While CDld tetramers could have been used instead ofN K l.l, 

this may lead to partially activated /NKT cells that can spontaneously produce cytokines 

in culture [reviewed in (148)]. In addition to purified hepatic /NKT cells, BMDCs were 

added to culture to establish more physiological conditions. It was observed that BMDCs 

do express Thy-1, but Thy-1 cross-linking did not induce cytokine production by BMDCs 

(Figure 3.14.). Further experimentation is required to test the possibility that BMDCs 

may respond differently to anti-Thy-1 mAb in the presence of /NKT cells.

In both /NKT cell hybridomas and primary hepatic /NKT cells, Thy-1 cross- 

linking enhanced TCR-mediated production of IL-2, IFN-y, and IL-4. Of greater interest 

than absolute cytokine production was the ratio of IFN-y-to-IL-4 production, as this 

indicates whether Thy-1 skews /NKT cells towards either a ThI- or Tn2-type response. 

A slight bias towards ThI cytokine production was observed when Thy-1 was cross- 

linked in DN32.D3 cells, but not in primary /NKT cells (Figure 3.15.). Other studies 

have shown that certain costimulatory molecules can skew zNKT cell responses. For 

example, 0X40 may promote ThI-type responses (66), while 4-IBB and GITR promote
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TH2-type responses (64, 65). Most of these studies used disease models (i.e. airway 

hyperreactivity) in mice to examine Th skewing but unfortunately this was not a feasible 

option in the current study. Thy-1, unlike other costimulatory molecules, can trigger 

potent T cell and /NKT cell activation on its own. This suggests that injection of anti- 

Thy-1 mAb into mice would lead to non-specific activation of immune cells resembling 

that induced by polyclonal mitogens. This would ultimately lead to a cytokine storm and 

its associated morbidity and/or mortality.

Although Thy-1 cross-linking enhanced /NKT cell activation, its functionality 

was not required for a-GalCer-induced activation to occur. Blocking Thy-1 with the anti- 

Thy-1.2 mAb 30-H12 led to no noticeable dampening of TCR-mediated activation 

(Figure 3.16.). This is the opposite of what has been described in conventional T cells. 

In T cells, blocking Thy-1 with this mAb inhibits TCR-mediated T cell activation, which 

suggests that 30-H12 prevents the interaction between Thy-1 and its putative ligand on 

accessory cells (151). In contrast, the above findings suggest that the putative ligand for 

/NKT cell Thy-1, if it exists, is not present on either BMDCs or /NKT cells themselves. 

Alternatively, the ligand for Thy-1 may be present on either of these cell types but may 

not be essential for /NKT cell responses. This seems plausible given that conventional T 

cells and /NKT cells differ considerably in their requirement for costimulation.

4.5. CD55 on the human peripheral blood /NKT cell surface may be functionally 
similar to mouse Thy-1

Thy-1 was not expressed on human peripheral blood /NKT cells (Figure 3.17.); 

however, this does not exclude the possibility that Thy-1 may be expressed on /NKT cells 

found in other tissues or organs. This notion was not further investigated due to the lack 

of availability of human biopsy samples. Also, this was beyond the scope of this study. 

Ultimately, this finding was somewhat expected since Thy-1 is absent from conventional 

humanTcells (111).

Various GPI-anchored proteins are expressed on human lymphocytes, such as 

CD48 (165), CD52 (166), CD55 (89), and CD59 (167). CD55 was investigated in order
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to determine how GPI-anchored proteins modulate human /NKT cell responses since it 

has been relatively well-studied and various CD55-specific reagents are commercially 

available. Furthermore, it has been shown that CD55 cross-linking on the surface of 

conventional human T cells enhances TCR-mediated activation (132). Like in T cells, 

CD55 cross-linking enhanced a-GalCer-induced human /NKT cell activation as judged 

by proliferation and CD69 expression (Figure 3.19.). Interestingly, unlike Thy-1, cross- 

linking of CD55 on its own led to no significant increase in proliferation. This suggests 

that there may be species-related functional differences between GPI-anchored proteins 

(mouse vs. human), or that there may be functional differences between individual GPI- 

anchored proteins (Thy-1 vs. CD55) beyond those characteristics imparted by the GPI- 

anchor itself. Alternatively, the abundance of each of these molecules on the cell surface 

may correlate with their ability to induce activation. On T cells, there may exist as many 

as 1 million copies of Thy-1 per cell [reviewed in (109)], whereas CD55 is only present at 

approximately 9,000 molecules per cell (168). Likewise, MFI levels of Thy-1 and CD55 

expressed on the /NKT cell surface indicate that Thy-1 is much more abundant on mouse 

/NKT cells (Figure 3.2.) than CD55 is on human /NKT cells (Figure 3.18.).

Ultimately, working with human peripheral blood /NKT cells has not proven to be 

easy since they constitute a rare population. The /NKT cell frequency was often lower 

than 0.1% in the blood of healthy subjects, which made it difficult to identify individuals 

with a detectable population. Furthermore, as with many human studies [reviewed in 

(169)], there was large variability between individual donors. Due to the challenging 

nature of isolating these cells in sufficient quantities for culture, it was not possible to 

investigate human /NKT cell function in the absence of other lymphoid cells. Access to 

human /NKT cell clones will enable further investigations into the role of GPI-anchored 

proteins expressed by human /NKT cells. For example, ThI- and TH2-type cytokine 

production following CD55 cross-linking and a-GalCer stimulation could be quantified 

as an additional measure of activation.
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4.6. Impact of this research on better understanding iNKT cell responses

Overall, this study demonstrates for the first time that GPI-anchored proteins may 

represent a subset of immunomodulatory molecules on the iNKT cell surface. A number 

of costimulatory and inhibitory molecules have been identified to date; however, our 

basic understanding of iNKT cell immunobiology remains far from complete. iNKT cells 

can elicit a broad range of sometimes contradictory immune responses (e.g. iNKT cells 

have been shown to either cause, or protect against, autoimmune diseases) [reviewed in 

(170)], yet the mechanisms governing these differential responses are not fully 

understood. The findings presented in this study may be one small piece of a large puzzle 

that influences how iNKT cells are being regulated and/or regulate other cells in health 

and disease. Notable advances in the field include clinical trials that have successfully 

used iNKT cell agonists as cell-based immunotherapeutics for cancer (171, 172).

a-GalCer, a rather strong agonist for iNKT cells, was used in this study to induce 

iNKT cell activation. The role of GPI-anchored proteins in iNKT cell responses may 

vary depending on the stimulus strength. As such, it would be interesting to see if the 

results from this study differ in the presence of weaker iNKT cell agonists that have been 

shown to function in a ThI- or Tn2-biased manner (173, 174). Ultimately, I hope that 

future studies can build upon these findings so that the role of GPI-anchored proteins in 

iNKT cell responses can be better understood.

4.7. Future directions

Numerous outstanding questions remain with respect to the role of GPI-anchored 

proteins in iNKT cell responses. How do GPI-anchored proteins transmit signals in 

iNKT cells? What is the natural ligand for iNKT cell-associated Thy-1? Does the 

absence of GPI-anchored proteins influence human iNKT cell responses and/or 

development?
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As described above, a number of mechanisms have been proposed to explain how 

GPI-anchored proteins transmit intracellular signals. Despite decades of research, no 

clear consensus has been reached. In conventional T cells, differences between Thy-1- 

and TCR-mediated signal transduction pathways have been identified (155). These 

pathways have not been studied in /NKT cells and it is possible that differences beyond 

those observed in conventional T cells may exist. This could provide clues as to how 

Thy-1 transmits signals in /NKT cells and i f  and where Thy-1-mediated signalling 

converges with conventional TCR-mediated signalling pathways.

Integrins on neurons, polymorphonuclear cells, monocytes, and dendritic cells 

have been identified as the natural ligands for Thy-1 on endothelial cells (113, 116, 117). 

Nonetheless, the ligand(s) for Thy-1 on both conventional T cells and /NKT cells remains 

unknown. This is an area worthy of investigation since it would reduce our reliance on 

mAbs to study Thy-1 and would lead to a better understanding of the biological function 

of Thy-1 in T cells.

The GP1 anchor has been proposed as a potential self-ligand that could be 

involved in /NKT cell development (175, 176). Consequently, it would be interesting to 

investigate whether individuals who lack GPI-anchored proteins, for instance patients 

with PNH, have defects in either /NKT cell development or function. To do this, blood 

samples from PNH patients need to be screened for the presence of /NKT cells. If /NKT 

cells are not present, this would suggest that the GPI anchor is a critical component for 

/NKT cell development. If /NKT cells are present, their ability to respond to normal 

stimuli should be tested. Diminished /NKT responses to a-GalCer (compared to healthy 

donors) would strengthen our findings and further support the notion that GPI-anchored 

proteins contribute to optimal /NKT cell responses.



Chapter 5:

References



7

1. Fowlkes, B. J., A. M. Kruisbeek, H. Ton-That, M. A. Weston, J. E. Coligan, R. H. 
Schwartz, and D. M. Pardoll. 1987. A novel population of T-cell receptor alpha 
beta-bearing thymocytes which predominantly expresses a single V beta gene 
family. Nature 329:251-254.

2. Budd, R. C., G. C. Miescher, R. C. Howe, R. K. Lees, C. Bron, and H. R. 
MacDonald. 1987. Developmentally regulated expression of T cell receptor beta 
chain variable domains in immature thymocytes. J  Exp Med 166:577-582.

3. Balias, Z. K., and W. Rasmussen. 1990. NK1.1+ thymocytes. Adult murine CD4-, 
CD8- thymocytes contain an NK1.1+, CD3+, CD5hi, CD44hi, TCR-V beta 8+ 
subset. J  Immunol 145:103 9-1045.

4. Lantz, O., and A. Bendelac. 1994. An invariant T cell receptor alpha chain is used 
by a unique subset of major histocompatibility complex class I-specific CD4+ and 
CD4-8- T cells in mice and humans. J  Exp Med 180:1097-1106.

5. Bendelac, A., O. Lantz, M. E. Quimby, J. W. Yewdell, J. R. Bennink, and R. R. 
Brutkiewicz. 1995. CD1 recognition by mouse NK1+ T lymphocytes. Science 
268:863-865.

6. Bjorkman, P. J., M. A. Saper, B. Samraoui, W. S. Bennett, J. L. Strominger, and 
D. C. Wiley. 1987. Structure of the human class I histocompatibility antigen, 
HLA-A2. Nature 329:506-512.

7. Brown, J. H., T. S. Jardetzky, J. C. Gorga, L. J. Stem, R. G. Urban, J. L. 
Strominger, and D. C. Wiley. 1993. Three-dimensional structure of the human 
class II histocompatibility antigen HLA-DR1. Nature 364:33-39.

8. Zeng, Z., A. R. Castano, B. W. Segelke, E. A. Stura, P. A. Peterson, and I. A. 
Wilson. 1997. Crystal structure of mouse CD1: An MHC-like fold with a large 
hydrophobic binding groove. Science 277:339-345.

9. Godfrey, D. I., H. R. MacDonald, M. Kronenberg, M. J. Smyth, and L. Van Kaer. 
2004. NKT cells: what's in a name? Nat Rev Immunol 4:231-237.

10. Kawano, T., J. Cui, Y. Koezuka, I. Toura, Y. Kaneko, K. Motoki, H. Ueno, R. 
Nakagawa, H. Sato, E. Kondo, H. Koseki, and M. Taniguchi. 1997. CD Id- 
restricted and TCR-mediated activation of valphal4 NKT cells by 
glycosylceramides. Science 278:1626-1629.

11. Wu, D., G. W. Xing, M. A. Poles, A. Horowitz, Y. Kinjo, B. Sullivan, V. 
Bodmer-Narkevitch, O. Plettenburg, M. Kronenberg, M. Tsuji, D. D. Ho, and C. 
H. Wong. 2005. Bacterial glycolipids and analogs as antigens for CDld-restricted 
NKT cells. Proc Natl Acad Sei U SA  102:1351-1356.

12. Zhou, D., J. Mattner, C. Cantu, 3rd, N. Schrantz, N. Yin, Y. Gao, Y. Sagiv, K. 
Hudspeth, Y. P. Wu, T. Yamashita, S. Teneberg, D. Wang, R. L. Proia, S. B.



98

Levery, P. B. Savage, L. Teyton, and A. Bendelac. 2004. Lysosomal 
glycosphingolipid recognition by NKT cells. Science 306:1786-1789.

13. Jahng, A., I. Maricic, C. Aguilera, S. Cardell, R. C. Haider, and V. Kumar. 2004. 
Prevention of autoimmunity by targeting a distinct, noninvariant CDld-reactive T 
cell population reactive to sulfatide. Med 199:947-957.

14. Kumar, H., A. Belperron, S. W. Barthold, and L. K. Bockenstedt. 2000. Cutting 
edge: CD Id deficiency impairs murine host defense against the spirochete, 
Borrelia burgdorferi. J  Immunol 165:4797-4801.

15. Exley, M. A., N. J. Bigley, O. Cheng, S. M. Tahir, S. T. Smiley, Q. L. Carter, H. 
F. Stills, M. J. Grusby, Y. Koezuka, M. Taniguchi, and S. P. Balk. 2001. CDld- 
reactive T-cell activation leads to amelioration of disease caused by diabetogenic 
encephalomyocarditis virus. JLeukoc Biol 69:713-718.

16. Cui, J., T. Shin, T. Kawano, H. Sato, E. Kondo, I. Toura, Y. Kaneko, H. Koseki, 
M. Kanno, and M. Taniguchi. 1997. Requirement for Valphal4 NKT cells in IL- 
12-mediated rejection of tumors. Science 278:1623-1626.

17. Sonoda, K. H., D. E. Faunce, M. Taniguchi, M. Exley, S. Balk, and J. Stein- 
Streilein. 2001. NK T cell-derived IL-10 is essential for the differentiation of 
antigen-specific T regulatory cells in systemic tolerance. J  Immunol 166:42-50.

18. Sharif, S., G. A. Arreaza, P. Zucker, Q. S. Mi, J. Sondhi, O. V. Naidenko, M. 
Kronenberg, Y. Koezuka, T. L. Delovitch, J. M. Gombert, M. Leite-De-Moraes, C. 
Gouarin, R. Zhu, A. Hameg, T. Nakayama, M. Taniguchi, F. Lepault, A. Lehuen,
J. F. Bach, and A. Herbelin. 2001. Activation of natural killer T cells by alpha- 
galactosylceramide treatment prevents the onset and recurrence of autoimmune 
Type 1 diabetes. Nat Med 7:1057-1062.

19. Tupin, E., A. Nicoletti, R. Elhage, M. Rudling, H. G. Ljunggren, G. K. Hansson, 
and G. P. Berne. 2004. CDld-dependent activation of NKT cells aggravates 
atherosclerosis. J  Exp Med 199:417-422.

20. Lisbonne, M., S. Diem, A. de Castro Keller, J. Lefort, L. M. Araujo, P. Hachem, J. 
M. Fourneau, S. Sidobre, M. Kronenberg, M. Taniguchi, P. Van Endert, M. Dy, P. 
Askenase, M. Russo, B. B. Vargaftig, A. Herbelin, and M. C. Leite-de-Moraes. 
2003. Cutting edge: invariant V alpha 14 NKT cells are required for allergen- 
induced airway inflammation and hyperreactivity in an experimental asthma 
model. J  Immunol 171:1637-1641.

21. Kim, H. Y., H. J. Kim, H. S. Min, S. Kim, W. S. Park, S. H. Park, and D. H. 
Chung. 2005. NKT cells promote antibody-induced joint inflammation by 
suppressing transforming growth factor betal production. J  Exp Med 201:41-47.



99

22. Takeda, K., Y. Hayakawa, L. Van Kaer, H. Matsuda, H. Yagita, and K. Okumura. 
2000. Critical contribution of liver natural killer T cells to a murine model of 
hepatitis. Proc Natl Acad Sci U SA  97:5498-5503.

23. Smyth, M. J., and D. I. Godfrey. 2000. NKT cells and tumor immunity—a double- 
edged sword. Nat Immunol 1:459-460.

24. Godfrey, D. I., and S. P. Berzins. 2007. Control points in NKT-cell development. 
Nat Rev Immunol 7:505-518.

25. Janeway, C. A., Jr., and R. Medzhitov. 2002. Innate immune recognition. Annu 
Rev Immunol 20:197-216.

26. Dempsey, P. W., S. A. Vaidya, and G. Cheng. 2003. The art of war: Innate and 
adaptive immune responses. Cell Mol Life Sci 60:2604-2621.

27. Zinkemagel, R. M., and P. C. Doherty. 1974. Restriction of in vitro T cell- 
mediated cytotoxicity in lymphocytic choriomeningitis within a syngeneic or 
semiallogeneic system. Nature 248:701-702.

28. Mosmann, T. R., and R. L. Coffman. 1989. TH1 and TH2 cells: different patterns 
of lymphokine secretion lead to different functional properties. A m u Rev 
Immunol 7:145-173.

29. Korn, T., E. Bettelli, M. Oukka, and V. K. Kuchroo. 2009. IL-17 and Thl7 Cells. 
Annu Rev Immunol 27:485-517.

30. Taniguchi, M., K. Seino, and T. Nakayama. 2003. The NKT cell system: bridging 
innate and acquired immunity. Nat Immunol 4:1164-1165.

31. Park, S. H., K. Benlagha, D. Lee, E. Balish, and A. Bendelac. 2000. Unaltered 
phenotype, tissue distribution and function of Valphal4(+) NKT cells in germ- 
free mice. EurJImmunol 30:620-625.

32. Brigl, M., L. Bry, S. C. Kent, J. E. Gumperz, and M. B. Brenner. 2003. 
Mechanism of CDld-restricted natural killer T cell activation during microbial 
infection. Nat Immunol 4:1230-1237.

33. Mattner, J., P. B. Savage, P. Leung, S. S. Oertelt, V. Wang, O. Trivedi, S. T. 
Scanlon, K. Pendem, L. Teyton, J. Hart, W. M. Ridgway, L. S. Wicker, M. E. 
Gershwin, and A. Bendelac. 2008. Liver autoimmunity triggered by microbial 
activation of natural killer T cells. Cell Host Microbe 3:304-315.

34. Gadue, P., N. Morton, and P. L. Stein. 1999. The Src family tyrosine kinase Fyn 
regulates natural killer T cell development. J  Exp Med 190:1189-1196.

35. Nichols, K. E., J. Horn, S. Y. Gong, A. Ganguly, C. S. Ma, J. L. Cannons, S. G. 
Tangye, P. L. Schwartzberg, G. A. Koretzky, and P. L. Stein. 2005. Regulation of



100

NKT cell development by SAP, the protein defective in XLP. Nat Med 11:340- 
345.

36. Elewaut, D., R. B. Shaikh, K. J. Hammond, H. De Winter, A. J. Leishman, S. 
Sidobre, O. Turovskaya, T. I. Prigozy, L. Ma, T. A. Banks, D. Lo, C. F. Ware, H. 
Cheroutre, and M. Kronenberg. 2003. NIK-dependent RelB activation defines a 
unique signaling pathway for the development of V alpha 14i NKT cells. J  Exp 
Med 197:1623-1633.

37. Parekh, V. V., M. T. Wilson, D. Olivares-Villagomez, A. K. Singh, L. Wu, C. R. 
Wang, S. Joyce, and L. Van Kaer. 2005. Glycolipid antigen induces long-term 
natural killer T cell anergy in mice. J  Clin Invest 115:2572-2583.

38. Smith-Garvin, J. E., G. A. Koretzky, and M. S. Jordan. 2009. T cell activation. 
Annu Rev Immunol 27:591-619.

39. Eberl, G., B. Lowin-Kropf, and H. R. MacDonald. 1999. Cutting edge: NKT cell 
development is selectively impaired in Fyn- deficient mice. J  Immunol 163:4091- 
4094.

40. Chan, B., A. Lanyi, H. K. Song, J. Griesbach, M. Simarro-Grande, F. Poy, D. 
Howie, J. Sumegi, C. Terhorst, and M. J. Eck. 2003. SAP couples Fyn to SLAM 
immune receptors. Nat Cell Biol 5:155-160.

41. Gu, C., S. G. Tangye, X. Sun, Y. Luo, Z. Lin, and J. Wu. 2006. The X-linked 
lymphoproliférative disease gene product SAP associates with PAK-interacting 
exchange factor and participates in T cell activation. Proc Natl Acad Sci U S A  
103:14447-14452.

42. Simarro, M., A. Lanyi, D. Howie, F. Poy, J. Bruggeman, M. Choi, J. Sumegi, M. 
J. Eck, and C. Terhorst. 2004. SAP increases FynT kinase activity and is required 
for phosphorylation of SLAM and Ly9. Int Immunol 16:727-736.

43. Cannons, J. L., L. J. Yu, B. Hill, L. A. Mijares, D. Dombroski, K. E. Nichols, A. 
Antonellis, G. A. Koretzky, K. Gardner, and P. L. Schwartzberg. 2004. SAP 
regulates T(H)2 differentiation and PKC-theta-mediated activation of NF- 
kappaB 1. Immunity 21:693-706.

44. Sivakumar, V., K. J. Hammond, N. Howells, K. Pfeffer, and F. Weih. 2003. 
Differential requirement for Rel/nuclear factor kappa B family members in natural 
killer T cell development. JExpM ed  197:1613-1621.

45. Parekh, V. V., A. K. Singh, M. T. Wilson, D. Olivares-Villagomez, J. S. 
Bezbradica, H. Inazawa, H. Ehara, T. Sakai, I. Serizawa, L. Wu, C. R. Wang, S. 
Joyce, and L. Van Kaer. 2004. Quantitative and qualitative differences in the in 
vivo response of NKT cells to distinct alpha- and beta-anomeric glycolipids. J  
Immunol 173:3693-3706.



101

46. Matsuda, J. L., L. Gapin, J. L. Baron, S. Sidobre, D. B. Stetson, M. Mohrs, R. M. 
Locksley, and M. Kronenberg. 2003. Mouse V alpha 14i natural killer T cells are 
resistant to cytokine polarization in vivo. Proc Natl Acad Sci U S A  100:8395- 
8400.

47. Camaud, C., D. Lee, O. Donnars, S. H. Park, A. Beavis, Y. Koezuka, and A. 
Bendelac. 1999. Cutting edge: Cross-talk between cells of the innate immune 
system: NKT cells rapidly activate NK cells. JImmunol 163:4647-4650.

48. Crowe, N. Y., J. M. Coquet, S. P. Berzins, K. Kyparissoudis, R. Keating, D. G. 
Pellicci, Y. Hayakawa, D. I. Godfrey, and M. J. Smyth. 2005. Differential 
antitumor immunity mediated by NKT cell subsets in vivo. J  Exp Med 202:1279- 
1288.

49. Lee, P. T., K. Benlagha, L. Teyton, and A. Bendelac. 2002. Distinct functional 
lineages of human V(alpha)24 natural killer T cells. J  Exp Med 195:637-641.

50. Leite-de-Moraes, M. C., A. Herbelin, C. Gouarin, Y. Koezuka, E. Schneider, and 
M. Dy. 2000. Fas/Fas ligand interactions promote activation-induced cell death of 
NK T lymphocytes. J  Immunol 165:4367-4371.

51. Wilson, M. T., C. Johansson, D. Olivares-Villagomez, A. K. Singh, A. K. Stanic, 
C. R. Wang, S. Joyce, M. J. Wick, and L. Van Kaer. 2003. The response of 
natural killer T cells to glycolipid antigens is characterized by surface receptor 
down-modulation and expansion. Proc Natl Acad Sci U S A  100:10913-10918.

52. Fujii, S., K. Shimizu, C. Smith, L. Bonifaz, and R. M. Steinman. 2003. Activation 
of natural killer T cells by alpha-galactosylceramide rapidly induces the full 
maturation of dendritic cells in vivo and thereby acts as an adjuvant for combined 
CD4 and CD8 T cell immunity to a coadministered protein. J  Exp Med 198:267- 
279.

53. Eberl, G., and H. R. MacDonald. 2000. Selective induction of NK cell 
proliferation and cytotoxicity by activated NKT cells. EurJImmunol 30:985-992.

54. Galli, G., S. Nuti, S. Tavarini, L. Galli-Stampino, C. De Lalla, G. Casorati, P. 
Dellabona, and S. Abrignani. 2003. Innate immune responses support adaptive 
immunity: NKT cells induce B cell activation. Vaccine 21 Suppl 2:S48-54.

55. Galli, G., P. Pittoni, E. Tonti, C. Malzone, Y. Uematsu, M. Tortoli, D. Maione, G. 
Volpini, O. Finco, S. Nuti, S. Tavarini, P. Dellabona, R. Rappuoli, G. Casorati, 
and S. Abrignani. 2007. Invariant NKT cells sustain specific B cell responses and 
memory. Proc Natl Acad Sci U S A \  04:3984-3989.

56. Stober, D., I. Jomantaite, R. Schirmbeck, and J. Reimann. 2003. NKT cells 
provide help for dendritic cell-dependent priming of MHC class I-restricted CD8+ 
T cells in vivo. J  Immunol 170:2540-2548.



102

57. Schwartz, R. H. 1990. A cell culture model for T lymphocyte clonal anergy. 
Science 248:1349-1356.

58. Schwartz, R. H. 2003. T cell anergy. Annu Rev Immunol 21:305-334.

59. Hayakawa, Y., K. Takeda, H. Yagita, L. Van Kaer, I. Saiki, and K. Okumura. 
2001. Differential regulation of Thl and Th2 functions of NKT cells by CD28 and 
CD40 costimulatory pathways. JImmunol 166:6012-6018.

60. Uldrich, A. P., N. Y. Crowe, K. Kyparissoudis, D. G. Pellicci, Y. Zhan, A. M.
Lew, P. Bouillet, A. Strasser, M. J. Smyth, and D. I. Godfrey. 2005. NKT cell
stimulation with glycolipid antigen in vivo: costimulation-dependent expansion, 
Bim-dependent contraction, and hyporesponsiveness to further antigenic 
challenge. J  Immunol 175:3092-3101.

61. Kaneda, H., K. Takeda, T. Ota, Y. Kaduka, H. Akiba, Y. Ikarashi, H. Wakasugi, 
M. Kronenberg, K. Kinoshita, H. Yagita, and K. Okumura. 2005. ICOS 
costimulates invariant NKT cell activation. Biochem Biophys Res Commun 
327:201-207.

62. Akbari, O., P. Stock, E. H. Meyer, G. J. Freeman, A. H. Sharpe, D. T. Umetsu,
and R. H. DeKruyff. 2008. ICOS/ICOSL interaction is required for CD4+
invariant NKT cell function and homeostatic survival. J  Immunol 180:5448-5456.

63. Vinay, D. S., B. K. Choi, J. S. Bae, W. Y. Kim, B. M. Gebhardt, and B. S. Kwon. 
2004. CD 137-deficient mice have reduced NK/NKT cell numbers and function, 
are resistant to lipopolysaccharide-induced shock syndromes, and have lower IL-4 
responses. J  Immunol 173:4218-4229.

64. Kim, D. H„ W. S. Chang, Y. S. Lee, K. A. Lee, Y. K. Kim, B. S. Kwon, and C. Y. 
Kang. 2008. 4 -IBB engagement costimulates NKT cell activation and exacerbates 
NKT cell ligand-induced airway hyperresponsiveness and inflammation. J  
Immunol 180:2062-2068.

65. Kim, H. J., H. Y. Kim, B. K. Kim, S. Kim, and D. H. Chung. 2006. Engagement 
of glucocorticoid-induced TNF receptor costimulates NKT cell activation in vitro 
and in vivo. J  Immunol 176:3507-3515.

66. Marschner, A., S. Rothenfusser, V. Homung, D. Prell, A. Krug, M. Kerkmann, D. 
Wellisch, H. Poeck, A. Greinacher, T. Giese, S. Endres, and G. Hartmann. 2005. 
CpG ODN enhance antigen-specific NKT cell activation via plasmacytoid 
dendritic cells. Eur J  Immunol 35:2347-2357.

67. Zaini, J., S. Andarini, M. Tahara, Y. Saijo, N. Ishii, K. Kawakami, M. Taniguchi,
K. Sugamura, T. Nukiwa, and T. Kikuchi. 2007. 0X40 ligand expressed by DCs 
costimulates NKT and CD4+ Th cell antitumor immunity in mice. J  Clin Invest 
117:3330-3338.



103

68. Slein, M. W., and G. F. Logan, Jr. 1963. Partial purification and properties of two 
phospholipases of Bacillus cereus. J  Bacteriol 85:369-381.

69. Ferguson, M. A., S. W. Homans, R. A. Dwek, and T. W. Rademacher. 1988. 
Glycosyl-phosphatidylinositol moiety that anchors Trypanosoma brucei variant 
surface glycoprotein to the membrane. Science 239:753-759.

70. Miki, A., T. Kominami, and Y. Ikehara. 1985. pH-dependent conversion of liver- 
membranous alkaline phosphatase to a serum-soluble form by n-butanol 
extraction. Biochem Biophys Res Commun 126:89-95.

71. Lisanti, M. P., I. W. Caras, M. A. Davitz, and E. Rodriguez-Boulan. 1989. A 
glycophospholipid membrane anchor acts as an apical targeting signal in 
polarized epithelial cells. J  Cell Biol 109:2145-2156.

72. Brown, D. A., B. Crise, and J. K. Rose. 1989. Mechanism of membrane anchoring 
affects polarized expression of two proteins in MDCK cells. Science 245:1499- 
1501.

73. Schroeder, R., E. London, and D. Brown. 1994. Interactions between saturated 
acyl chains confer detergent resistance on lipids and glycosylphosphatidylinositol 
(GPI)-anchored proteins: GPI-anchored proteins in liposomes and cells show 
similar behavior. Proc Natl Acad Sci U SA  91:12130-12134.

74. Simons, K., and E. Ikonen. 1997. Functional rafts in cell membranes. Nature 
387:569-572.

75. Paulick, M. G., and C. R. Bertozzi. 2008. The glycosylphosphatidylinositol 
anchor: a complex membrane-anchoring structure for proteins. Biochemistry 
47:6991-7000.

76. Thompson, L. F., J. M. Ruedi, A. Glass, M. G. Low, and A. H. Lucas. 1989. 
Antibodies to 5'-nucleotidase (CD73), a glycosyl-phosphatidylinositol-anchored 
protein, cause human peripheral blood T cells to proliferate. J  Immunol 143:1815- 
1821.

77. Gunter, K. C., T. R. Malek, and E. M. Shevach. 1984. T cell-activating properties 
of an anti-Thy-1 monoclonal antibody. Possible analogy to OKT3/Leu-4. J  Exp 
Med 159:716-730.

78. Malek, T. R., G. Ortega, C. Chan, R. A. Kroczek, and E. M. Shevach. 1986. Role 
of Ly-6 in lymphocyte activation. II. Induction of T cell activation by monoclonal 
anti-Ly-6 antibodies. J  Exp Med 164:709-722.

79. Davis, L. S., S. S. Patel, J. P. Atkinson, and P. E. Lipsky. 1988. Decay- 
accelerating factor functions as a signal transducing molecule for human T cells. J  
Immunol 141:2246-2252.



104

80. Medof, M. E., S. Nagarajan, and M. L. Tykocinski. 1996. Cell-surface 
engineering with GPI-anchored proteins. Faseb J  10:574-586.

81. Shenoy-Scaria, A. M., J. Kwong, T. Fujita, M. W. Olszowy, A. S. Shaw, and D. 
M. Lublin. 1992. Signal transduction through decay-accelerating factor. 
Interaction of glycosyl-phosphatidylinositol anchor and protein tyrosine kinases 
p561ckand p59fyn 1 . J  Immunol 149:3535-3541.

82. Stefanova, I., V. Horejsi, I. J. Ansotegui, W. Knapp, and H. Stockinger. 1991. 
GPI-anchored cell-surface molecules complexed to protein tyrosine kinases. 
Science 254:1016-1019.

83. Harder, T., P. Scheiffele, P. Verkade, and K. Simons. 1998. Lipid domain 
structure of the plasma membrane revealed by patching of membrane components. 
J  Cell Biol 141:929-942.

84. Volarevic, S., C. M. Bums, J. J. Sussman, and J. D. Ashwell. 1990. Intimate 
association of Thy-1 and the T-cell antigen receptor with the CD45 tyrosine 
phosphatase. Proc Natl Acad Sci U SA  87:7085-7089.

85. Gunter, K. C., R. N. Germain, R. A. Kroczek, T. Saito, W. M. Yokoyama, C. 
Chan, A. Weiss, and E. M. Shevach. 1987. Thy-1-mediated T-cell activation 
requires co-expression of CD3/Ti complex. Nature 326:505-507.

86. Romagnoli, P., and C. Bron. 1997. Phosphatidylinositol-based glycolipid- 
anchored proteins enhance proximal TCR signaling events. J  Immunol 158:5757- 
5764.

87. Takeda, J., T. Miyata, K. Kawagoe, Y. Iida, Y. Endo, T. Fujita, M. Takahashi, T. 
Kitani, and T. Kinoshita. 1993. Deficiency of the GPI anchor caused by a somatic 
mutation of the PIG-A gene in paroxysmal nocturnal hemoglobinuria. Cell 
73:703-711.

88. Hillmen, P., S. M. Lewis, M. Bessler, L. Luzzatto, and J. V. Dacie. 1995. Natural 
history of paroxysmal nocturnal hemoglobinuria. N  Engl J  Med 333:1253-1258.

89. Nicholson-Weller, A., J. P. March, S. I. Rosenfeld, and K. F. Austen. 1983. 
Affected erythrocytes of patients with paroxysmal nocturnal hemoglobinuria are 
deficient in the complement regulatory protein, decay accelerating factor. Proc 
Natl Acad Sci U S A  80:5066-5070.

90. Holguin, M. H., L. R. Fredrick, N. J. Bemshaw, L. A. Wilcox, and C. J. Parker. 
1989. Isolation and characterization of a membrane protein from normal human 
erythrocytes that inhibits reactive lysis of the erythrocytes of paroxysmal 
nocturnal hemoglobinuria. J  Clin Invest 84:7-17.

91. Terrazzano, G., M. Sica, C. Becchimanzi, S. Costantini, B. Rotoli, S. Zappacosta, 
F. Alfinito, and G. Ruggiero. 2005. T cells from paroxysmal nocturnal



105

haemoglobinuria (PNH) patients show an altered CD40-dependent pathway. J  
Leukoc Biol 78:27-36.

92. Barclay, A. N., M. Letarte-Muirhead, A. F. Williams, and R. A. Faulkes. 1976. 
Chemical characterisation of the Thy-1 glycoproteins from the membranes of rat 
thymocytes and brain. Nature 263:563-567.

93. Reif, A. E., and J. M. Allen. 1964. The Akr Thymic Antigen and Its Distribution 
in Leukemias and Nervous Tissues. J  Exp Med 120:413-433.

94. Raff, M. C. 1971. T and B lymphocytes in mice studied by using antisera against 
surface antigenic markers. Am J  Pathol 65:467-478.

95. Norcross, M. A., and R. T. Smith. 1979. Regulation of T cell mitogen activity of 
anti-lymphocyte serum by a B-helper cell. J  Immunol 122:1620-1628.

96. Kroczek, R. A., K. C. Gunter, B. Seligmann, and E. M. Shevach. 1986. Induction 
of T cell activation by monoclonal anti-Thy-1 antibodies. J  Immunol 136:4379- 
4384.

97. Williams, A. F., and J. Gagnon. 1982. Neuronal cell Thy-1 glycoprotein: 
homology with immunoglobulin. Science 216:696-703.

98. Low, M. G., and P. W. Kincade. 1985. Phosphatidylinositol is the membrane
anchoring domain of the Thy-1 glycoprotein. Nature 318:62-64.

99. Williams, A. F., A. G. Tse, and J. Gagnon. 1988. Squid glycoproteins with 
structural similarities to Thy-1 and Ly-6 antigens. Immunogenetics 27:265-272.

100. Mansour, M. H., and E. L. Cooper. 1984. Purification and characterization of 
Rana pipiens brain Thy-1 glycoprotein. J  Immunol 132:2515-2523.

101. Rostas, J. A., T. A. Shevenan, C. M. Sinclair, and P. L. Jeffrey. 1983. The 
purification and characterization of a Thy-1-like glycoprotein from chicken brain. 
Biochem J  213:143-152.

102. Douglas, T. C. 1972. Occurrence of a theta-like antigen in rats. J  Exp Med 
136:1054-1062.

103. Dalchau, R., and J. W. Fabre. 1979. Identification and unusual tissue distribution 
of the canine and human homologues of Thy-1 (theta). J  Exp Med 149:576-591.

104. Ades, E. W., R. K. Zwemer, R. T. Acton, and C. M. Balch. 1980. Isolation and 
partial characterization of the human homologue of Thy-1. J  Exp Med 151:400- 
406.

105. Reif, A. E., and J. M. Allen. 1963. Specificity of Isoantisera against Leukaemic 
and Thymic Lymphocytes. Nature 200:1332-1333.



106

106. Raff, M. 1969. Theta isoantigen as a marker of thymus-derived lymphocytes in 
mice. Nature 224:378-379.

107. Stem, P. L. 1973. Theta alloantigen on mouse and rat fibroblasts. Nat New Biol 
246:76-78.

108. Hunt, S. V. 1979. The presence of Thy-1 on the surface of rat lymphoid stem cells 
and colony-forming units. EurJImmunol 9:853-859.

109. Killeen, N. 1997. T-cell regulation: Thy-1 - hiding in full view. Curr Biol 7:R774- 
777.

110. Haeryfar, S. M., and D. W. Hoskin. 2004. Thy-1: more than a mouse pan-T cell 
marker. J  Immunol 173:3581-3588.

111. McKenzie, J. L., and J. W. Fabre. 1981. Human thy-1: unusual localization and 
possible functional significance in lymphoid tissues. J  Immunol 126:843-850.

112. Rege, T. A., and J. S. Hagood. 2006. Thy-1, a versatile modulator of signaling 
affecting cellular adhesion, proliferation, survival, and cytokine/growth factor 
responses. Biochim Biophys Acta 1763:991-999.

113. Leyton, L., P. Schneider, C. V. Labra, C. Ruegg, C. A. Hetz, A. F. Quest, and C. 
Bron. 2001. Thy-1 binds to integrin beta(3) on astrocytes and triggers formation 
of focal contact sites. Curr Biol 11:1028-1038.

114. Tiveron, M. C., E. Barboni, F. B. Pliego Rivero, A. M. Gormley, P. J. Seeley, F. 
Grosveld, and R. Morris. 1992. Selective inhibition of neurite outgrowth on 
mature astrocytes by Thy-1 glycoprotein. Nature 355:745-748.

115. Doherty, P., A. Singh, G. Rimon, S. R. Bolsover, and F. S. Walsh. 1993. Thy-1 
antibody-triggered neurite outgrowth requires an influx of calcium into neurons 
via N- and L-type calcium channels. J  Cell Biol 122:181-189.

116. Wetzel, A., T. Chavakis, K. T. Preissner, M. Sticherling, U. F. Haustein, U. 
Anderegg, and A. Saalbach. 2004. Human Thy-1 (CD90) on activated endothelial 
cells is a counterreceptor for the leukocyte integrin Mac-1 (CDllb/CD18). J  
Immunol 172:3850-3859.

117. Choi, J., L. Leyton, and S. U. Nham. 2005. Characterization of alphaX I-domain 
binding to Thy-1. Biochem Biophys Res Commun 331:557-561.

118. He, H. T., P. Naquet, D. Caillol, and M. Pierres. 1991. Thy-1 supports adhesion of 
mouse thymocytes to thymic epithelial cells through a Ca2(+)-independent 
mechanism. J  Exp Med 173:515-518.



107

119. Leyton, L., A. F. Quest, and C. Bron. 1999. Thy-1/CD3 coengagement promotes 
TCR signaling and enhances particularly tyrosine phosphorylation of the raft 
molecule LAT. Mol Immunol 36:755-768.

120. Beissert, S., H. T. He, A. O. Hueber, A. C. Lellouch, D. Metze, A. Mehling, T. A. 
Luger, T. Schwarz, and S. Grabbe. 1998. Impaired cutaneous immune responses 
in Thy-1-deficient mice. JImmunol 161:5296-5302.

121. Hueber, A. O., A. M. Bernard, C. L. Battari, D. Marguet, P. Massol, C. Foa, N. 
Brun, S. Garcia, C. Stewart, M. Pierres, and H. T. He. 1997. Thymocytes in Thy- 
1-/- mice show augmented TCR signaling and impaired differentiation. Curr Biol 
7:705-708.

122. Barboni, E., A. M. Gormley, F. B. Pliego Rivero, M. Vidal, and R. J. Morris. 
1991. Activation of T lymphocytes by cross-linking of glycophospholipid- 
anchored Thy-1 mobilizes separate pools of intracellular second messengers to 
those induced by the antigen-receptor/CD3 complex. Immunology 72:457-463.

123. Hoffman, E. M. 1969. Inhibition of complement by a substance isolated from 
human erythrocytes. I. Extraction from human erythrocyte stromata. 
Immunochemistry 6:391-403.

124. Hoffmann, E. M. 1969. Inhibition of complement by a substance isolated from 
human erythrocytes. II. Studies on the site and mechanism of action. 
Immunochemistry 6:405-419.

125. Lin, F., Y. Fukuoka, A. Spicer, R. Ohta, N. Okada, C. L. Harris, S. N. 
Emancipator, and M. E. Medof. 2001. Tissue distribution of products of the 
mouse decay-accelerating factor (DAF) genes. Exploitation of a Dafl knock-out 
mouse and site-specific monoclonal antibodies. Immunology 104:215-225.

126. Medof, M. E., T. Kinoshita, and V. Nussenzweig. 1984. Inhibition of complement 
activation on the surface of cells after incorporation of decay-accelerating factor 
(DAF) into their membranes. J  Exp Med 160:1558-1578.

127. Powell, R. M., T. Ward, I. Goodfellow, J. W. Almond, and D. J. Evans. 1999. 
Mapping the binding domains on decay accelerating factor (DAF) for 
haemagglutinating enteroviruses: implications for the evolution of a DAF-binding 
phenotype. J  Gen Virol 80 ( Pt 12):3145-3152.

128. Nowicki, B., A. Labigne, S. Moseley, R. Hull, S. Hull, and J. Moulds. 1990. The 
Dr hemagglutinin, afimbrial adhesins AFA-I and AFA-III, and F I845 fimbriae of 
uropathogenic and diarrhea-associated Escherichia coli belong to a family of 
hemagglutinins with Dr receptor recognition. Infect Immun 58:279-281.

129. Hamann, J., B. Vogel, G. M. van Schijndel, and R. A. van Lier. 1996. The seven- 
span transmembrane receptor CD97 has a cellular ligand (CD55, DAF). J  Exp 
Med 184:1185-1189.



108

130. Eichler, W., G. Aust, and D. Hamann. 1994. Characterization of an early 
activation-dependent antigen on lymphocytes defined by the monoclonal antibody 
BL-Ac(F2). Scand JImmunol 39:111-115.

131. Leemans, J. C., A. A. te Velde, S. Florquin, R. J. Bennink, K. de Bruin, R. A. van 
Lier, T. van der Poll, and J. Hamann. 2004. The epidermal growth factor-seven 
transmembrane (EGF-TM7) receptor CD97 is required for neutrophil migration 
and host defense. J  Immunol 172:1125-1131.

132. Capasso, M., L. G. Durrant, M. Stacey, S. Gordon, J. Ramage, and I. Spendlove. 
2006. Costimulation via CD55 on human CD4+ T cells mediated by CD97. J  
Immunol 177:1070-1077.

133. Liu, J., T. Miwa, B. Hilliard, Y. Chen, J. D. Lambris, A. D. Wells, and W. C. 
Song. 2005. The complement inhibitory protein DAF (CD55) suppresses T cell 
immunity in vivo. J  Exp Med 201:567-577.

134. Heeger, P. S., P. N. Lalli, F. Lin, A. Valujskikh, J. Liu, N. Muqim, Y. Xu, and M. 
E. Medof. 2005. Decay-accelerating factor modulates induction of T cell 
immunity. J  Exp Med 201:1523-1530.

135. Gui, M., J. Li, L. J. Wen, R. R. Hardy, and K. Hayakawa. 2001. TCR beta chain 
influences but does not solely control autoreactivity of V alpha 14J281T cells. J  
Immunol 167:6239-6246.

136. Capoccia, B. J., D. L. Robson, K. D. Levac, D. J. Maxwell, S. A. Hohm, M. J. 
Neelamkavil, G. I. Bell, A. Xenocostas, D. C. Link, D. Piwnica-Worms, J. A. 
Nolta, and D. A. Hess. 2009. Revascularization of ischemic limbs after 
transplantation of human bone marrow cells with high aldehyde dehydrogenase 
activity. Blood 113:5340-5351.

137. Julius, M. H., E. Simpson, and L. A. Herzenberg. 1973. A rapid method for the 
isolation of functional thymus-derived murine lymphocytes. Eur J  Immunol 
3:645-649.

138. Pfaffl, M. W. 2001. A new mathematical model for relative quantification in real
time RT-PCR. Nucleic Acids Res 29:e45.

139. Kim, H. Y., S. Kim, and D. H. Chung. 2006. FcgammaRIII engagement provides 
activating signals to NKT cells in antibody-induced joint inflammation. J  Clin 
Invest 116:2484-2492.

140. Haeryfar, S. M., M. M. Al-Alwan, J. S. Mader, G. Rowden, K. A. West, and D. W. 
Hoskin. 2003. Thy-1 signaling in the context of costimulation provided by 
dendritic cells provides signal 1 for T cell proliferation and cytotoxic effector 
molecule expression, but fails to trigger delivery of the lethal hit. J  Immunol 
171:69-77.



109

141. Hammond, K. J., S. B. Pelikan, N. Y. Crowe, E. Randle-Barrett, T. Nakayama, M. 
Taniguchi, M. J. Smyth, I. R. van Driel, R. Scollay, A. G. Baxter, and D. I. 
Godfrey. 1999. NKT cells are phenotypically and functionally diverse. Eur J  
Immunol 29:3768-3781.

142. Sullivan, K. E., J. Cutilli, L. M. Piliero, D. Ghavimi-Alagha, S. E. Starr, D. E. 
Campbell, and S. D. Douglas. 2000. Measurement of cytokine secretion, 
intracellular protein expression, and mRNA in resting and stimulated peripheral 
blood mononuclear cells. Clin Diagn Lab Immunol 7:920-924.

143. Stetson, D. B., M. Mohrs, R. L. Reinhardt, J. L. Baron, Z. E. Wang, L. Gapin, M. 
Kronenberg, and R. M. Locksley. 2003. Constitutive cytokine mRNAs mark 
natural killer (NK) and NK T cells poised for rapid effector function. J  Exp Med 
198:1069-1076.

144. Hu, C. K., F. Venet, D. S. Heffeman, Y. L. Wang, B. Homer, X. Huang, C. S. 
Chung, S. H. Gregory, and A. Ayala. 2009. The role of hepatic invariant NKT 
cells in systemic/local inflammation and mortality during polymicrobial septic 
shock. J  Immunol 182:2467-2475.

145. Tupin, E., M. R. Benhnia, Y. Kinjo, R. Patsey, C. J. Lena, M. C. Haller, M. J. 
Caimano, M. Imamura, C. H. Wong, S. Crotty, J. D. Radolf, T. J. Sellati, and M. 
Kronenberg. 2008. NKT cells prevent chronic joint inflammation after infection 
with Borrelia burgdorferi. Proc Natl Acad Sci U SA  105:19863-19868.

146. Castellanos, M. C., C. Munoz, M. C. Montoya, E. Lara-Pezzi, M. Lopez-Cabrera, 
and M. O. de Landazuri. 1997. Expression of the leukocyte early activation 
antigen CD69 is regulated by the transcription factor AP-1 . J  Immunol 159:5463- 
5473.

147. Theze, J., P. M. Alzari, and J. Bertoglio. 1996. Interleukin 2 and its receptors: 
recent advances and new immunological functions. Immunol Today 17:481-486.

148. Berzins, S. P., M. J. Smyth, and D. I. Godfrey. 2005. Working with NKT cells— 
pitfalls and practicalities. Curr Opin Immunol 17:448-454.

149. Pal, E., T. Tabira, T. Kawano, M. Taniguchi, S. Miyake, and T. Yamamura. 2001. 
Costimulation-dependent modulation of experimental autoimmune 
encephalomyelitis by ligand stimulation of V alpha 14 NK T cells. J  Immunol 
166:662-668.

150. Ledbetter, J. A., and L. A. Herzenberg. 1979. Xenogeneic monoclonal antibodies 
to mouse lymphoid differentiation antigens. Immunol Rev 47:63-90.

151. Haeryfar, S. M., D. M. Conrad, B. Musgrave, and D. W. Hoskin. 2005. Antibody 
blockade of Thy-1 (CD90) impairs mouse cytotoxic T lymphocyte induction by 
anti-CD3 monoclonal antibody. Immunol Cell Biol 83:352-363.



110

152. Radvanyi, L. G., G. B. Mills, and R. G. Miller. 1993. Religation of the T cell 
receptor after primary activation of mature T cells inhibits proliferation and 
induces apoptotic cell death. JImmunol 150:5704-5715.

153. Low, M. G. 1989. Glycosyl-phosphatidylinositol: a versatile anchor for cell 
surface proteins. Faseb J 3:1600-1608.

154. Presky, D. H., M. G. Low, and E. M. Shevach. 1990. Role of 
phosphatidylinositol-anchored proteins in T cell activation. J  Immunol 144:860- 
868.

155. Haeryfar, S. M., and D. W. Hoskin. 2001. Selective pharmacological inhibitors 
reveal differences between Thy-1- and T cell receptor-mediated signal 
transduction in mouse T lymphocytes. Int Immunopharmacol 1:689-698.

156. Janeway, C. A., Jr. 1992. The T cell receptor as a multicomponent signalling 
machine: CD4/CD8 coreceptors and CD45 in T cell activation. Am u Rev 
Immunol 10:645-674.

157. Thedrez, A., C. de Lalla, S. Allain, L. Zaccagnino, S. Sidobre, C. Garavaglia, G. 
Borsellino, P. Dellabona, M. Bonneville, E. Scotet, and G. Casorati. 2007. CD4 
engagement by CD Id potentiates activation of CD4+ invariant NKT cells. Blood 
110:251-258.

158. Chen, X., X. Wang, G. S. Besra, and J. E. Gumperz. 2007. Modulation of CDld- 
restricted NKT cell responses by CD4. JLeukoc Biol 82:1455-1465.

159. Sidobre, S., O. V. Naidenko, B. C. Sim, N. R. Gascoigne, K. C. Garcia, and M. 
Kronenberg. 2002. The V alpha 14 NKT cell TCR exhibits high-affinity binding 
to a glycolipid/CDld complex. J  Immunol 169:1340-1348.

160. Watarai, H., R. Nakagawa, M. Omori-Miyake, N. Dashtsoodol, and M. Taniguchi. 
2008. Methods for detection, isolation and culture of mouse and human invariant 
NKT cells. Nat Protoc 3:70-78.

161. Koo, G. C., J. B. Jacobson, G. J. Hammerling, and U. Hammerling. 1980. 
Antigenic profile of murine natural killer cells. J  Immunol 125:1003-1006.

162. Skold, M., N. N. Faizunnessa, C. R. Wang, and S. Cardell. 2000. CDld-specific 
NK1.1+ T cells with a transgenic variant TCR. J  Immunol 165:168-174.

163. Eberl, G., R. Lees, S. T. Smiley, M. Taniguchi, M. J. Grusby, and H. R. 
MacDonald. 1999. Tissue-specific segregation of CD ld-dependent and CD Id- 
independent NK T cells. J  Immunol 162:6410-6419.

164. McNab, F. W., D. G. Pellicci, K. Field, G. Besra, M. J. Smyth, D. I. Godfrey, and 
S. P. Berzins. 2007. Peripheral NK1.1 NKT cells are mature and functionally 
distinct from their thymic counterparts. J  Immunol 179:6630-6637.



I l l

165. Korinek, V., I. Stefanova, P. Angelisova, I. Hilgert, and V. Horejsi. 1991. The 
human leucocyte antigen CD48 (MEM-102) is closely related to the activation 
marker Blast-1. Immunogenetics 33:108-112.

166. Tone, M., K. F. Nolan, L. A. Walsh, Y. Tone, S. A. Thompson, and H. Waldmann.
1999. Structure and chromosomal location of mouse and human CD52 genes. 
Biochim BiophysActa 1446:334-340.

167. Davies, A., D. L. Simmons, G. Hale, R. A. Harrison, H. Tighe, P. J. Lachmann, 
and H. Waldmann. 1989. CD59, an LY-6-like protein expressed in human 
lymphoid cells, regulates the action of the complement membrane attack complex 
on homologous cells. J  Exp Med 170:637-654.

168. Kinoshita, T., M. E. Medof, R. Silber, and V. Nussenzweig. 1985. Distribution of 
decay-accelerating factor in the peripheral blood of normal individuals and 
patients with paroxysmal nocturnal hemoglobinuria. J  Exp Med 162:75-92.

169. Godfrey, D. I., and M. Kronenberg. 2004. Going both ways: immune regulation 
via CD ld-dependent NKT cells . J  Clin Invest 114:1379-1388.

170. Wilson, S. B., and T. L. Delovitch. 2003. Janus-like role of regulatory iNKT cells 
in autoimmune disease and tumour immunity. Nat Rev Immunol 3:211-222.

171. Motohashi, S., K. Nagato, N. Kunii, H. Yamamoto, K. Yamasaki, K. Okita, H. 
Hanaoka, N. Shimizu, M. Suzuki, I. Yoshino, M. Taniguchi, T. Fujisawa, and T. 
Nakayama. 2009. A phase I-II study of alpha-galactosylceramide-pulsed IL- 
2/GM-CSF-cultured peripheral blood mononuclear cells in patients with advanced 
and recurrent non-small cell lung cancer. J  Immunol 182:2492-2501.

172. Nieda, M., M. Okai, A. Tazbirkova, H. Lin, A. Yamaura, K. Ide, R. Abraham, T. 
Juji, D. J. Macfarlane, and A. J. Nicol. 2004. Therapeutic activation of 
Valpha24+Vbetall+ NKT cells in human subjects results in highly coordinated 
secondary activation of acquired and innate immunity. Blood 103:383-389.

173. Schmieg, J., G. Yang, R. W. Franck, and M. Tsuji. 2003. Superior protection 
against malaria and melanoma metastases by a C-glycoside analogue of the 
natural killer T cell ligand alpha-Galactosylceramide. J  Exp Med 198:1631-1641.

174. Miyamoto, K., S. Miyake, and T. Yamamura. 2001. A synthetic glycolipid 
prevents autoimmune encephalomyelitis by inducing TH2 bias of natural killer T 
cells. Nature 413:531-534.

175. Joyce, S., A. S. Woods, J. W. Yewdell, J. R. Bennink, A. D. De Silva, A. 
Boesteanu, S. P. Balk, R. J. Cotter, and R. R. Brutkiewicz. 1998. Natural ligand of 
mouse C D ldl: cellular glycosylphosphatidylinositol. Science 279:1541-1544.



112

176. Schofield, L., M. J. McConville, D. Hansen, A. S. Campbell, B. Fraser-Reid, M. J. 
Grusby, and S. D. Tachado. 1999. CDld-restricted immunoglobulin G formation 
to GPI-anchored antigens mediated by NKT cells. Science 283:225-229.



Appendices



114

A p p e n d i x  A

- BMDCs + BMDCs

BMDCs dampen the response of N38-2C12 /NKT hybridoma cells to Thy-1 cross- 

linking. /NKT cells were seeded at 20,000 cells per well in a 96-well plate and BMDCs 

were added to some wells at a ratio of 5 /NKT : 1 BMDC. Cells were incubated with 

anti-Thy-1 mAb G7 at a concentration of 5 pg/mL. After 24 hours, culture supernatants 

were harvested and IL-2 levels were measured by ELISA. Error bars represent standard 

deviation of triplicate wells.
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A p p e n d i x  B

Flow cytometric analysis of /NKT cell frequencies comparing CDld tetramer 

staining to NK1.1 staining. Naive mice were sacrificed and their livers were removed. 

Hepatic lymphoid mononuclear cells were isolated and stained with FITC-conjugated 

anti-TCRp mAb and either APC-conjugated PBS-57-loaded mouse CDld tetramer or PE- 

conjugated anti-NKl.l mAb. Double positive cells were gated on and the frequency of 

/NKT cells detected from each staining procedure was compared.
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