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ABSTRACT OF THE DISSERTATION 

 

The Signals that Regulate Cytokine Production by Natural Killer T Cells 

By 

 

Niranjana Aditi Nagarajan 

Doctor of Philosophy in Biology 

University of California, San Diego, 2005 

 

Professor Mitchell Kronenberg, Chair 

Professor Suresh Subramani, Co-Chair 

 

Natural Killer T (NKT) cells influence many immune processes through the 

production of cytokines, and the research described in this dissertation is 

directed towards elucidating the signals that regulate cytokine production by 

these cells.   Antigen presentation is a known regulator of T cell responses and 

the requirements for CD1d-mediated antigen presentation were investigated. 

These studies demonstrate that CD1d requires lysosomal trafficking in order 

to present glycosphingolipid (GSL) antigens to NKT cells, and that this 

trafficking is mediated by the interaction of the cytoplasmic tail of CD1d with 

the adaptor protein complex AP-3. The nature of the GSL antigen used is also 

known to affect NKT cell cytokine production, and structurally modified 
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altered glycolipid ligands were used to characterize effect of altering antigen 

avidity and affinity on cytokine production.  The model antigen used to 

stimulate NKT cells, α-galactosylceramide (αGalCer), induces an unbiased 

TH0 response, with equivalent production of interferon-γ (IFNγ) and 

interleukin (IL)-4 by these cells. OCH, a variant of αGalCer that induces a TH2-

biased systemic response, activates NKT cells to a similar degree as αGalCer. 

The mechanism of this altered activation is unclear, as OCH induces a similar 

degree of early signaling as αGalCer although it associates with the TCR with 

lesser avidity, suggesting that while OCH may not alter NKT cell activation, it 

affects the downstream activation of other cells. C-glycoside, a variant of 

αGalCer that induces a TH1-biased response, is a poor early activator of NKT 

cells, inducing low early signaling and binding the TCR with low affinity and 

avidity, probably inducing low, sustained signaling that results in a systemic 

TH1 response. These studies also demonstrate that NKT cells respond to 

bacterial lipopolysaccharide (LPS), and that their response to LPS is polarized, 

with exclusively IFNγ and no IL-4 being produced.  NKT cells do not express 

toll-like receptor-4 and respond indirectly, to IL-12 and IL-18 produced in 

response to LPS.   NKT cells are also critical for the systemic response to LPS, 

and mice that are genetically deficient for NKT cells exhibit severely impaired 

production of pro-inflammatory cytokines.  

 

 



Chapter 1: Introduction 

 

The primary function of the immune system is to protect the host 

against infection, bacterial, viral or parasitic; and the basic components of a 

defensive system exist in many species, from fruit flies to humans, though the 

complexity of that defensive system varies between those species.  The 

mammalian immune system is classified into two broad categories, the innate 

immune system and the adaptive immune system (1). The innate immune 

system is the first line of defense against potentially harmful organisms that 

manage to penetrate through the physical barriers of skin and mucosal 

surfaces.  The nature of the innate immune response is that it is rapid, effective 

and general, that is, not tailored to specific pathogens, but instead a robust 

systemic response triggered by any foreign invader.   The adaptive immune 

system on the other hand, has evolved to recognize specific antigens and is 

triggered by specific molecules and is therefore more focused, resulting in 

responses that are designed for the particular pathogen that initiates them.  

 

Innate and Adaptive Immunity 

 

 

Innate Immunity 

1
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 The innate immune system is made up of a variety of specialized cells 

that share the ability to detect potential pathogens quickly and mount an 

effective initial response (2).  Macrophages, neutrophils, monocytes, dendritic 

cells (DCs) and natural killer (NK) cells are some of the primary cellular 

components of innate defense, and are found at many immunologically 

relevant sites such as the spleen and lymph nodes (LNs) as well as in the 

circulation and at mucosal surfaces such as the intestine and skin.   Each of 

these cell types has different ways of detecting and responding to pathogenic 

challenge, and successful innate immune responses require all the cell types 

involved to communicate with each other and coordinate their individual 

responses to generate the most appropriate systemic response. 

While innate immunity is not antigen-specific, innate immune 

responses are not indiscriminate, and instead of specific molecules, tend to 

recognize conserved molecular “signatures” that are associated with whole 

classes of pathogens.  These signatures were named Pathogen-Associated 

Molecular Patterns (PAMPs), a term that is a misnomer, because most of these 

are signatures are not pathogen-specific and are better described as microbe 

specific. The receptors that recognize these molecular signatures are termed 

Pattern Recognition Receptors (PRRs) (3).  An example of a PAMP is 

lipopolysaccharide (LPS), which is a component of the cell wall of gram-

negative bacteria and recognized by a PRR Toll-like receptor (TLR)-4 (TLR4) 

(4).  TLR4 is expressed on a variety of cells, which can therefore initiate an 
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immune response to gram-negative bacteria by sensing LPS. There are many 

known PRRs now, including more members of the TLR family, and they are 

discussed in detail in a later section. 

Adaptive Immunity 

Adaptive immunity is the antigen-specific arm of immunity.  The cells 

of the adaptive immune system can be divided into two kinds: T and B cells 

(2), the cells that express antigen receptors and recognize specific antigens, 

and the antigen presenting cells (APCs), cells that generate specific 

recognizable antigens and present them to T cells for recognition. Both T and 

B cells express antigen receptors that are specific and highly variable in 

nature, ensuring that the normal complement of T and B cells recognize the 

maximum possible number of antigens.  T cells express an antigen receptor 

called the T cell receptor (TCR), while B cells express the B cell receptor (BCR).  

Each T cell expresses an individual TCR, which is generated by random gene 

rearrangement such that no two T cells have exactly the same TCR (5), 

resulting in a population with a highly diverse repertoire and capable of 

recognizing a wide range of antigens.  B cells secrete antibodies to foreign 

antigens, and the BCR is an immunoglobulin generated by random gene 

rearrangement (5) that has the same antigen specificity as the 

immunoglobulins the B cell will eventually secrete.  A characteristic feature of 

the adaptive immune response is clonal expansion, which occurs when a T or 

a B cell is stimulated through its specific antigen receptor (6, 7). This activation 
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induces rapid, robust proliferation of the cell that expresses that particular 

antigen receptor, and its further differentiation into an active effector cell. The 

result of clonal expansion is a large population of circulating effector T or B 

cells that recognize a particular antigen.  Once the pathogen has been cleared, 

the effector populations dramatically contract in size, and a few cells 

differentiate further into memory cells that “remember” their antigen 

encounter and are capable of reacting even more rapidly should they 

encounter their cognate antigens again (6, 7).  

APCs, which include DCs, macrophages, and B cells, serve a unique 

function.  They acquire antigens from a variety of sources and process them to 

make them ready for presentation to T cells, a phenomenon called antigen 

processing and presentation (8).  APCs use host-specific antigen presenting 

molecules to display foreign antigens to responding T cells.  Two prominent 

kinds of antigen presenting molecules are polymorphic proteins encoded by 

the major histocompatibility complex (MHC) locus and called MHC class I 

(MHC I) and MHC class II (MHC II) (2).  MHC I and MHC II proteins present 

peptide fragments of protein antigens to two different classes of T cells, CD8+ 

T cells (CD8 T cells) and CD4+ T cells (CD4 T cells) respectively (2).  There is a 

third class of antigen presenting molecules, the CD1 family, that has been 

discovered to present lipid antigens to T cells relatively recently, and this 

group of molecules is discussed in detail in a later section. 

CD4 vs. CD8 T cells 
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T cells are divided into two sub-populations, CD4 and CD8 T cells, 

based on the expression of the co-receptors CD4 and CD8 (9).  Co-receptors 

directly bind to the antigen-presenting molecule on the APC, irrespective of 

the antigen that occupies the antigen-binding groove (10, 11), and this binding 

is thought to enhance the strength and efficacy of TCR-MHC interactions. CD4 

is specific to MHC II and CD8 to MHC I, and as might be expected from this 

specificity, CD4 T cells recognize peptide bound to MHC II and CD8 T cells 

peptide bound to MHC I (2).  CD4 and CD8 expression on mature T cells is 

usually mutually exclusive, however all T cells originate from a double 

positive (DP) thymic precursor that expressed both CD4 and CD8 (12).  The 

basis for the division of T cells into CD4 or CD8 subpopulations is phenotypic, 

but the two cell populations have distinct functions and properties as well.  

CD4 T cells are called “helper” T cells because their primary function in 

response to antigenic stimulation is to activate the effector functions of other 

cells, including CD8 T cells, macrophages and B cells.  They act through the 

production of signaling mediators called cytokines, and can be instructed to 

produce the mix of cytokines that would be most effective at combating the 

infection that is in progress (13-15).  CD8 T cells are known as “cytolytic” T 

cells because their primary function is to detect and destroy infected cells and 

tumors (16, 17).  MHC I is expressed on nearly all cells, making it possible for 

CD8 T cells to survey the entire organism for infected cells or tumors.  MHC 
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II, however, is expressed mainly on professional APCs, meaning that CD4 T 

cells are activated more selectively.  

The link between innate and adaptive immunity 

The innate immune response is the earliest defense the body mounts 

against a pathogen, beginning minutes after pathogen encounter and peaking 

within a few hours (Fig. 1.1).  This response serves dual functions, to mount a 

strong defense against pathogens before they can establish themselves in the 

host, and to activate the adaptive immune system to mount a more targeted, 

focused response to the pathogenic challenge.  This is made possible by the 

fact that many of the key cellular players in the innate response are APCs that 

express PRRs as well as MHC I and II (18).  When APCs such as macrophages 

and DCs encounter, or are themselves infected by, a pathogen, they begin to 

process the proteins that come from the pathogen and generate antigens for T 

cells.  Activation of these APCs by PAMPs binding to PRRs leads to an 

Pathogen   

Innate  
Immunity   Adaptive  

Immunity   

Memory   

Minute
s 

Hours Days 

Fig. 1.1 The Kinetics of Innate and Adaptive Immunity 
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enhancement of their ability to present antigen and stimulate T cells.  These 

activated T cells can then destroy the host cells that have been infected, and 

can initiate further mechanisms that will ensure clearance of the pathogen.  

The adaptive phase is therefore the natural consequence of the innate immune 

response, and the innate immune response is incomplete and rarely effective 

without a succeeding adaptive response (Fig. 1.1). 

 

Communication In The Immune System 

 

Cells of the immune system communicate in two main ways, through 

direct contact between cells, such as that between an MHC molecule on an 

APC and a TCR, and through the secretion of low molecular weight protein 

signaling mediators called cytokines (2).  While communication via direct cell-

cell contact can occur only at short range, cytokines can act over a variety of 

ranges.  Different classes of pathogens trigger different kinds of responses, 

and cytokines shape the final nature and degree of the immune response. 

Cytokines induce hematopoiesis, cell growth, death and survival, 

inflammation, allergic responses, pathogen clearance and migration of effector 

cells to relevant sites of infection. Some important cytokines and their 

functions are described here.  

IL-2:  Interleukin (IL)-2 (19) was first defined as a growth factor for T 

cells. In addition, it supports the growth and survival of NK cells, and is 
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needed for the full activation and expansion of T cells following antigen 

encounter. IL-2 can also induce meory T cell activation in the absence of 

antigenic stimulus (20). IL-2 is produced primarily by T cells when they are 

activated, and regulates its own production in an autocrine manner. 

IL-4:  IL-4 (21) is potent effector in allergic responses and in responses 

to helminthes and parasites.  IL-4 activates B cells to produce 

immunoglobulins, particularly immunoglobulin E (IgE). IL-4 also antagonizes 

the effects of IL-12 and interferon-γ (IFNγ). IL-4 is produced by mast cells, 

eosinophils, basophils and a specialized subset of CD4 T cells called TH2 cells. 

IL-10: IL-10 (22) is a regulatory cytokine that alters the responses of 

many cell types, including macrophages, DCs, neutrophils and T cells.  IL-10 

dampens inflammation and effector T cell responses, and antagonizes IL-12 

functions.  IL-10 is produced primarily by macrophages and CD4 T cells.  

IL-12:  IL-12 (23) is a critical component of the innate immune response 

to bacteria. Induced by bacterial challenge, it is a potent activator of T cells, 

macrophages, neutrophils and NK cells, and is the primary inducer of the 

effector cytokine IFNγ.  The effects of IL-12 are opposed by IL-4 and IL-10.  IL-

12 is produced mainly by DCs and macrophages. 

IFNα  and IFNβ : Interferon-α and –β (IFNα and IFNβ) (24) belong to 

the type I IFN family.  Type I IFNs were originally though to be “antivirals", 

but they have since been implicated in nearly every aspect of immune 

function, regulating APC activation, MHC expression, inflammatory cytokine 



 9 

production, and cell survival. Type I IFNs induce transcription of a large 

number of genes, called IFN-inducible genes, that are involved in many 

cellular processes.  IFN-inducible genes, especially those induced by IFNβ, are 

particularly important for the innate immune response. The term 

IFNα actually refers to a family of related proteins, IFNβ, however, refers to 

one protein.  The primary cellular sources of type I IFN are plasmacytoid DCs, 

a DC subset also called interferon-producing cells (IPCs), in addition, type I 

IFNs are produced by a wide variety of cells.  An unusual feature of type I 

IFNs is that low levels of these cytokines are produced in the absence of any 

stimuli, and that low baseline production increases the responsiveness of their 

target cells to subsequent challenge-induced type I IFN production. 

IFNγ : IFNγ (15), the only type II IFN, is an effector cytokine that is 

critical for the clearance of bacterial infection.  IFNγ activates the cytolytic and 

anti-tumor functions of NK cells and effector CD8 T cells.  IFNγ is also a 

potent activator of APCs, enhancing expression of MHC I and II and 

increasing antigen presentation.  IFNγ stimulates the production of reactive 

oxygen intermediates (ROIs) by macrophages, which are highly effective at 

clearing infected cells and pathogens. IFNγ is produced by macrophages, NK 

cells and by activated and memory T cells.  

IL-18: IL-18 (25) was originally defined as the IFNγ-inducing factor, 

consistent with one of its primary functions.  IL-18 is produced by 

macrophages and DCs in response to bacterial challenge, and induces IFNγ 
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production from T cells and NK cells.  IL-18 is an efficient inducer of IFNγ 

from T cells by itself, and can further synergize with IL-12 to induce even 

larger quantities, even in the absence of an MHC-TCR signal.  Paradoxically, 

there have been some reports that IL-18 induces IL-4 production from T cells 

in the absence of IL-12.  IL-18 has strong anti-tumor effects, and is critical for 

the response to intracellular bacteria.  IL-18 is also unusual in that it is 

synthesized as an inactive precursor that needs caspase-mediated proteolytic 

processing before it can be secreted as an active mediator.  

TNFα : Tumor necrosis factor-α (TNFα) (26) is the primary mediator of 

inflammatory responses following bacterial challenge.  TNFα has pleiotropic 

and occasionally opposing effects, causing lysis of tumors, reducing 

coagulation, inducing the production of fever-causing prostaglandins by 

macrophages, inducing neutrophil migration, promoting both cell death and 

survival, and angiogenesis, to name a few.  TNFα is important for the 

clearance of bacterial infection, but is also one of the primary mediators of 

tissue destruction during sepsis caused by unchecked bacterial infection.  The 

downstream effects of TNFα are determined by which of its two receptors 

(TNF receptor I or II, TNFRI or TNFRII) it binds on the target cell (26).  TNFα 

is expressed as a transmembrane protein in addition to being secreted, and 

membrane TNFα has many of the same biological activities of secreted TNFα, 

but acts only at the range of cellular contact.  Membrane TNFα is also cleaved 

by matrix metalloproteinases into the secreted form. TNFα is a potent 
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activator of macrophages and DCs, and is produced by neutrophils, T cells, 

NK cells, DCs, macrophages and monocytes.   

Chemokines:  Chemokines (27) are a separate group of cytokines that 

function as chemoattractants that regulate the migration of cells.  Chemokines 

differ from cytokines in that they have distinct intrachain disulfide binding 

patterns and usually act at very small ranges, on nearby cells.  Chemokines are 

small proteins that are all closely related in sequence and signal through G-

protein coupled receptors, again unlike the larger group of cytokines, which 

are diverse and which utilize a variety of other mechanisms to signal through 

their receptors.   Chemokines are critical for the recruitment of cells, both to 

their “home” organs at steady state and to sites of infection.   

Polarization 

Cytokines play many roles in the immune system, as regulators, 

intermediates or effectors.  The final outcome of an immune response depends 

on the combination of cytokines produced, and the quantities in which they 

are secreted.  Cytokines produced as part of the innate immune response 

direct the adaptive immune response along different pathways of maturation, 

a phenomenon called cytokine polarization or simply, polarization, of the 

immune response (28). Polarization of adaptive immunity is a particular 

characteristic of CD4, or helper, T cells. Naïve CD4 T cells are not polarized in 

their response, but once they encounter an antigen, that antigenic stimulus 

together with other stimuli from the APC induce the naive T cell to 
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differentiate into one of two subsets, T helper 1 (TH1) (15) or T helper 2 (TH2) 

(14).   

A TH1 response is needed to control intracellular infections, such as 

bacterial infections.  TH1 cells are defined primarily by the production of IFNγ, 

but they also produce IL-2, TNFα, and granulocyte-macrophage colony 

stimulating factor (GM-CSF) (15), thereby activating CD8 T cells, NK cells and 

macrophages to clear the infection. TH1 cells also activate B cells to secrete a 

specific Ig subtype, IgG2a, which promotes cellular immune responses that are 

needed to clear infection. Dysregulated TH1 responses lead to excessive 

inflammation, and result in many autoimmune disorders.  TH2 polarized cells 

produce IL-4, IL-5 and IL-13 (14) which are needed to clear extracellular 

pathogens such as nematodes and helminthes, and for an effective antibody 

response.  Uncontrolled TH2 responses are the basis for many allergies, and 

conditions such as asthma.  

Signals that induce TH1 or TH2 polarization 

TCR signals: The first step in the differentiation of naïve T cells is 

signaling through the TCR.  Strength, duration and affinity of MHC-TCR 

signaling are important factors that determine polarization of naïve CD4 T 

cells (29).  It is thought that a higher density of MHC-peptide complexes on 

the APC surface, as well as stimulation with peptides with higher affinities for 

the TCR, favor TH1 development (15).  In contrast, lower concentrations of 

antigen and lower affinity antigens that encounter the TCR for longer periods 
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of time are thought to favor TH2 development (14).  The role of TCR affinity is 

not all that clear however, as high affinity antigens that induce TH2 

polarization have been documented (30). High affinity peptides can still lead 

to low-strength TCR interactions, since the effectiveness of TCR-MHC-peptide 

interactions is influenced by other factors, such as the presence of 

costimulatory and adhesion molecules at the immunological synapse (31). 

Essentially, strong interactions, which may be achieved by higher numbers of 

MHC-peptide complexes or higher affinity antigens, lead to TH1 

differentiation, but lower strength interactions, which do not exclude the 

possibility of high affinity peptides, lead to TH2 differentiation. The prevailing 

hypothesis is that altered TCR signaling leads to the preferential induction of 

transcription factors that favor one lineage over the other.  

Cytokine signals: Immediately after TCR stimulation, CD4 T cells go 

through an uncommitted TH0 phase, in which they express transcripts for both 

IFNγ and IL-4.  At the TH0 stage these cells become dependent on further 

signals to finally commit to either lineage. The most critical factor in CD4 T 

cell polarization is the cytokine milieu at the time.  IL-12 is an extremely 

potent inducer of TH1 differentiation, and dominates over all other signals.  IL-

12 induces IFNγ production through a signaling mediator, signal transducer 

and activator of transcription (STAT)-4 (STAT4) (15).  IFNγ amplifies its own 

production, binding its receptor, and signaling through STAT1 to induce the 

transcription factor T-bet, which is in turn an extremely potent inducer of IFNγ 
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transcription, and also upregulates IL-12 receptor (IL-12R) expression on T 

cells, making them more sensitive to IL-12 (15).  IL-4 itself signals induction of 

TH2 differentiation, through STAT6, which is downstream of the IL-4 receptor 

(IL-4R).  STAT6 induces expression of the transcription factor GATA-binding 

protein 3 (GATA3), which activates IL-4 transcription and suppresses IFNγ 

transcription (14). Indeed, GATA3 expression alone is sufficient to specify a 

cell as a TH2 cell. T-bet and GATA3 reciprocally regulate the expression of 

each other to specify the final fate of a CD4 T cell.  T-bet can also directly 

suppress the activity of GATA3 through a direct interaction that prevents 

DNA binding by GATA3 (32). 

 

The Immune Response To Bacterial Infectionss 

 

The immune system has to distinguish between many different kinds of 

pathogens and mount the appropriate response, bacteria, viruses and 

parasites being among the most common classes of pathogens.  The first level 

of discrimination between these classes of pathogens is accomplished by PRRs 

that recognize PAMPs that are characteristic of each specific class of pathogen. 

The best-studied class of PRRs is the TLR (Toll like receptor) family, a family 

of integral membrane proteins involved in innate immune sensing.  There are 

twelve known mouse TLRs, TLRs1-11, and ten known human TLRs (33).  

TLRs are expressed on many cell types, including DCs, macrophages, 
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neutrophils, monocytes, B cells, certain types of T cells and epithelial cells (34), 

ensuring that pathogens can be detected at many points inside the organism. 

The TLRs recognize many different motifs from pathogens, and increase their 

range of recognition by pairing as heterodimers that have different 

specificities from those of each individual TLR (35). TLRs 1, 2, 4, 5, 6, 9 and 11 

recognize PAMPs that are of bacterial origin, while TLRs 3, 7, 8 and 9 

recognize ligands that come from viruses. 

TLR4 

TLR4 was shown to be the primary receptor for bacterial LPS 

(lipopolysaccharide), a component of the cell wall of gram-negative bacteria.  

Mice that have a spontaneous mutation that inactivates TLR4, the C3H/HeJ 

strain, are completely unresponsive to LPS and are not susceptible to its 

effects, such as septic shock (4).  TLR4 is necessary to sense LPS, but it can 

only act when it is part of a protein complex on the cell surface (36).  The LPS 

recognition complex consists of CD14, a protein bound to the plasma 

membrane by a lipid anchor, MD-2, and TLR4.  LPS does not directly bind the 

TLR4 complex, instead it binds to the LPS binding protein (LBP) in the serum, 

and is then transferred to CD14 (36), and so presumably to TLR4.  MD-2 is 

needed to stabilize TLR4 on the cell surface.  CD14 binds LPS but cannot 

signal because it lacks a cytoplasmic tail, making TLR4 the primary transducer 

of LPS signaling.   LPS induced signaling is discussed in detail in a following 

section. 
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TLR1, TLR2 and TLR6 

TLR2 recognizes a wide variety of bacterial components, including 

lipopeptides from bacteria, zymosan, that is found on the cell surface of yeast, 

and even LPS from certain bacteria (37).  One reason for the wide range of 

bacterial products recognized by TLR2 may be that it forms heterodimers 

either with TLR1 or with TLR6, as well as homodimers (37).  Each of these 

TLR pairs probably recognizes a different class of microbial products, for 

example it has been observed that TLR6-deficient cells do not respond to one 

class of lipopeptides, diacyl lipopeptides, but respond normally to another 

class, triacyl lipopeptides.  TLR1-deficient cells on the other hand, respond 

normally to diacyl lipopeptides but are impaired in their response to triacyl 

lipopeptides.  TLR1 and TLR6 recognize PAMPs only as dimers with TLR2, 

and these observations support the idea that TLR2 dimerizes with TLR1 to 

detect triacyl lipopeptides and with TLR6 to detect diacyl lipopeptides.  TLR2 

is also though to associate with the macrophage cell surface proteins dectin-1 

to detect fungal components such as zymosan. TLR2 is unique in this ability to 

cooperate with many different proteins to widen the range of PAMPs it can 

recognize (35). 

TLR9 

TLR9 is the only member of the TLR family that recognizes both 

bacterial and viral products; it recognizes unmethylated CpG DNA, which is a 

component of viruses as well as bacteria (38, 39). There are two known types 
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of unmethylated CpG DNA (40), conventional B/K type CpG DNA that is a 

potent inducer of proinflammatory cytokines such as IL-12 and TNFα, and 

structurally distinct A/D type CpG DNA that induces large quantities of 

IFNα and IFNβ (type I IFNs) from a DC subset called plasmacytoid DCs.  IL-

12 and TNFα form the basis of an anti-bacterial response, while the type I 

IFNs are important for the clearance of viruses.  TLR9 therefore is capable of 

sensing the difference between unmethylated CpG DNA derived from 

bacteria and that derived from viruses and signaling to induce the appropriate 

immune response.  TLR9 is not usually expressed at the cell surface, and is 

usually found in late endosomes, where, presumably, it can encounter 

bacterial and viral DNA after degradation of their exterior components.  

TLR9-deficient mice are unable to clear mouse cytomegalovirus (MCMV) 

infections (41). 

TLR5 

TLR5 is known to recognize flagellin, a component of bacterial flagella 

(42). Consistent with this function in detecting bacteria, TLR5 is expressed on 

epithelial cells in the lung and intestine and at other mucosal surfaces, where 

it presumably encounters its cognate ligand on bacteria that enter the 

organism at these surfaces (43).  A point mutation in TLR5 that introduces a 

premature stop codon is associated with increased susceptibility to 

pneumonia and systemic lupus erythomatosus (SLE) in humans (44).  

TLR7 and TLR8 
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TLR7 and TLR8 are highly homologous proteins and often recognize 

the same ligands.  Mouse TLR7 and human TLR7 and 8, not murine TLR8, 

recognize imidazoquinoline compounds (39), which are synthetic analogs of 

guanosine nucleotides, and from this observation it was predicted that these 

proteins would recognize viral single stranded RNA (ssRNA). Supporting this 

hypothesis, mouse TLR7 and human TLR8 were recently shown to recognize 

ssRNA from human immunodeficiency virus (HIV) (45), vesicular stomatitis 

virus (VSV) and influenza virus (46).   TLR7 recognizes only viral ssRNA, not 

host derived ssRNA, probably because it is found in endosomes and host-

derived ssRNA is rarely transported to endosomes.  

TLR11 

TLR11 was discovered relatively recently, and not much is known 

about its ligands and functions except that it is expressed in kidneys and 

recognizes an as yet undefined component of uropathogenic bacteria (47).  

TLR11 was also shown recently to recognize profilin, a protein from a 

protozoan parasite Toxoplasma gondii (48). 

 

Lipopolysaccharide 

 

Endotoxin has been studied for years for its ability to strongly activate 

the immune response, with multiple effects on innate as well as adaptive 

immunity (49).  Endotoxins were known to cause fever and “blood 
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poisoning”, and were established to be components of bacteria that retained 

their potency even after the source bacteria were heat-inactivated.  LPS was 

found to be the primary component of endotoxin, and has been to shown to 

induce inflammation and fever, polarize adaptive immunity along the TH1 

pathway, and to be the primary causative agent of septic shock syndrome (50).  

LPS is also an extremely effective adjuvant (34), capable of enhancing the 

immune response to weak antigens that would otherwise not be stimulatory.  

LPS can act at very low concentrations, and is often lethal at high doses. 

LPS-induced signaling 

TLR4 is the signaling component of the LPS receptor complex (34).  The 

cytoplasmic tails of the TLRs have a Toll/IL-1 receptor (TIR) domain, which 

recruits signaling adaptor proteins that also contain TIR domains via 

homotypic interactions.  There are four known TIR domain-containing 

Fig. 1.2 The two primary signaling pathways downstream of TLR4 
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adaptors (51), MyD88, TIR domain-containing adaptor protein (TIRAP, also 

known as Mal), TIR domain-containing adaptor protein inducing IFNβ (TRIF) 

and TRIF-related adaptor molecule (TRAM), and between them, they appear 

to account for all the signaling that originates at TLRs.  The use of different 

sets of adaptors to induce different effects, downstream of the same receptor, 

may explain the pleiotropic effects of LPS on the immune response.  

MyD88-dependent pathway The canonical pathway of TLR4 signaling 

is the pathway that involves MyD88, called the MyD88-dependent pathway  

(34) (Fig. 1.2).  MyD88-deficient macrophages cannot produce pro-

inflammatory cytokines such as IL-12, TNFα, IL-1β or IL-6 after LPS 

stimulation.  MyD88 is recruited to the TIR domain of TLR4, after which it 

recruits members of the IL-1 receptor associated kinase (IRAK) family through 

interactions between death domains found on both proteins.  IRAKs then 

recruit tumor necrosis factor receptor associated factor-6 (TRAF6), and once 

bound, the IRAK-TRAF6 complex dissociates from the receptor and forms a 

complex with transforming growth factor-β activated kinase-1 (TAK1), TAK1 

binding protein-1 (TAB1) and -2 (TAB2) at the inner surface of the plasma 

membrane.  This complex induces the phosphorylation of TAB2 and TAK1, 

presumably by the IRAKs, and results in the degradation of the IRAKs.  The 

rest of the complex then moves into the cytosol, where TRAF6 is 

ubiquitinated, which induces the activation of TAK1.  TAK1 then activates the 

first steps of two of the most ubiquitous cellular signaling cascades, the 
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mitogen-associated protein (MAP) kinase pathway and the nuclear factor-κB 

(NF-κB) pathway.   

The NF-κB pathway is critical for the inflammatory response induced 

by LPS. NF-κB is a transcription factor that activates a whole plethora of genes 

in response to many stimuli (52). The genes induced by NF-κB as a 

consequence of LPS binding TLR4 can be divided into early phase and late 

phase genes.  The early phase genes include many pro-inflammatory genes, 

and this portion of the pathway is MyD88-dependent.  Late phase NF-κB-

induced genes are induced by the MyD88-independent pathway (34), and it 

was the discovery that late phase NF-κB-induced transcription still persisted 

in the absence of MyD88 that led to the discovery of the other TIR domain-

containing adaptors.  The MyD88-dependent pathway is, therefore, critical for 

the induction of inflammation in response to LPS, but other LPS functions use 

the MyD88-independent pathway (53).  TLR9 signal transduction is, however, 

wholly MyD88-dependent, and MyD88-deficient mice do not respond to 

unmethylated CpG DNA (34).  TLRs 1, 2, 5, 6 and 7 also signal through 

MyD88, but TLR3 utilizes exclusively the MyD88-independent pathway (54).  

The adaptor TIRAP plays a part in the MyD88-dependent pathway, and is 

needed for signal transduction through TLRs 2 and 4, probably forming a 

dimer with MyD88 (55).  

MyD88-independent pathway  The discovery that late phase NF-κB 

transcription occurs in the absence of MyD88 led to the discovery of the 



 22 

adaptor TRIF (54). The adaptor TRIF-related adaptor molecule (TRAM) (51), 

discovered recently, also plays a role in the MyD88-independent pathway in 

response to LPS, probably as a dimer with TRIF.  TRIF is absolutely required 

for signaling through TLR3 (54), and is needed for the expression of 

interferon-inducible genes in response to LPS.  One of the most 

immunologically relevant effects of LPS is APC activation and maturation, 

leading to enhanced antigen presentation to T cells. TRIF is needed for 

upregulation of costimulatory molecules on APCs after LPS (53), in response 

to IFNβ production.  TRIF-deficient mice also show some impairment in 

inflammatory cytokine production in response to LPS, indicating that the 

MyD-88-dependent and –independent pathways may have some overlapping 

effects.   

Systemic Effects of LPS 

The systemic effects of LPS are essentially paradoxical.  The primary 

function of innate sensing mechanisms such as TLR4 is the detection and so 

the elimination of bacteria, and proinflammatory responses are an effective 

means of accomplishing this purpose.  However, the very inflammatory 

response induced by bacterial products that leads to their eventual clearance 

also causes harm to the host, in the form of tissue damage that can lead to 

organ failure and autoimmune disease. Much study has been directed towards 

understanding the balance between protective and deleterious inflammatory 

responses, and while some things, such as the role of TNFα in mediating both 
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bacterial clearance and tissue destruction, have been well characterized, 

others, such as the relative contributions of participating cell types, require 

greater study. 

Systemic administration of LPS has very different effects from locally 

administered LPS (56).  Localized LPS induces inflammation in the tissue that 

has been exposed to LPS, inducing effector cell migration to the site of LPS 

exposure and consequent activation of an anti-bacterial response.  Systemic 

administration of LPS however, causes such a strong response that it renders 

the immune system hyporesponsive to further stimulation. Leukocytes 

migrate to the liver and the lung but not to any other sites, and T cells become 

less responsive to antigenic stimulation.  Therefore, while localized 

administration of LPS, which more closely simulates a bacterial infection, is 

likely to induce a productive immune response, systemic LPS administration 

can send the recipient into septic shock. 

 When LPS is injected into mice intravenously (i.v.) through the tail 

vein it is rapidly cleared from the circulation, primarily through the action of 

the liver (57).  LBP is an acute phase protein secreted into the blood primarily 

by the liver, and LBP binds LPS in the circulation and in the liver. The LPS-

LBP complex encounters CD14 expressing cells in the blood and liver and 

transfers LPS to the CD14-TLR4-MD2 complex to initiate a proinflammatory 

cascade (36). Kupffer cells, which are specialized macrophages in the liver, 

and monocytes and neutrophils in the blood, respond rapidly to LPS by 
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producing TNFα and IL-12 (58).  TLR4 signaling also results in the production 

of chemokines that induce the migration of leukocytes to tissues such as the 

lung and liver.  

Circulating LPS-LBP complexes are cleared primarily in the liver, but 

effects of LPS can be seen in the spleen, lymph nodes and mucosal tissues in 

the gut and skin. This activation of cells in other tissues may be partly a result 

of cytokine production induced by LPS in the liver and blood. The cells that 

are most important for the response to LPS are macrophages, however, some 

DC sub-populations, neutrophils, monocytes and B cells also express TLR4 

and do respond to LPS.  Macrophages secrete IL-12, IFNβ and TNFα, and are 

also responsible for the bulk of the IL-10 and nitric oxide (NO) induced by LPS 

(59). DCs produce IL-12 and upregulate MHC and costimulatory molecules in 

response to LPS (60).  

Systemic TNFα levels peak extremely rapidly after LPS injection (61), 

indicating that the primary contribution to systemic TNFα comes from innate 

immune effectors that detect LPS and respond immediately. Monocytes and 

neutrophils have intracellular pools of preformed TNFα, and upon 

stimulation release that TNFα as well as initiating further TNFα synthesis (62).  

Macrophages also respond rapidly to TLR4 signals and secrete TNFα (59). 

Systemic IFNγ is also an important effector, however, it is not directly 

downstream of TLR4 signaling and is a secondary response induced by other 
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cytokines. NK cells are the principal source of IFNγ in the serum after LPS 

(63).  

The cytokines that have been shown to be necessary for the lethal 

effects of LPS are IL-12, IL-18, IFNβ, IFNγ, IL-1β, GM-CSF and TNFα.  IL-12, 

IL-18 and IFNβ produced in response to LPS act on memory CD8 T cells and 

NK cells to induce IFNγ production. Circulating TNFα and IFNγ are the 

principal causes of organ and tissue damage seen after LPS, and are critical for 

the progress of septic shock syndrome (64, 65).  Mortality caused by high 

doses of LPS is due to excessive TNFα production.  GM-CSF in needed for the 

expansion of the myeloid cell population that occurs in response to LPS. LPS 

also induces the production of nitric oxide (NO), which causes a severe drop 

in blood pressure, and contributes to organ damage by inducing apoptosis. 

Components of the complement cascade and prostaglandins are also induced 

by LPS and are important for the pathophysiology of septic shock (50).  

 LPS induces anti-inflammatory cytokines such as IL-10 and 

transforming growth factor-β (TGFβ) in addition to the pro-inflammatory 

ones, and many of the negative effects of LPS result from an imbalance 

between pro- and anti-inflammatory cytokines. IL-10 mediates its anti-

inflammatory effects by suppressing the activation of macrophages, 

monocytes and neutrophils, and opposing the action of IL-12. 

The response to LPS is complex, and characterized by the production of 

a wide array of soluble mediators that go on to exert multiple systemic effects.  
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Many diverse cell types are known to be activated, and there are many whose 

roles have not been characterized.  The balance between a productive and a 

harmful response to LPS is delicate and there appear to be many factors 

involved in maintaining that balance.  It is essential to determine as many of 

these factors as possible, in order to understand better how they may be 

manipulated to boost protective immunity and dampen harmful responses.    

 

CD1d  

 

In addition to MHC I and II that have evolved to present peptide 

antigens to T cells, there is the CD1 family of antigen presenting molecules 

that are involved in presenting lipid antigens to T cells (66).  CD1 proteins are 

integral membrane proteins that are structurally similar to MHC I, with three 

extracellular domains, α1, 2 and 3 (67).  CD1 proteins are expressed on the cell 

surface in association with the β2-microglobulin protein (β2m), another feature 

shared with MHC I (67).  Unlike MHC I, however, and MHC II, CD1 proteins 

are not polymorphic, and are encoded outside the MHC locus (on human 

chromosome 1 and mouse chromosome 3) (66, 68).  The relative lack of 

polymorphism seen in CD1 proteins is probably a result of their specialization 

to present lipid antigens, which are slower to evolve than peptides. 

Humans have five CD1 genes, CD1A, B, C, D and E, encoding five 

corresponding functional proteins (66, 69), CD1a, b, c, d, and e. Mice possess 
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orthologs of CD1d alone, with two highly homologous genes CD1D1 and 

CD1D2, probably a result of an evolutionarily recent gene duplication, found 

on chromosome 3 (70). Only the CD1D1 gene is expressed, giving rise to the 

only mouse CD1 protein, mouse CD1d (mCD1, CD1d).   

 

CD1d Structure and lipid antigen binding 

While the domain organization of mCD1 is similar to MHC I, the 

structure of the antigen-binding groove is very different.  MHC I (71)  and II 

(72) possess a shallow groove within which a peptide antigen is inserted and 

presented to the TCR of a responding T cell.  In contrast, the groove of mCD1 

Fig. 1.3 Structures of glycosphingolipid antigens recognized by NKT cells 
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is much deeper and extends into the core of the protein, and is lined with 

highly hydrophobic residues (67), reflecting the nature of the 

glycosphingolipid (GSL) antigens it presents. Some model antigens for mCD1 

are depicted in Fig 1.3.   

The model GSL antigen used to study mCD1 functions, and mCD1-

restricted T cells, is a marine sponge-derived compound called α-

galactosylceramide (αGalCer) (73) (Fig. 1.3).  αGalCer has two lipid chains, 

one acyl chain and one sphingosine chain, linked to a galactose moiety by an 

unusual α-anomeric linkage (74, 75).  The model for CD1d binding to αGalCer 

was that the two lipid chains are inserted into two deep hydrophobic pockets 

that take the place of a peptide-binding groove for mCD1, leaving the sugar 

group free to contact the TCR of the responding cell.  Recent crystal structures 

of mCD1 in complex with a model GSL antigen support this view (76), 

demonstrating that the two lipid chains do insert into the two deep 

hydrophobic pockets in the mCD1 molecule, leaving the hydrophilic sugar 

portion of the GSL antigen at the surface of mCD1 to form contacts with a 

TCR.  This mode of antigen binding accounts well for the non-polymorphic 

nature of CD1d, because lipids vary mainly in the length and degree of 

unsaturation of their carbon chains, and as such are unlikely to form highly 

variable structures that would need polymorphisms in the antigen presenting 

molecule to be recognized and bound.   

CD1d expression and trafficking 
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The subcellular localization of antigen presenting molecules is critical 

for, and linked to, their function.  MHC I molecules present peptide antigens 

that are derived from cytoplasmic degradation of intracellular proteins, and 

are therefore localized primarily to the endoplasmic reticulum (ER) where 

these peptides are transported to (77).  MHC II molecules present peptides 

derived from extracellular proteins that have been endocytosed and degraded 

in lysosomes, and are therefore found in specialized lysosomes called the 

MHC class II compartment (MIIC) (78).  Similarly, the subcellular localization 

of CD1 proteins also reflects the compartments where their cognate antigens 

are found (79). 

CD1 proteins are synthesized in the ER, where they associate with β2m 

and possibly acquire chaperone self-lipids that block the antigen-binding 

groove until they encounter other antigens (80).  CD1 molecules then traffic 

through the secretory pathway to reach the cell surface, from where they are 

internalized, via clathrin-mediated endocytosis, and targeted to their eventual 

destination, where they acquire lipid antigens that they present to T cells 

when they travel back to the surface of the APC (80).  Each human CD1 

molecule is specialized to survey a certain portion of the endosomal 

compartment (79), while mCD1 by necessity surveys a much larger fraction of 

the endosomal compartment. CD1a localizes to early endosomes; CD1b 

traffics to lysosomes, and to some extent, late endosomes; and CD1c has a 

broader pattern of localization, trafficking to early, late and recycling 
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endosomes. CD1d in humans localizes primarily to late endosomes, but mCD1 

localization follows the pattern of CD1b as well as human CD1d, and it is 

found in lysosomes and late endosomes (79, 80).  mCD1 requires the adaptor 

protein complex, AP-3, that recognizes a tyrosine-based sorting motif in its 

cytoplasmic tail, to reach the late endosomal compartment, a requirement 

shared by CD1b, but not by human CD1d (81, 82).  

The subcellular localization of the CD1 proteins also reflects, to some 

extent, the nature of the antigens they present (83).  CD1a has been shown to 

present lipid antigens with relatively short hydrocarbon chains, and even 

lipopeptides (84), and these lipids, like CD1a, tend to partition to the early 

endosomal compartment.  CD1b, on the other hand, has been shown to 

present lipids with hydrocarbon chains that can be 80 carbons long (85), and 

these long lipids are usually found in late endosomes, to which compartment 

they localize after being taken up by the APC. 

All of the CD1 proteins are expressed primarily on DCs and other 

thymocytes (66).  CD1a expression is further specialized to Langerhans cells, a 

subset of DCs that reside in the skin, and CD1c is expressed by many B cell 

subsets. Human CD1d expression is regulated differently from the other CD1 

proteins, and it is found at low levels on many cells of the myeloid lineage.  

mCD1 has a much wider pattern of expression, and is found on professional 

APCs, including macrophages, DCs and B cells, as well as on hepatocytes, 

endothelial cells and epithelial cells (66).  
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CD1d Antigen Presentation 

Once antigenic peptide fragments are generated, there is a highly 

specialized set of proteins that facilitates their loading on to MHC I or MHC II 

molecules, and their subsequent presentation to T cells (8).  In the case of 

MHC I, peptides generated in the cytosol are transported into the ER by the 

transporter associated with antigen processing (TAP) proteins, where they are 

loaded on to MHC I molecules that are then transported to the cell surface. 

MHC II molecules associate with the chaperone invariant chain (Ii) in the ER, 

which is cleaved by lysosomal proteases called cathepsins after the MHC II-Ii 

complex reaches the lysosome.  The cleavage of Ii is not complete, and leaves a 

fragment of Ii, the class II-associated invariant chain peptide (CLIP), in the 

antigen-binding groove of MHC II.  CLIP is exchanged for antigenic peptides 

in the lysosome, a process that is facilitated by a chaperone protein, H-2M 

(HLA-DM in humans).   

Similar to the antigen presenting machinery that has evolved to 

facilitate peptide antigen presentation, CD1d proteins utilize a specialized set 

of proteins to facilitate lipid antigen processing and presentation (80).  Most of 

these proteins have other functions within the cell, but have been adapted to 

participate in lipid antigen presentation as well.  Lipid antigens are highly 

hydrophobic, and are usually found embedded in membranes, and therefore 

unavailable to load in to the CD1d antigen-binding groove.  In mice, the 

saposin family of lysosomal lipid transfer proteins (LTPs)(86), is essential for 
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CD1d antigen presentation, presumably for extracting GSL antigens from 

membranes and transferring them on to CD1d, a function somewhat 

analogous to that of H-2M.  Also, CD1d has been shown to have unidentified 

non-antigenic, lipid antigens in its antigen binding groove at steady state, and 

it is possible that LTPs are needed to extract these “groove fillers” before 

antigen lipids can be loaded. The protease cathepsin L (catL) is also needed for 

antigen presentation by CD1d (87), and while its exact function is unclear, it 

may be involved in cleaving a protein that is necessary for generating GSL 

antigens.  

Antigen processing is an essential component of antigen presentation 

by MHC I and II (8).  Proteins are enzymatically processed to generate 

peptides, and only peptides of a certain length can fit in the antigen-binding 

groove of MHC I or II, and peptides of the wrong length are “trimmed” until 

they are of appropriate length.  Similarly, GSL antigens undergo carbohydrate 

processing to trim their sugar moieties to the appropriate size before they are 

presented by CD1d (88).  There is no evidence for lipid processing yet, 

however, it cannot be ruled out. 

 

Natural Killer T Cells 

 

Natural Killer T (NKT) cells are a specialized population of T cells in 

mice and humans that recognize GSL antigens presented by CD1d, and have 
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several unique properties that separate them from conventional T cells (89).  

NKT cells were originally defined as T cells that expressed NK1.1 (in C57Bl/6J 

mice), a marker of the NK cell lineage, in addition to markers of the T cell 

lineage.  However, this definition encompasses many T cell populations, each 

with different properties and functions, and a more specific definition of NKT 

cells comes from the observation that these T cells express a semi-invariant 

TCR (89), unlike the TCRs of conventional T cells, which are highly variable.  

Development and Distribution 

The usually variable region of the TCRα Vα chain is fixed for NKT 

cells. The invariant TCRα chain rearrangement expressed by NKT cells is a 

Vα14-Jα18 rearrangement (90)(in humans, the orthologous Vα24-Jα18 

rearrangement (91)), and is paired with a restricted set of Vβ chains. Mouse 

NKT cells, or Vα14i T cells as they are also known, co-express primarily Vβ8.2, 

7 and 2 TCRβ chains. NKT cells never express the co-receptor CD8 in mice 

(89), and are usually CD4 positive (CD4+) or CD4-CD8- (double negative, DN), 

despite passing through a DP stage during development (92). In addition, 

about 70% of these cells express the NK1.1 marker (in C57Bl/6J mice), and 

most of them express other NK receptors, such as Ly49 family members (93). 

NKT cells comprise about one percent of all circulating mouse T cells, 

but localize primarily to the liver, where they can be up to a third of all the 

lymphocytes (94).  NKT cells are also present in the spleen, thymus and bone 

marrow, but are rarely found in lymph nodes (95).  They develop in the 
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thymus, originating from a bone marrow-derived precursor, like conventional 

T cells (96).  The unusual feature of NKT cell development is that they receive 

a positive selection signal in the DP stage from other DP thymocytes that 

express CD1d (96).  NKT cell precursors do not express NK markers and are a 

very small fraction of DP thymocytes, but after being positively selected by a 

CD1d signal they proliferate robustly (97), so that mature NKT cells constitute 

0.5-1% of all thymocytes.  NKT cells acquire NK markers during maturation, 

probably in the periphery after they leave the thymus, although acquisition of 

these markers could begin in the thymus.   Mature NKT cells have an 

activated phenotype, expressing high levels of the very early activation 

antigen (CD69), a marker for activated T cells, and CD44, a marker for 

previously activated and memory T cells (89).   

Glycosphingolipid antigens for NKT cells 

The first GSL antigen that could activate NKT cells (73) was discovered 

in a screen for compounds that could prevent tumor metastases. αGalCer is an 

extremely potent antigen for these cells, inducing them to produce IFNγ, IL-4, 

IL-2, TNFα, IL-6, IL-13, GM-CSF and IL-10 within an hour of activation (89). 

The most striking features of this response are the wide range of cytokines 

that are secreted, and that it is effectively an unpolarized TH0 response.  Much 

effort has gone into investigating whether these cells can be polarized in their 

responses, and the conclusions of most of these investigations have been that 

the αGalCer response cannot be polarized, at least by the signals that polarize 
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conventional CD4 T cells (98).  However, modifying the structure of αGalCer 

does appear to result in polarized responses.  C-glycoside, which has a CH2 

group substituted for the oxygen in the glycoside bond between galactose and 

ceramide, has been reported to induce a TH1 response (99).  Compounds made 

by modifying or truncating the lipid chains of αGalCer seem to induce 

primarily TH2 responses.  OCH (100), a structural variant of αGalCer that has 

a shorter sphingosine chain, and C20:2 (101), which has two unsaturated 

bonds introduced into the acyl chain of αGalCer are two such examples. The 

degree to which these compounds polarize the response of NKT cells still 

remains to be determined, as most of the studies that characterize these 

compounds examine their effects at the systemic level and not at that of the 

individual cell. 

Most of the studies of NKT cell biology that have been carried out since 

the discovery of these cells have used αGalCer as a model antigen to stimulate 

these cells, largely because “natural”, or physiological, GSL antigens for NKT 

cells remained undefined. It is very unlikely that αGalCer is an antigen 

involved in positive selection of NKT cells during development, as 

glycosphingolipids that have an α-linkage between the sugar and ceramide 

are not found in mammals.   Glycosylphosphatidylinositol (GPI) was shown to 

be bound to CD1d (102), but this compound does not activate NKT cells, and 

probably acts as a lipid chaperone for CD1d. The lack of any antigens from 

sources such as tumors or bacteria also made elucidating the possible 
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functions of these cells difficult, as, again, it seems unlikely that the primary 

function of these cells is to recognize and respond to marine sponges.  This 

apparent paradox, where the only known antigen these cells recognize could 

not be the one involved in their selection or physiological functions, 

complicated the interpretation of many studies with NKT cells.  Recently, 

however, a physiological ligand for these cells was identified, and shown to be 

important for their development in mice (103).  Isoglobotrihexosylceramide 

(iGb3) is a sphingolipid that consists of a linear chain of three sugar molecules 

bound to ceramide, the terminal sugar distal from the lipid being a galactose 

in the α configuration.  iGb3 is an effective activator of NKT cells from mice as 

well humans, and mice that lack an enzyme critical for iGb3 synthesis have a 

total block in NKT cell development (103), suggesting that iGb3 might be the 

elusive natural ligand for these cells.  However, humans are believed not to 

express any galactose molecules that are linked in the α1-3 configuration as is 

found in iGb3 since they are thought to lack the enzyme that is needed to 

generate this linkage (104), and in fact, express antibodies against these sugars 

(105), which would argue against iGb3 being a selecting ligand for these cells. 

The arguments against these objections are that human serum does not react 

to iGb3 and that natural human anti-α−galactose antibodies react primarily to 

glycoproteins rather than GSLs. Taking all the evidence into account it does 

seem likely that iGb3 is the physiological ligand involved in selecting these 
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cells, although a direct biochemical demonstration is lacking and therefore 

additional experimental evidence is required. 

Recent research has also brought to light some microbial and tumor-

derived antigens for NKT cells.  Lipophosphoglycan, a cell surface component 

of the parasite Leishmania donovani, can bind CD1d and induce NKT cells to 

produce IFNγ in vivo in a CD1d-dependent manner (106, 107).  Sphingomonas 

bacteria express GSLs that are strikingly similar to αGalCer structurally, and 

these antigens activate NKT cells from both mice and humans (108, 109). Also, 

mice that are genetically deficient in NKT cells are less able to clear 

Sphingomonas than wild type mice (109). A lipid from the cell wall of 

Mycobacterium bovis BCG, phosphatidyl tetramannoside (PIM4)(110), was also 

shown to activate a minority of NKT cells. A GSL antigen from human 

tumors, GD3 ganglioside, was also shown to activate mouse NKT cells in a 

CD1d-dependent manner, and in this case, induce IL-4 production (111). 

Unlike the Sphingomonas glycolipid, GD3 activated only a minority of the 

NKT cells, and prior GD3 immunization was required to detect this 

population.   In addition to these antigens from microbes and tumors, a self 

lipid, phosphatidylethanolamine (PE) was also shown to bind CD1d and 

activate NKT cells (112), although this study only tested the reactivity of NKT 

cell hybridomas, and the relevance of these results in vivo is yet to be 

established.  It would seem, therefore, that NKT cells recognize GSL antigens 

with diverse structures, and from a variety of sources. This has interesting 
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implications for their functions, many of which were originally uncovered 

using αGalCer as a model antigen. The relevance of these functions can now 

be assessed with the discovery of more physiologically relevant antigens.  

Activation events induced in and by NKT cells 

NKT cells have an activated/memory phenotype, meaning they 

express surface markers that suggest that they have already been activated, 

presumably by an endogenous host antigen (89).  However, they can be 

further activated by exogenous antigens, the most common model antigen 

used being αGalCer.  NKT cells begin to be activated within minutes of 

αGalCer administration, and fully activated within two hours (95).  NKT cell 

activation consists of two sets of events.  First, TCR ligation leads to cytokine 

production, primarily IL-4 and IFNγ, but a plethora of other cytokines as well.  

IL-4 and IFNγ can be detected in the serum two hours after, and in NKT cells 

by intracellular cytokine staining (ICCS) 30 minutes after αGalCer 

administration.  Most NKT cells express both IL-4 and IFNγ by ICCS in the 

hours following αGalCer stimulation (95), leading to the αGalCer response 

being described as TH0. The most striking feature of cytokine production by 

NKT cells is that they appear to have pools of pre-formed mRNA encoding IL-

4 and IFNγ present in the cell prior to exogenous activation (113).  The 

presence of pre-formed cytokine mRNA explains the rapidity with which they 

respond, but makes the possibility of polarizing rapidly less likely.  The 

systemic IL-4 response peaks at two hours, but the IFNγ response continues to 
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rise, peaking between 18 and 24 hours after αGalCer administration.  NKT 

cells themselves are the primary source of IL-4 after αGalCer, but NK cells 

supply most of the systemic IFNγ (98). NKT cells activated by αGalCer 

upregulate the ligand for CD40 (CD40L, CD154). CD40 is expressed by APCs, 

and CD40-CD40L interactions lead to APC activation. Activated APCs then 

produce IL-12 that initiates a cascade of responses (114). This phenomenon, 

where NKT cells induce the activation of other cells without themselves 

directly acting on their targets, is termed transactivation.   APC-derived IL-12 

is thought to be the primary means of activating NK cells to produce IFNγ in 

response to αGalCer, although whether DCs or macrophages are the primary 

sources of that IL-12 has not been completely resolved (115).  IL-4 produced by 

NKT cells activates B cells and induces isotype switching, leading to elevated 

serum IgE levels after αGalCer administration (116).  Chemokines produced 

by NKT cells induce the migration of other immune cells, such as neutrophils 

and monocytes (117).  

The other set of events resulting from NKT cell activation begins with 

TCR downregulation.  Two hours after αGalCer encounter, NKT cells begin to 

“disappear”, and by 18h, they cannot be detected any more using TCR-

binding αGalCer loaded CD1d tetramers (118).  Originally this was though to 

be the result of activation-induced cell death, but later research established 

that this disappearance was due to downregulation of the TCR and the other 

surface markers used to identify these cells, effectively making them invisible 
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(118).  After this activation-induced TCR downregulation, NKT cells undergo 

a burst of proliferation, and by three days after αGalCer administration, they 

comprise up to 30% of all spleen lymphocytes, increased from their normal 1-

2%. This expansion phase is followed by a contraction phase, in which 

massive cell death restores the NKT cell compartment to its normal size (118). 

The activation events induced by αGalCer follow a well-defined 

sequence, and form the standard against which activation events induced by 

all other antigens are compared.  Most other known antigens induce the same 

sequence of events, albeit to different degrees and with altered kinetics, 

resulting in widely different systemic responses.  It is very important, 

however, to distinguish between the response of the NKT cells themselves and 

the overall systemic response, as the latter is a snapshot of the actions of many 

cell types that have been activated as a consequence of NKT cell activation and 

the former the true measure of NKT cell activation.  

Functions of NKT cells 

Given their ability to produce an entire panel of cytokines rapidly after 

activation, NKT cells have the potential to be involved in many immune 

processes.  NKT cells have been shown to be important in infectious disease, 

for the progression or suppression of autoimmune diseases, clearance of 

tumors and maintenance of immune tolerance (119).  The action of NKT cells 

in many disease models depends on the production of either IL-4, or 

IFNγ individually, an intriguing puzzle given that activation of these cells 



 41 

usually leads to the production of both cytokines together. Studies of NKT 

cells and their effects on disease usually examine the consequences of the 

absence of NKT cells for the disease or the effects of activating NKT cells on 

the progression of the disease, or both (119).  The use of two different 

approaches is useful, because in the cases where the depletion of NKT cells 

has ambiguous results, studies that examine the effect of activating them can 

be informative, or vice versa.  The use of two approaches can also lead to 

ambiguity, when the results obtained by the two different means are 

contradictory.  Therefore, while NKT cells are involved in many diseases, their 

exact effects are often unclear and depend on the precise conditions of 

analysis. 

Autoimmune Disease: The general consensus is that NKT cell derived 

IL-4 amerliorates autoimmune disease, while IFNγ production seems to 

aggravate it.  This has been shown for mouse models of type 1 diabetes 

mellitus, and for experimental autoimmune encephalomyelitis (EAE, a mouse 

model of multiple sclerosis) (120) and models of autoimmune hepatitis (121) 

and atherosclerosis (122). Non-obese diabetic (NOD) mice, which 

spontaneously develop diabetes, have fewer NKT cells (123), and the residual 

NKT cells have a defect in IL-4 production.  NOD mice that have been made 

deficient for CD1d and therefore have no NKT cells, develop diabetes faster 

than NOD mice that are CD1d-sufficient (124), and activating NKT cells with 

αGalCer helps protect NOD mice from diabetes (125). Activation of NKT cells 
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with αGalCer has been shown to exacerbate EAE, but activating them with 

OCH, an analogue that is known to induce a TH2 polarized response, 

ameliorates the disease (100).  Activating NKT cells with αGalCer also 

aggravate autoimmune hepatitis (126) as well as atherosclerosis (122), and 

CD1d-deficient mice are less susceptible to atherosclerosis (122).  

Infectious Disease: Contrary to observations made with autoimmune 

diseases, the general conclusion from all the studies of NKT cells in bacterial, 

viral, or parasitic infections is that IFNγ production by these cells is important 

for pathogen clearance.  NKT cells are needed for protection against the 

parasites Leishmania donovani (106) and Trypanosoma cruzi (127); the bacteria 

Streptococcus pneumoniae (117), Borrelia burgdorferi (128) and Pseudomonas 

aeruginosa (129), herpes simplex virus (HSV)(130) and respiratory syncytial 

virus (RSV) (131). This is by no means a complete list, it merely illustrates that 

NKT cells are involved in protection against a wide range of pathogens.  In 

some infection models, NKT cells need to be activated by αGalCer to be 

effective, and in others they do not require exogenous activation.  It wasn’t 

known how bacteria activated NKT cells in those infections where exogenous 

activation was unnecessary, and much investigation was directed at whether 

bacterial GSLs could be antigens for NKT cells.   

As described earlier, Sphigomonas bacteria express a GSL that is an 

antigen for NKT cells, but this does not account for the role played by NKT 

cells in other infections.  Another pathway of NKT cell activation during 



 43 

infection was described recently, in which the bacteria do not have to have 

antigens for NKT cells (Fig. 1.4) (109, 132). According to this model, NKT cells 

are continuously exposed to an antigenic signal from the host, from CD1d 

presenting an endogenous GSL antigen, possibly iGb3. Bacterial products 

such as LPS induce the secretion of pro-inflammatory cytokines, particularly 

IL-12, and this IL-12 acts on NKT cells causing them to respond to the 

endogenous CD1d-GSL signal and produce IFNγ (132).  This pathway of NKT 

cell activation is called the “indirect pathway”, as opposed to direct 

recognition of bacterial antigens by these cells. NKT cells do not appear to 

express TLRs, and therefore are unlikely to recognize LPS and other PAMPs 

directly.  The indirect pathway is probably the predominant pathway for NKT 
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Fig. 1.4 Indirect recognition of bacteria by NKT cells 
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cell activation during bacterial infection, however, many of the details of this 

pathway remain unknown and need to be investigated. 

Tolerance: NKT cells are thought to regulate the immune system at 

steady state, to help maintain of homeostatic tolerance. By definition, this 

hypothesis assumes the low-level production of anti-inflammatory cytokines 

such as IL-10, and not much evidence exists in support of this hypothesis yet. 

NKT cells are, however, involved in maintaining allograft tolerance and 

preventing graft-versus-host disease (GVHD).   Host NKT cells reduce the 

severity of acute GVHD (133) by the production of anti-inflammatory 

cytokines and polarizing cytokine production towards the TH2 phenotype 

which promotes graft tolerance.  Activating NKT cells with αGalCer prevents 

acute GVHD (134), again by inducing TH2 polarization, and blocking 

recruitment of NKT cells to the allograft promotes rejection (135). 

Tumors: NKT cells are known to be important for tumor regression, 

indeed αGalCer was first discovered as a compound that can prevent tumor 

metastases.  NKT cells are effective at multiple stages of tumor progression, 

preventing tumor initiation as well as metastases (136).  Activation of NKT 

cells with αGalCer or C-glycoside, a TH1-polarizing analogue, acts to prevent 

tumor metastases (99, 137, 138). The anti-tumor action of NKT cells is 

mediated through IFNγ and perforin, which is cytolytic for the tumor.  
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Objectives 

 

NKT cells have many diverse functions and much effort has been 

invested in studying their mechanisms of action.  There are as many questions 

as yet unanswered, and we attempt to address some of them in these studies.  

Antigen presentation of lipid and GSL antigens has unique requirements, and 

while much is known about these requirements, we investigate the specific 

trafficking mechanisms that are critical for CD1d-mediated antigen 

presentation to NKT cells.    

An important question concerns polarization of cytokine production by 

NKT cells.  It appears that, while NKT cells have the unique ability to produce 

both TH1 and TH2 cytokines, simultaneously after activation, more often than 

not, it is the production of one class of cytokines that is functionally relevant, 

and the other class of cytokines may even have a deleterious effect.  Studying 

the means by which NKT cells can be stimulated to produce either TH1 or TH2 

cytokines despite their having intracellular pools of pre-formed mRNA for 

both cytokines prior to activation, is therefore critical.  We address this 

question by examining which are the signals critical for cytokine production 

by NKT cells.  We study altered glycolipid ligands for NKT cells and whether 

they affect the response of NKT cells by altering the nature of TCR signaling 

or by inducing different downstream signaling events.  
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NKT cells also participate in many bacterial infections, and we 

investigate the mechanisms of that participation using the response to LPS as 

a model system. There are two documented pathways by which NKT cells 

respond to bacterial products, the direct and indirect pathways described in 

Fig. 1.4. We examine whether these mechanisms are sufficient to explain the 

activation of NKT cells in all bacterial infections or whether there are 

mechanisms that are selectively activated in the context of some bacterial 

infections while others are more relevant under other circumstances.  

The specific questions we address are 

• What are the requirements for efficient antigen presentation by CD1d 

to NKT cells? 

• Are altered glycolipid ligands that induce a polarized systemic 

response actually able to affect cytokine production by NKT cells or do 

they induce different downstream events?   

• NKT cells are important for the response to bacteria, either by direct 

recognition of bacterial antigens or by indirect cytokine-mediated 

activation.  What exactly are the signals that regulate cytokine 

production by NKT cells in response to microbial products, such as 

LPS? 
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Chapter 2: Materials and Methods 

 

Many of the materials and methods used in these studies are widely 

used in immunological research.  However, some unique properties of 

Natural Killer T (NKT) cells make them less amenable to many common 

techniques in immunology and some specialized protocols have been 

developed to manipulate these cells.   

Identification: These cells were originally identified by the co-

expression of NK1.1 and a TCR, but this scheme identifies a larger subset of T 

cells.  Accurate identification of these cells was made possible by the 

development of fluorescently labeled tetramers of CD1d-α-galactosylceramide 

(CD1-αGalCer) (1) that specifically bind to and identify the cells that are 

restricted to CD1d and express a semi-invariant Vα14-Jα18 TCR.   

Purification: NKT cells are notoriously difficult to isolate and expand 

in in vitro culture, making it necessary to perform most experiments in mice in 

vivo.  When purification of NKT cells is necessary, the most specific and 

reliable method of isolating them is to sort them by flow cytometry based on 

staining with CD1-αGalCer tetramers and anti-TCRβ antibodies. However, 

this method has two primary disadvantages, one being that the CD1-αGalCer 

complex is capable of activating these cells to produce cytokine even in the 

absence of antigen presenting cells and the second being that the small 

numbers of these cells necessitates the use of many mice as the source for a 
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small number of pure cells. This activation by the tetramer makes it difficult to 

distinguish activation induced by experimental conditions, and in many 

situations sorting with anti-NK1.1 and anti-TCRβ antibodies, while less 

specific, is more appropriate for the experimental conditions.  

Transfer: Adoptive transfer of purified NKT cells is complicated by the 

fact that they cannot be detected in the recipient after transfer because they 

undergo activation-induced cell death (AICD) or downregulate their TCRs 

after activation, making them “invisible” to CD1d tetramers.  Many studies 

surmount this obstacle by transferring whole liver mononuclear cells or CD8- 

thymocytes from wild type mice, with the same cell populations from NKT 

cell deficient mice serving as controls.  Another issue is that large numbers of 

cells have to be transferred to see an effect, and obtaining NKT cells in large 

numbers is difficult because of their relative rarity. 

Measuring cytokine production and activation: NKT cells respond 

robustly to antigen-induced activation, and cytokine production can be 

detected by intracellular cytokine staining (ICCS) relatively easily and clearly.  

NKT cells do not require many of the manipulations carried out on 

conventional T cells prior to ICCS, not needing restimulation or the use of 

chemicals such as Brefeldin-A to amplify signal strength. The ease and 

accuracy of this assay makes it a frequently used assay of choice in many 

studies.  
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NKT cells “disappear” within a few hours of activation, particularly 

with αGalCer. This disappearance is due to downregulation of the TCR and 

NK1.1 (2), not due to AICD as was thought earlier. This makes longer-term 

studies on these cells difficult, as commonly used reagents cannot easily 

identify them. Activated NKT cells can be identified early on by the 

upregulation of the very early activation antigen CD69 on their cell surface, 

and this is another commonly used, sensitive assay for NKT cell activation. 

 

Materials 

 

Mice: C57Bl/6J, BALB/cJ, B6.129S1-Il12btm1Jm/J, B6.129P2-Il18tm1Aki/J 

mice were obtained from the Jackson Laboratory (Bar Harbor, ME) and 

maintained in the vivarium at the La Jolla Institute for Allergy and 

Immunology. C.129S2-cd1tm1Gru/J mice on the C57Bl/6J background were the 

kind gift of Dr. L. Van Kaer (Vanderbilt University, Nashville TN).  NKT cell-

deficient Jα18-/- mice (3) on the C57Bl/6J background were the kind gift of Dr. 

M. Taniguchi (RIKEN Institute, Yokohama, Japan), and Jα18-/- mice on the 

BALB/cJ background were the kind gift of Dr. J. Stein-Streilein (Harvard 

University, Cambridge MA). C3H/HeJ mice were obtained from the Jackson 

Laboratory and C3H/HeNTac mice from Taconic Farms (Hudson NY).  Pearl 

(B6Pin.C3-Ap3b1pe/J) mice were the kind gift of Dr. R. Swank (Roswell Park 

Cancer Institute, Buffalo NY), and mocha (STOCK gr+/+Ap3d1mh/J) mice were 
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purchased from the Jackson Laboratory. Unless otherwise mentioned, all mice 

were used between 8-16 weeks of age, and were age- and sex-matched.  

Treatments: All treatment protocols were carried out according to 

institutional animal care guidelines.  Mice were injected intravenously in the 

tail vein in a final volume of 200µl, intraperitoneally in a final volume of no 

more than 150µl, or retro-orbitally.  Blood was harvested by either puncturing 

the retro-orbital vein or by cardiac puncture after sacrifice. Mice were 

anaesthetized with isofluorane prior to all retro-orbital procedures. Mice were 

sacrificed using carbon dioxide. Mice were injected with 40µg of LPS, and 1µg 

of GSL antigens, unless otherwise mentioned. 

Reagents and Antibodies: Escherichia coli O111:B4 lipopolysaccharide 

(LPS) was purchased from Sigma-Aldrich (St. Louis, MO), and was either 

purified by phenol extraction (used for injections) or phenol-extracted and 

further purified by ion-exchange chromatography (used for cell culture).  

Salmonella Minnesota LPS was purchased from Alexis Corp. (San Diego CA) 

and used for cell culture.  

Antibodies to the following mouse antigens were purchased from BD 

Biosciences (San Diego CA), as conjugates to FITC, Alexa 488, PE, PerCP-

Cy5.5, PE-Cy7, APC or biotin: CD1d (clone 1B1), CD4 , CD8α, integrin 

subunits CD11b, CD11c, and CD18, CD19, CD21, CD25 (IL-2Rα), CD45.1, 

CD45R/B220, CD62L (L-selectin), CD69, CD71 (transferrin receptor), CD107b 

(LAMP-2), CD122 (IL-2Rβ), CD127 (IL-7Rα), CD154 (CD40L), CD178 (FasL), 
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Gr-1, NK1.1, TCRβ, IFNγ, IL-6 and TNFα. Antibodies to the following mouse 

antigens were purchased from Ebioscience (San Diego, CA), as fluorescent 

conjugates to FITC, PE or APC: CD14, CD23 (low affinity IgE receptor), DX5 

(CD49b), F4/80, Toll-like receptor 2 (TLR2) and TLR4.  Anti-mouse IL-4-Alexa 

488 was obtained from Caltag (Burlingame CA). Anti-mouse macrosialin 

(CD68) was purchased from Serotec (Raleigh NC).   

Anti-mouse CD16/32 used for blocking Fc receptors was prepared 

from hybridoma cells in our laboratory.  Purified anti-mouse CD1d (1B1) for 

blocking experiments was obtained from BD Biosciences. Secondary detection 

for confocal microscopy was carried out using Cy3- or Cy5-conjugated 

streptavidin purchased from Jackson Immunoresearch (West Grove PA).  PE-

conjugated CD1d-αGalCer tetramers were synthesized in our laboratory as 

described, and used to stain cell suspensions. Pepstatin A conjugated to 

BODIPY® FL was purchased from Invitrogen (Carlsbad CA) and used to 

metabolically label cells according to the manufacturer’s protocol.  

Recombinant murine GM-GSF (rmGM-CSF) was purchased from 

PeproTech Inc. (Rocky Hill NJ). Recominant murine IL-12 and IL-18 (rmIL-12 

and rmIL-18) were purchased from R&D Systems (Minneapolis MN). 

Glycosphingolipid antigens: α-galactosylceramide (αGalCer; 

(2S,3S,4R)-1-O-(α-D-galactopyranosyl)-N-hexacosanoyl-2-amino-1,3,4-

octadecanetriol) and OCH ((2S,3S,4R)-1-O-(α-D-galactopyranosyl)-N-

tetracosanoyl-2-amino-1,3,4-nonanetriol) were synthesized at Kirin 
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Pharmaceuticals (Gunma, Japan) (4-6). OCH was also synthesized in the 

laboratory of Dr. Chi-Huey Wong (The Scripps Research Institute, La Jolla 

CA) α-C-GalCer (C-glycoside; (2S,3S,4R)-1-CH2-(α-D-galactopyranosyl)-2-N-

hexacosanoylamino-1,3,4-octadecanetriol)(7) was the kind gift of Drs. Richard 

Franck (Hunter College, New York NY) and Moriya Tsuji (The Rockefeller 

University, New York NY).  All GSL antigens were solubilized in either 

DMSO or vehicle (0.5% polysorbate in 0.9% saline) to make stock solutions 

and diluted in phosphate-buffered saline for injection or cell culture.  

Cell lines and hybridomas: A20 cells that have been transfected with 

CD1d (A20-CD1d) have been described (8). A20-CD1dY/A cells were 

generated by transfecting A20 cells with CD1d with a point mutation in the 

cytoplasmic tail CD1d-Y/A. The fetal skin dendritic cell (FSDC) line has been 

described (9), and FSDC-CD1d cells were generated by retroviral transduction 

of these cells with CD1d. NKT cell hybridomas have also been described (10), 

and the hybridomas DN3A4-1.4 (1.4), DN3A4-1.2 (1.2), N38-2C12 (2C12) and 

N38-3C3 (3C3) were all derived from NK1.1+ thymocytes from C57Bl/6J mice. 

 

Methods 

 

Cell preparation: All cell preparation was carried out using complete 

RPMI (RPMI 1640 supplemented with 10% fetal calf serum (FCS), penicillin-

streptomycin-glutamine and β-mercaptoethanol). Livers were perfused with 
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ice-cold phosphate-buffered saline (PBS) prior to isolation of myeloid cells. 

Livers were mashed through a 70µm cell strainer (Fisher Scientific, Hampton 

NH) and washed. The suspension was centrifuged over a 40%-70% Percoll 

(Amersham, Piscataway NJ) gradient and mononuclear cells were isolated by 

harvesting the interphase. Liver mononuclear cells were resuspended in the 

appropriate amount of media and stained before FACS or sorting. Spleens 

were mashed and red blood cells were lysed using red cell lysing buffer from 

Sigma-Aldrich (St. Louis MO), after which the cells were resuspended in 

complete RPMI. The cell suspension was stained and used for FACS or 

sorting, or for cell culture. Thymii were collected and mashed, after which 

they were resuspended in complete media and used for FACS or sorting. 

Staining for flow cytometry: Cells were resuspended in staining buffer 

(PBS with 10%FCS) and anti-CD16/32 was added to block non-specific 

staining.  Antibodies to surface markers were added and cells were stained for 

20min on ice. Cells were washed and resuspended in staining buffer and 

analyzed the same day or fixed and analyzed later, on a FACSCalibur (BD 

Biosciences, San Diego CA). 

Intracellular Staining: Cell suspension obtained from treated mice 

were stained for surface markers, then fixed and permeabilized using 

CytoFix/CytoPerm buffer from BD Biosciences (San Diego CA) for 20min on 

ice.  The cells were washed, and antibodies against intracellular cytokines or 
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CD68 were added, and the cells were stained on ice for 30min. Cells were 

washed and resuspended in staining buffer and analyzed on a FACSCalibur. 

FACS Sorting: NKT cells were sorted from livers, spleens or thymii, 

using labeling with CD1d-αGalCer tetramers and anti-TCRβ or anti-NK1.1 

and anti-TCRβ. Liver cells were labeled with the appropriate combination of 

reagents for 30min on ice, washed and sorted on a FACSDiva (BD Biosciences, 

San Diego CA).  Prior to sorting NKT cells with CD1d-αGalCer tetramers, 

spleen cells were depleted of B cells and CD8 T cells using anti-CD19 and anti-

CD8α conjugated magnetic beads and MACS columns (Miltenyi, Auburn CA), 

according to the manufacturer’s protocol. The CD19-CD8- cell suspension was 

labeled with CD1d-αGalCer tetramers and anti-TCRβ, washed, and sorted. 

For sorting NK1.1+TCRβ+ cells, spleen suspensions were labeled with anti-

NK1.1-PE and anti-TCRβ antibodies, and NK1.1+ cells were enriched using 

anti-PE conjugated magnetic beads (Miltenyi), washed and sorted.  Thymii 

were prepared for sorting exactly the same way as spleen cells, except for 

depletion of B cells.  

Bone marrow-derived dendritic cells and cell culture: Bone marrow 

dendritic cells (BMDCs) were prepared as described (11). Briefly, bone 

marrow was harvested from femurs of mice and cultured in 100mm bacterial 

dishes in 10ml of complete RPMI with 200U/ml rmGM-CSF. On day 3 of the 

culture, 10ml more of complete RPMI with 200U/ml rmGM-CSF were added. 

BMDCs were harvested on day 6 and cultured with sorted NKT cells, with the 
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addition of LPS or recombinant cytokines. 2.5X105 BMDCs were cultured with 

5X104 sorted NKT cells in a round-bottom 96 well plate at 37°C and 5%CO2 

for 48 hours, as described (12). The culture supernatants were harvested, and 

IFNγ and IL-4 levels measured by ELISA. 

Cytokine detection: Antibodies and recombinant cytokine standards 

for IFNγ, IL-4, IL-12 and IL-2 ELISAs were purchased from BD Biosciences 

(San Diego CA). IL-18 and TNFα ELISA kits were purchased from R&D 

Systems (Minneapolis MN).  All ELISAs were carried out according to the 

manufacturer’s instructions.  Cytokine estimation by cytometric bead array 

(CBA) was carried out using the BioPlex system from BioRad (Hercules CA) 

and results were read using a Luminex plate reader from Luminex (Austin 

TX). 

RNA preparation and real-time PCR: Cells were resuspended in 

TRIZol (Invitrogen, Carlsbad CA) for RNA isolation. Proteins and DNA 

removed by precipitation with chloroform and RNA was extracted by 

precipitation with isopropanol.  The resulting total RNA was used for cDNA 

synthesis by the Superscript II system (Invitrogen). cDNA was used for real 

time PCR using SYBR green (Bio-Rad Laboratories, Hercules CA), with the 

following primers: mTLR4 forward 5’ATGGCATGGCTTACACCACC, reverse 

5’GAGGCCAATTTTGTCTCCACA. TLR4 expression was normalized to L32, 

forward 5’GAAACTGGCGGAAACCCA and reverse 
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5’GGATCTGGCCCTTGAACCTT. Data was collected and analyzed on an 

iCycler (Bio-Rad Laboratories, Hercules CA). 

Tetramer decay and equilibrium binding measurements: CD1d 

protein and CD1d/glycolipid tetramers were produced following our 

established protocol (13).  Tetramer binding isotherms and decay were 

measured on the NKT hybridomas 1.2 and 2C12 as well as primary NKT cells 

from the thymus and spleen.  These were done as described by Sidobre et al 

(14).  Primary NKT cells were identified based on CD1-αGalCer tetramer and 

anti-TCRβ (H57) binding and the CD1-vehicle tetramer was used as a control.   

 For equilibrium binding isotherm experiments, 2 x 105 NKT cells were 

incubated at room temperature with eight concentrations (1:3 dilutions) of 

CD1-glycolipid tetramers and an anti-TCRβ antibody (H57) for three hours.  

After the incubation, the cells were washed twice in staining buffer and fixed 

with fix buffer (1% formaldehyde in PBS) before analyzed by flow cytometry.  

The MFI of the (specific tetramer - vehicle tetramer) binding was plotted 

against concentration of the tetramer and the GraphPad curve-fit program 

from Prism was used to estimate the maximal binding and KD were assessed.   

 For the tetramer decay experiments, 2.5 x 106 NKT cells were incubated 

with each CD1-glycolipid tetramer for 1.5 hours at room temperature in 

tetramer decay media (TD media:  RPMI1640 supplemented with 10% FCS, 

Penicillin, Streptopmycin, L-glutamine, 2-mercaptoethanol and 0.05% sodium 

azide).  After the incubation, the cells were twice with ice-cold TD media and 
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resuspended in 2ml media.  Anti-CD1d (1B1, 100µg/mL) was added to the 

cultures to prevent tetramer re-binding and cells were equilibrated for 15 

minutes at the desired temperature (4°, 25°, or 37°C At consecutive time points 

(determined by the experiment) 200µL of cells were removed and added to a 

plate on ice with 50µL of TD media in each well; this step was to prevent 

further tetramer decay.  At the end of the time period, cells were washed once 

and incubated with anti-TCRβ for 30min on ice.  After the incubation, cells 

were washed twice and fixed with paraformaldehyde (PFA; 4% PFA in PBS) 

and analyzed by flow cytometry.  The MFI of staining was determined for 

each tetramer at each time point and was graphed as follows:  X-axis - time 

(minutes) vs. Y-axis – log[MFI of bound tetramer/MFI of tetramer at zero time 

point].  A line of best fit was determined and the half-life of interaction (t1/2) 

was determined from the slope of the line by the formula: t1/2 = log(2)/slope.  

 Dissociation assay: Dissociation of GSLs from CD1d was determined 

using a cell-free antigen presentation assay.  CD1d was coated onto a 96-well 

flat-bottomed tissue culture plate (5µg/mL in sterile PBS) by incubation 

overnight at 4°C.  The wells were washed three times with sterile PBS and 

blocked with PBS + 2% FCS for one hour at 37°C.  Glycolipids were then 

added in sterile PBS (100nM for C-glycoside, 20nM for αGalCer and OCH) 

and incubated overnight at 37°C.  These concentrations of glycolipids were 

determined by a dose-range experiment and these doses induced 1/3 of the 

maximal response, indicating that they were in the range to detect 
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dissociation.  CD1d-GSL complexes were then washed three times and 

responder cells were added to the t=0 wells.  At various time points the 

appropriate wells were washed three times with sterile PBS and responder 1.2 

hybridoma cells were added.  24 hours after the addition of the hybridoma, 

the supernatant was removed and frozen.  As a positive control for each time 

point, 1 hour before the addition of cells, a well was coated with anti-CD3 

(2µg/mL) for 1 hour at 37°C and the hybridoma was added to this well as well 

as the ones with CD1d complexes.  After all time points had been taken the 

supernatant was analyzed for IL-2 production by ELISA. 

 Antigen presentation assays: Dendritic cells were produced from the 

bone marrow of C57BL/6J mice.  Bone marrow cells were collected and the 

red blood cells were lysed.  Cells were plated at 3 x 106 cells in 10mL media in 

a 100mm bacterial plate with 50U/ml of rmGM-CSF and incubated at 37°C for 

3 days.  On day 3, 7mL of media were discarded and 7mL of fresh media with 

50U/ml rmGM-CSF was added to the culture.  On day 5, another 5mL of fresh 

media with rmGM-CSF was added. The cells in the supernatant were collected 

on day 6 and these “dendritic cells” were cultured in a 6-well plate at 106 

cells/mL with glycolipid antigen or vehicle overnight.  The following day cells 

were washed twice with cold media and  5 x 105 pulsed DCs were injected 

intravenously into C57BL6/J mice.  16 hours later, mice were bled and the 

serum was analyzed for IFNγ by ELISA. 

 A20-CD1 antigen presentation experiments were conducted as 
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previously described. Briefly, 106 A20-CD1 cells were incubated with 

glycolipids at the indicated concentrations for two hours in the 37°C and 

5%CO2 incubator.  Cells were washed three times and added to the wells of a 

96-well plate. 1.2 hybridoma responder cells were added to each well at, and, 

the supernatants were drawn and analyzed for IL-2 by ELISA after overnight 

incubation. 

 Measurement of ERK phosphorylation: Extracellular signal-regulated 

kinase-2 (ERK2) phosphorylation was detected as previously described (15). 

Briefly, 106 A20-CD1 cells/mL were pulsed with glycolipid antigens for 2 

hours at 37°C.  The cells were washed once with cold media.  100µL of 1.2 

hybridoma NKT cells at a concentration of 2.5 x 106 cells/mL were mixed with 

100µL of the pulsed A20-CD1 cells at 107 cells/mL in an 1.5mL tube (a 1:4 

NKT:APC ratio) and placed on ice.  At the indicated time points, cells were 

spun at 14000 rpm for 10 seconds and placed on a 37°C heat block (without 

shaking).  Following the incubation, the supernatant was removed and the cell 

pellet was resuspended in 100µL of ice-cold PBS-2.5mM EDTA and 100µL of 

PFA. The cells were incubated on ice for 30min and transferred to a 96-well 

round-bottomed plate.  Cells were washed twice with PBS-EDTA and 

incubated with anti-Thy1.2 FITC for 30 min on ice.  After the incubation, cells 

were pelleted and resuspended in 150µL of ice-cold permeabilization buffer 

(90%MeOH+10% water) and incubated on ice for 30 minutes.  Cells were 

washed twice with room temperature staining buffer (4% FCS in PBS) and 
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then incubated with anti-phospho-ERK (ppERK; E10-Alexa 647, Cell Signaling 

Technology, Beverly MA) at a 1:10 dilution for 30 minutes at room 

temperature.  Cells were washed twice with staining buffer and resuspended 

in fix buffer and analyzed by flow cytometry.  Gates were set using t=0 as a 

negative control and the data were plotted as time (minutes) vs. %positive of 

Thy1.2 positive cells.   
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Chapter 4:  Polarized Systemic Responses Induced by Altered 

Glycolipid Ligands Do Not Correlate with Polarized NKT Cell 

Cytokine Production 

 

Abstract 

α-galactosylceramide (αGalCer) is a glycosphingolipid antigen that activates 

natural killer T (NKT) cells and results in an unbiased TH0 systemic response. 

The studies described here characterize the molecular and cellular basis for 

differential NKT cell activation by two structural variants of αGalCer, the 

reportedly TH2-biasing OCH and TH1-biasing C-glycoside.  We have found 

that, in the serum of immunized mice, OCH induces equivalent amounts of 

interleukin-4 (IL-4) and interferon-γ (IFNγ) at early time points, but less IFNγ 

than αGalCer later, and poor activation of NK cells, resulting eventually in a 

TH2-biased response.  C-glycoside induces considerably less IL-4 and IFNγ 

than αGalCer, but activates NK cells efficiently and results in a final response 

that is TH1-biased.  However, the kinetics of the immune response are slower 

in C-glycoside immunized mice, and CD1d-C-glycoside complexes induce 

quantitatively less activation of NKT cells.  CD1d-C-glycoside complexes 

interact with the TCR with less affinity and avidity than CD1d-αGalCer 

complexes, probably accounting for the poor activation of NKT cells. We 

hypothesize that this low, but sustained, activation of NKT cells by C-

94
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glycoside leads to a TH1 response.  CD1d-OCH complexes interact with the 

TCR with lower avidity than do CD1d-αGalCer complexes, but induce 

equivalent early signaling. OCH does not dissociate from CD1d with 

accelerated kinetics as has been predicted, and restricting OCH presentation to 

professional antigen presenting cells (APCs) does not enhance IFNγ 

production as is known to occur with αGalCer. Therefore, no one mechanism 

accounts for the TH2-biased response induced by OCH. 

 

Introduction 

 

Natural Killer T (NKT) cells are unique lymphocytes that recognize 

glycosphingolipid (GSL) antigens presented by the non-classical MHC class I-

like molecule CD1d (1).  These cells are defined by their reactivity to CD1d 

and their expression of a semi-invariant T cell receptor (TCR), consisting of an 

invariant α chain formed by a Vα14 to Jα18 rearrangement paired with a 

restricted set of Vβ chains (1). The canonical GSL antigen recognized by these 

cells, α-galactosylceramide (αGalCer) (2), was isolated from marine sponges in 

a screen for compounds that could prevent tumor metastases. αGalCer, while 

an extremely potent and effective antigen, was ruled out as the physiological 

antigen recognized by these cells during their development, as the α-anomeric 

linkage between the sugar motif and the ceramide portion of αGalCer is not 

found in mammals. Recently a self antigen for these cells has been found in 
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mammals, isoglobotrihexosylceramide (iGb3), and it has been implicated in 

their development and activation (3). Several antigens of bacterial origin have 

also been identified (4-7), however, the NKT cell response to αGalCer is, so 

far, the best characterized.  NKT cells respond rapidly to αGalCer stimulation, 

producing cytokines within an hour of activation and downregulating their 

TCRs soon after that, so that they are extremely difficult to detect within 18 

hours of activation (8).  The characteristic NKT cell cytokine response to 

αGalCer is a TH0 response, and these cells produce large amounts of both 

interferon-γ (IFNγ) and interleukin-4 (IL-4) in response to αGalCer presented 

by CD1d.  The rapidity and vigor of their TH0 response correlates with the 

presence of intracellular pools of preformed mRNA for IL-4 and IFNγ even 

before stimulation (9), which may contribute to their rapid cytokine response. 

NKT cells have been implicated in many disease models, and in some 

cases their activation with αGalCer exacerbates disease while in others it leads 

to amelioration of disease (10). An intriguing feature of NKT cell activation in 

disease is that, in all the disease models that have been studied, it is usually 

the production of either IFNγ or IL-4 individually that is significant, implying 

that production of both cytokines simultaneously may not be desirable in the 

context of a functional immune response.  Many studies have therefore 

focused on trying to polarize NKT cell cytokine production in response to 

αGalCer (11, 12), with mixed success.  Work from our laboratory has shown 

that many of the signals that are important for the polarization of conventional 
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CD4 T cells, such as CD40-CD40L interactions, IL-12 and IL-4, do not affect 

NKT cell polarization (12), although it has been reported that LFA-1 binding 

can suppress IL-4 production in response to αGalCer (13).  The nature of the 

antigenic signal has also been shown to be important for CD4 T cell 

polarization of conventional CD4 T cells (14, 15), and it has been reported that 

two structural variants of αGalCer, OCH (16) and C-glycoside (17), can bias 

NKT cell cytokine production as well, in either a TH2 or a TH1 direction, 

respectively.  We use the term bias instead of the more common polarization, 

since we do not measure a permanent, heritable change in cytokine 

production by these cells; rather we study an acute response.  

αGalCer consists of a galactose molecule in the relatively rare α-

configuration, linked to a ceramide molecule by a glycoside bond (Fig 4.1).  

The results from recent X-ray crystallographic studies demonstrate that the 

two lipid chains of αGalCer insert into two deep hydrophobic pockets in 

Fig. 4.1 Model Glycosphingolipid Antigens for NKT 
Cells.  
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CD1d, leaving the polar sugar group available for recognition by the NKT cell 

T cell receptor (TCR) (18, 19). OCH has a shorter sphingosine chain than 

αGalCer, with nine carbons instead of eighteen, and has been shown to induce 

IL-4 with no IFNγ from NKT cells, and to ameliorate the symptoms of 

autoimmune diseases in model systems such as experimental autoimmune 

encephalitis (EAE) (16), a mouse model of multiple sclerosis, and collagen-

induced arthritis (20).  C-glycoside has a carbon atom in place of the oxygen 

atom in the glycoside bond between the sugar and the ceramide, and has been 

reported to induce more IFNγ systemically than αGalCer (17), and to confer 

protection in a mouse model of malaria.  This study was undertaken to 

analyze the molecular mechanisms for these differences in the responses 

induced by these two structural variants of αGalCer.   

 

Materials and Methods 

 

Mice: C57Bl/6J mice were obtained from the Jackson Laboratory (Bar 

Harbor, ME) and maintained in the vivarium at the La Jolla Institute for 

Allergy and Immunology, and used between 7 and 12 weeks of age.  

Glycosphingolipid antigens: α-galactosylceramide (αGalCer; 

(2S,3S,4R)-1-O-(α-D-galactopyranosyl)-N-hexacosanoyl-2-amino-1,3,4-

octadecanetriol) and OCH ((2S,3S,4R)-1-O-(α-D-galactopyranosyl)-N-

tetracosanoyl-2-amino-1,3,4-nonanetriol) were synthesized at Kirin 
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Pharmaceuticals (Gunma, Japan) (16, 21, 22). OCH was also synthesized in the 

laboratory of Dr. Chi-Huey Wong (The Scripps Research Institute, La Jolla, 

CA). α-C-GalCer (C-glycoside; (2S,3S,4R)-1-CH2-(α-D-galactopyranosyl)-2-N-

hexacosanoylamino-1,3,4-octadecanetriol) (17) was the kind gift of Drs. 

Richard Franck (Hunter College, New York, NY) and Moriya Tsuji (The 

Rockefeller University, New York, NY).  All GSL antigens were solubilized in 

either DMSO or vehicle (0.5% polysorbate in 0.9% saline) to make stock 

solutions and diluted in phosphate-buffered saline for injection or cell culture 

media for cell culture.   

Cell lines and hybridomas: A20 cells that have been transfected with 

CD1d (A20-CD1d) have been described (23). A20-CD1dY/A cells were 

generated by transfecting A20 cells with a CD1d construct that has a point 

mutation in the cytoplasmic tail, CD1d-Y/A (23). NKT cell hybridomas have 

also been described (24), and the hybridomas DN3A4-1.4 (1.4), DN3A4-1.2 

(1.2), N38-2C12 (2C12) and N38-3C3 (3C3) were all derived from NK1.1+ 

thymocytes from C57Bl/6J mice. 

Cell preparation: All cell preparation was carried out using complete 

RPMI (RPMI 1640 supplemented with 10% fetal calf serum (FCS), penicillin-

streptomycin-glutamine and β-mercaptoethanol). Livers were mashed 

through a 70µm cell strainer (Fisher Scientific, Hampton NH) and washed. 

The suspension was centrifuged over a 40%-70% Percoll (Amersham, 

Piscataway NJ) gradient and mononuclear cells were isolated by harvesting 
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the interphase. Liver mononuclear cells were resuspended in the appropriate 

amount of media and stained before FACS. Spleens were mashed and red 

blood cells were lysed using red cell lysing buffer from Sigma-Aldrich (St. 

Louis MO), after which the cells were resuspended in complete RPMI. The cell 

suspension was stained and used for FACS. 

Staining for flow cytometry: Cells were resuspended in staining buffer 

(PBS with 10% fetal calf serum (FCS)) and anti-CD16/32 (2.4G2) was added to 

block non-specific staining.  Antibodies to surface markers were added and 

cells were stained for 20min on ice. Cells were washed and resuspended in 

staining buffer and analyzed the same day or fixed and analyzed later, on a 

FACSCalibur (BD Biosciences, San Diego CA). Antibodies to the following 

mouse antigens were purchased from BD Biosciences (San Diego CA), as 

conjugates to FITC, Alexa 488, PE, PerCP-Cy5.5, PE-Cy7, APC or biotin: CD1d 

(1B1), CD4, CD8α, CD25, CD69, CD122, CD127, CD154, CD178 (FasL), NK1.1,  

Thy1.2 and TCRβ (H57). 

Intracellular Staining: Cell suspension obtained from treated mice 

were stained for surface markers, then fixed and permeabilized using 

CytoFix/CytoPerm buffer from BD Biosciences (San Diego CA), according to 

the manufacturers protocol.  Antibodies against intracellular cytokines were 

added, and the cells were stained on ice for 30min. Cells were washed and 

resuspended in staining buffer and analyzed on a FACSCalibur. The 

antibodies used for intracellular cytokine staining were: anti-IFNγ (XMG1.2, 
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BD Biosciences) and -IL-4 (11B11; Caltag, Burlingame CA) conjugated to Alexa 

Fluor 488 and anti-TNFα conjugated to APC (BD Biosciences).  

Cytokine detection by ELISA or CBA: Antibodies and recombinant 

cytokine standards for IFNγ, IL-4, and IL-2 enzyme-linked immunosorbent 

assays (ELISAs) were purchased from BD Biosciences (San Diego CA). All 

ELISAs were carried out according to the manufacturer’s instructions.  

Cytokine estimation by cytometric bead array (CBA) was carried out using the 

BioPlex TH1/TH2 panel from BioRad (Hercules CA) and results were read 

using a Luminex plate reader from Luminex (Austin TX). 

Tetramer decay and equilibrium binding measurements: CD1d 

protein and CD1d-GSL tetramers were produced following our established 

protocol (25).  Tetramer isotherms and decay were measured on the NKT 

hybridomas 1.2 and 2C12, as well as primary NKT cells from the thymus and 

spleen.  These were done as described by Sidobre et al (26).  Primary NKT cells 

were identified based on CD1d-αGalCer tetramer and anti-TCRβ binding, and 

the CD1d-vehicle tetramer was used as a control.   

 For equilibrium binding isotherm experiments, 2 x 105 NKT cells were 

incubated at room temperature with eight concentrations (1:3 dilutions) of 

CD1d-GSL tetramers and anti-TCRβ antibody for three hours.  After the 

incubation, the cells were washed twice in staining buffer and fixed with fix 

buffer (1% formaldehyde) before being analyzed by flow cytometry.  The 

mean fluorescence intensity (MFI) of the binding (MFI of CD1d-GSL tetramer 
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staining – MFI of CD1d-vehicle tetramer staining) was plotted against 

concentration of the CD1d-GSL tetramer using the curve-fit algorithm in the 

GraphPad software package from Prism, and the maximal binding and 

dissociation constant (KD) were calculated.   

 For the tetramer decay experiments, 2.5 x 106 NKT cells were incubated 

with each CD1d-GSL tetramer for 1.5h at room temperature in tetramer decay 

media (TD media:  RPMI1640 supplemented with 10% FCS, Penicillin, 

Streptomycin, L-glutamine, 2-mercaptoethanol and 0.05% sodium azide).  

After the incubation, the cells were washed twice with ice-cold TD media and 

resuspended in 2ml media.  Anti-CD1d (1B1, 100µg/mL) was added to the 

cultures to prevent tetramer re-binding and cells were equilibrated for 15min 

at the desired temperature (4°, 25°, or 37°C).  At consecutive time points 

(determined by the experiment) 200µL of cells were removed and added to a 

plate on ice with 50µL of TD media in each well; this step was to prevent 

further tetramer decay.  At the end of the time period, cells were washed once 

and incubated with anti-TCRβ for 30min on ice.  After the incubation, cells 

were washed twice and fixed with paraformaldehyde (PFA; 4% PFA in PBS) 

and analyzed by flow cytometry.  The MFI of staining was determined for 

each tetramer at each time point and was graphed as follows:  X-axis - time 

(minutes) vs. Y-axis – log[MFI of bound tetramer/MFI of tetramer at zero time 

point].  A line of best fit was determined and the half-life of interaction (t1/2) 

was determined from the slope of the line by the formula: t1/2 = log(2)/slope.  
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 Dissociation assay: Dissociation of GSLs from CD1d was determined 

using a cell-free antigen presentation assay.  CD1d was coated onto a 96-well 

flat-bottomed tissue culture plate (5µg/mL in sterile PBS) by incubation 

overnight at 4°C.  The wells were washed three times with sterile PBS and 

blocked with PBS + 2% FCS for one hour at 37°C.  Glycolipids were then 

added in sterile PBS (100nM for C-glycoside, 20nM for αGalCer and OCH) 

and incubated overnight at 37°C.  These concentrations of glycolipids were 

determined by a dose-range experiment and these doses induced 1/3 of the 

maximal response, indicating that they were in the range to detect 

dissociation.  CD1d-GSL complexes were then washed three times and 

responder cells were added to the t=0 wells.  At various time points the 

appropriate wells were washed three times with sterile PBS and responder 1.2 

hybridoma cells were added.  24 hours after the addition of the hybridoma, 

the supernatant was removed and frozen.  As a positive control for each time 

point, 1 hour before the addition of cells, a well was coated with anti-CD3 

(2µg/mL) for 1 hour at 37°C and the hybridoma was added to this well as well 

as the ones with CD1d complexes.  After all time points had been taken the 

supernatant was analyzed for IL-2 production by ELISA.  For figure 4.6, a cell-

free antigen presentation assay was set up as described here, except that the 

responder 1.2 hybridoma was added at the beginning of the time period (“pre-

wash”) and the wells were then washed four times, every hour for 7 hours, 

before the addition of the hybridoma to the “post-wash” wells. 
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 Antigen presentation assays: Recombinant murine GM-GSF 

(rmGM-CSF) was purchased from PeproTech Inc. (Rocky Hill, NJ). Dendritic 

cells were produced from the bone marrow of C57BL/6J mice.  Bone marrow 

cells were collected from C57Bl/6J mice and the red blood cells were lysed.  

Cells were plated at 3 x 106 cells in 10mL media in a 100mm bacterial plate 

with 50U/ml of rmGM-CSF and incubated at 37°C for 3 days.  On day 3, 7mL 

of media were discarded and 7mL of fresh media with 50U/ml rmGM-CSF 

was added to the culture.  On day 5, another 5mL of fresh media with 50U/ml 

rmGM-CSF was added. The cells in the supernatant were collected on day 6 

and these “dendritic cells” (DCs) were cultured in a 6-well plate at 106 

cells/mL with glycolipid antigen or vehicle overnight.  The following day the 

DCs were washed twice with cold media and 5 x 105 pulsed DCs were injected 

intravenously into C57BL6/J mice.  Sixteen hours later, mice were bled and 

the serum was analyzed for IFNγ by ELISA. 

 A20-CD1d antigen presentation experiments were conducted as 

previously described (23).  Briefly, 106 A20-CD1d cells were incubated with 

glycolipids at the indicated concentrations for two hours at 37°C and 5%CO2.  

Cells were washed three times and added to the wells of a 96-wellflat-bottom 

plate and 1.2 hybridoma responder cells were added to each well.  After 

overnight incubation, the supernatants were harvested and analyzed for IL-2 

by ELISA. 
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 Measurement of ERK phosphorylation: Extracellular signal-

regulated kinase-2 (ERK2) phosphorylation was detected as previously 

described (27). Briefly, 106 A20-CD1 cells/mL were pulsed with glycolipid 

antigens for 2 hours at 37°C.  The cells were washed once with cold media.  

2.5X105 1.2 hybridoma cells were mixed with 106 antigen-pulsed A20-CD1d 

cells (an NKT:APC ratio of 1:4) and placed on ice.  At the indicated time 

points, cells were spun at 14000 rpm for 10 seconds and placed on a 37°C heat 

block, without shaking.  Following the incubation, the supernatant was 

removed and the cell pellet was resuspended in 100µL of ice-cold PBS-2.5mM 

EDTA and 100µL of PFA.  The cells were incubated on ice for 30min and 

transferred to a 96-well round-bottomed plate.  Cells were washed twice with 

PBS-EDTA and incubated with anti-Thy1.2-FITC for 30 min on ice.  After the 

incubation, cells were pelleted and resuspended in 150µL of ice-cold 

permeabilization buffer (90%MeOH+10% water) and incubated on ice for 30 

minutes.  Cells were washed twice with room temperature staining buffer (4% 

FCS in PBS) and then incubated with anti-phospho-ERK (ppERK; E10-Alexa 

647, Cell Signaling Technology, Beverly MA) at a 1:10 dilution for 30 minutes 

at room temperature.  Cells were washed twice with staining buffer and 

resuspended in fix buffer and analyzed by flow cytometry.  Gates were set 

using t=0 as a negative control and the data were plotted as time (minutes) vs. 

%positive of Thy1.2+ cells. 
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Results  

 

Cytokine production by NKT cells in response to altered glycolipid ligands. 

Mice were injected intravenously (i.v.) with 1µg of αGalCer, OCH, C-

glycoside or vehicle and were bled at the indicated times after injection.  

Cytokine levels in the serum were measured by enzyme-linked 

immunosorbent assay (ELISA, data not shown) or cytometric bead array 

(CBA, Fig. 4.2).  Serum IL-4 levels (Fig. 4.2A) after OCH peak at 2h, and these 

levels are similar to those after αGalCer and are not elevated.  Serum IFNγ 

levels (Fig. 4.2B), however, are lower after OCH injection compared to 

αGalCer, making the overall response to OCH TH2-biased when the 

proportion of IL-4 to IFNγ produced is used as an estimate.  C-glycoside 

induced almost no IL-4 (Fig. 4.2A), and much less IFNγ than αGalCer.  This 

results in an overall response that is TH1-biased when the proportion of IL-4 to 

IFNγ produced is again used as an estimate.  Both altered glycolipid ligands 

(AGLs) are poor inducers of IL-12 (Fig. 4.2C), and this probably accounts for 

the lower levels of IFNγ production, because IFNγ at later time points is 

thought to be dependent on IL-12 and to originate primarily from NK cells. 

Consistent with this, peak levels of IFNγ in the serum appeared later than for 

all other cytokines tested. 

While serum cytokine levels measure cytokine production by many cell 

populations, we were interested in estimating the contribution of NKT cell 
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cytokine production to the systemic milieu. We used intracellular cytokine 

staining (ICCS) to evaluate IL-4 and IFNγ production specifically by NKT 

cells.  Mice were injected with the indicated compounds and livers and 

spleens were harvested 2, 6 and 18h after injection.  NKT cells, identified by 

CD1d tetramers loaded with αGalCer (CD1d-αGalCer tetramers), were also 

stained with antibodies to IL-4 and IFNγ to detect production of these 

cytokines.  Two hours after injection (Fig. 4.3A), OCH induces nearly as much 

IL-4 and IFNγ from NKT cells as αGalCer, whereas NKT cells are only slightly 

activated in response to C-glycoside.  After 6h as well (Fig. 4.3B), OCH and 

αGalCer activate NKT cells to produce equivalent levels of these cytokines. . 

By this time, NKT cells have responded to C-glycoside, and have a level of 

intracellular cytokine comparable to cells stimulated with the other GSLs. By 

18h after injection (Fig. 4.3C), most of the cells have downregulated their TCRs 

after αGalCer, however, more than 10% of the CD1d-αGalCer tetramer 

reactive NKT cells in the liver and 40% in the spleen maintain TCR expression 

after OCH and C-glycoside (Fig. 4.3C).  These cells that can be detected after 

stimulation with OCH and C-glycoside produce equivalent levels of both IL-4 

and IFNγ by ICCS (Fig. 4.3D). The fraction of CD1d-αGalCer tetramer reactive 

cells remaining after αGalCer stimulation was too small to measure 

intracellular cytokine levels (Fig. 4.3C).  By gating on CD1d-αGalCer tetramer-

negative TCRβ-low cells, it was possible to estimate the cytokine production 

by NKT cells that have, presumably, downregulated their TCRs and do not 
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react with the CD1d-αGalCer tetramer (data not shown). These cells appear to 

have been activated and express intracellular IFNγ and IL-4 (data not shown), 

and both OCH and C-glycoside induced equivalent levels of both cytokines.   

The most striking observation from the ICCS data is that there appears to be 

no bias in the NKT cell cytokine production induced by the AGLs OCH and 

C-glycoside, regardless of the final polarity of the response, indicating that 

systemic polarity of the immune response might be mediated by events 

downstream of the immediate activation of NKT cells by GSL antigens.  The 

differences in activation appear to be kinetic: OCH starts off by activating 

NKT cells as well as αGalCer (Fig. 4.3A), but appears unable to sustain that 

activation.  C-glycoside is slow to initiate NKT cell activation but gradually 

induces more activation, so that by 6h, both OCH and C-glycoside induce as 

much intracellular cytokine as αGalCer (Fig. 4.3A, B).  By 18h after GSL 

injection, NKT cells that have reacted to αGalCer are nearly undetectable, but 

NKT cells activated by OCH or C-glycoside are still detectable (Fig. 4.3C) and 

continue to respond to antigenic stimulus (Fig. 4.3D).  The persistence of a 

minority of CD1d-αGalCer tetramer reactive NKT cells 18h after injection of 

these AGLs, but not αGalCer, is an intriguing observation. These residual cells 

are activated and produce comparable amounts of IFNγ and IL-4 (Fig. 4.3D), 

suggesting that both these compounds are less potent antigens than αGalCer, 

and are therefore unable to cause TCR downregulation for the entire NKT cell 

population  
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Fig. 4.2 Systemic cytokine production in response to 
AGLs. C57Bl/6 mice were injected with aGalCer (squares), 
OCH (circles), C-glycoside (triangles) or vehicle 
(diamonds), and bled at the indicated time-points.  
Cytokines in the serum were measured using the Bio-Plex 
system. One experiment of two, with four mice per group 
in each.  
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Fig. 4.3 NKT cell cytokine production in response to AGLs. C57Bl/6J mice were injected 
with the indicated GSL antigens, and cytokine production by CD1d-αGalCer tetramer+ 
TCRβ+ NKT cells from the indicated organs was measured by ICCS at A. 2h, B. 6h and D. 
18h. C. The persistence of CD1d-αGalCer tetramer+ TCRβ+ NKT cells was evaluated 18h 
after injection. The numbers indicate percentages of NKT cells. One representative mouse 
of at least five tested for each time point. 
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These residual cells are activated and produce comparable amounts of IFNγ 

and IL-4 (Fig. 4.3D), suggesting that both these compounds are less potent 

antigens than αGalCer, and are therefore unable to cause TCR downregulation 

for the entire NKT cell population  

 

C-glycoside induces quantitatively different signaling events in NKT cells 

The hallmark of NKT cell activation by GSL antigens is TCR 

downregulation.  TCR downregulation in response to αGalCer has been well 

studied, and begins to occur within 2h of antigen exposure ((8), data not 

shown).  NKT cells stimulated by OCH also downregulate their TCRs with 

similar kinetics to those stimulated by αGalCer, beginning at 2h (data not 

shown), and progressing by 6h (Fig. 4.4A).  C-glycoside, however, does not 

induce TCR downregulation at 2h (data not shown), or even by 6h, after 

injection (Fig. 4.4A), suggesting that NKT cells are not as fully activated in 

response to this antigen.  

 While TCR downregulation is a reliable measure of activation, we 

sought a more quantitative method to measure activation. Phosphorylation of 

extracellular signal-regulated kinase (ERK) is a sensitive and accurate measure 

of T cell activation, and quantifies early signaling downstream of the TCR 

induced by strong antigens (27).  We tested early ERK phosphorylation by 

intracellular staining in NKT cell hybridomas expressing the invariant Vα14 

TCR (Fig. 4.4B).  The 1.2 hybridoma was incubated with A20 cells expressing 
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CD1d (A20-CD1d), presenting αGalCer, OCH or C-glycoside, after which they 

were fixed, permeabilized and stained with an antibody to phophorylated 

ERK (ppERK).  OCH and αGalCer induced equivalent levels of ERK 

phosphorylation within minutes (Fig. 4.4B), but C-glycoside was a poor 

stimulator of NKT cells, not inducing ERK phosphorylation above 

background levels at the early time points examined here (Fig. 4.4B).  These 

data are  interesting for two reasons; first because they are consistent with 

Fig. 4.4 C-glycoside induces quantitatively different signaling from 
OCH or αGalCer. A. TCRβ downregulation from the cell surface of 
CD1d-αGalCer tetramer+ cells was measured by flow cytometry six hours 
after injection of the indicated GSL antigens. One representative mouse of 
six tested. B. ERK phosphorylation in 1.2 NKT cell hybridomas in 
response to the indicated GSL antigens was measured by intracellular 
staining for phosphorylated ERK. One experiment of four. 
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other data showing  that the early response of NKT cells to OCH is 

indistinguishable from that to αGalCer, and second because they show that C-

glycoside induces quantitatively less activation than either  αGalCer or OCH.    

The lack of early ERK phosphorylation is consistent with C-glycoside being a 

late activator of NKT cells, and the absence of TCR downregulation taken 

together with the poor cytokine production it induces (Fig. 4.2A-C), lead us to 

conclude that C-glycoside is a weak antigen for NKT cells.  The mechanism for 

the weak antigenicity of C-glycoside is unclear, and could be due to either 

reduced TCR affinity or reduced ability to load on to CD1d in a stable fashion. 
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C-glycoside and OCH bind the NKT cell TCR with different affinities and 

avidity. 

The basis for the differential action of these AGLs on NKT cells is not 

known. As mentioned above, one possibility is that the association of CD1d 

with the glycolipid is altered.  For example, OCH, which has slightly shorter 

acyl chain and a much shorter sphingosine chain, has been hypothesized to 

dissociate from CD1d faster than αGalCer (28).  Alternatively, the affinity of 

the NKT cell TCR with CD1d-GSL complexes may be significantly different.  

C-glycoside does not have structural changes in the ceramide portion of the 

molecule, but substitution of a carbon atom for the oxygen in the glycosidic 

bond of αGalCer should disrupt formation of important hydrogen bonds with 

CD1d, thereby altering the angle at which the sugar group is oriented with 

respect to the TCR (18). Disruption of these hydrogen bonds also may impair 

the stability of C-glycoside in the groove of CD1d and cause it to dissociate 

from CD1d more quickly. 

The interaction of CD1d-GSL complexes with the NKT cell TCR can be 

defined in terms of rates of association and dissociation, and the equilibrium 

binding constant, or affinity. To determine the parameters of CD1d-GSL 

interaction with the TCR, we tested the binding of tetramers of CD1d in 

complex with each of the glycolipids to NKT cells.  We used these tetramers in 

an equilibrium tetramer-binding assay with NKT cell hybridomas or primary 

NKT cells to determine the dissociation constant, a measure of avidity, of each 
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CD1d-GSL complex for the Vα14i NKT TCR; and tetramer decay experiments 

to determine the half-life, and therefore affinity, of the interaction.   

The equilibrium tetramer binding isotherms (Fig. 4.5A) indicated that 

CD1d-αGalCer complexes have the highest avidity for the 2C12 hybridoma 

(KD=0.14 nM) and that the avidity of CD1d-OCH and CD1d-C-glycoside 

complexes were lower than CD1d-αGalCer complexes and similar to each 

other (Fig. 4.5A).  By measuring the decay of tetramer staining on 2C12 

hybridoma cells, it appeared that CD1d-OCH tetramers had a shorter half-life 

of binding than that of CD1d-αGalCer tetramers (Fig. 4.5B).   CD1d-C-

glycoside tetramers had a strikingly shorter half-life of binding compared to 

either CD1d-OCH or CD1d-αGalCer tetramers (Fig. 4.5B).  Tetramer decay 

experiments were carried out with CD1d-αGalCer and CD1d-OCH tetramers 
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Fig. 4.5 CD1d-OCH and CD1d-C-glycoside complexes bind the NKT cell TCR with similar 
avidities but different affinities. A. Equilibrium tetramer binding measurements were used 
to estimate the avidity of CD1d-GSL complexes for the TCR of the NKT cell hybridoma 2C12. 
MFI is mean fluorescent intensity of tetramer staining. B. Tetramer decay measurements were 
used to evaluate the half-life of interaction of CD1d-GSL complexes with the TCR of the 2C12 
hybridoma.  The numbers indicate the average (± standard deviation) half-life of the 
interaction of the indicated CD1d-GSL complex with the 2C12 TCR. The measurements were 
carried out 7 times for CD1d-αGalCer and CD1d-C-glycoside complexes and 4 times for 
CD1d-OCH complexes.  
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on primary Vα14i NKT cells from the thymus and spleen with similar results 

(data not shown). The heterogenous and low level of staining of CD1d-C-

glycoside tetramers with primary NKT cells did not allow us to perform 

tetramer decay decay experiments with primary cells. We did not test the 

possibility that the altered parameters of binding for each CD1d-AGL complex 

were due to selective usage of only a certain set of TCR Vβ chains, as 

suggested in an earlier report (28).  Instead, we measured the binding 

parameters for the entire population of NKT cells found in the thymus and 

spleen, encompassing all the Vβ chain found naturally in the mouse NKT cell 

repertoire (data not shown).  

 

C-glycoside and OCH dissociate from CD1d with similar kinetics as 

αGalCer.  

The stability with which a GSL antigen binds to CD1d probably is one 

determinant of the length of its interaction with the NKT cell TCR. We used an 

in vitro dissociation assay at neutral pH to determine the rate of dissociation of 

the AGLs from CD1d (Fig. 4.6).  In this assay, wells of microwell plates coated 

with soluble CD1d that had been loaded with various glycolipids, were 

washed and incubated for various times.  The wells were then rewashed and 

used to stimulate NKT cell hybridomas. The biosassay, measuring IL-2 

release, was therefore used as an indirect measure of the stability of glycolipid 

antigen binding.  The results of this assay indicate that neither OCH nor C-
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glycoside dissociated from CD1d with accelerated kinetics.  It is possible that 

OCH or C-glycoside bind to CD1d faster than αGalCer, or are preferentially 

assisted by lipid transfer proteins (such as the saposins or GM2 activator 

protein (29)). Since CD1d requires lysosomal localization to facilitate antigen 

loading and presentation (29), it is possible that any differences in GSL 

binding to CD1d are more likely to be significant at lysosomal pH, and it will 

be informative to test the dissociation of these GSL antigens from CD1d at 

more acidic pHs. 

 

Does OCH induce less IFNγ  because it is not presented by professional 

APCs? 

Fig. 4.6 OCH and C-glycoside do not dissociate from 
αGalCer with accelerated kinetics. The indicated GSL 
antigens were incubated with plate-bound CD1d for 
the indicated times and their dissociation from CD1d  
at physiological pH was measured. The read-out is IL-2 
production by the 1.2 hybridoma.  
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A previous study analyzed αGalCer variants that have alterations in 

their acyl chains and that induce a TH2-biased response (30), and this study 

hypothesized that GSLs with shorter acyl chains do not require the endosomal 

machinery to be loaded onto CD1d and can bind CD1d on the cell surface.  If 

these antigens do not require internalization to be presented on CD1d, then, 

theoretically, any cell that expresses CD1d, not necessarily professional APCs 

such as dendritic cells, could bind and present these antigens to NKT cells.  

NKT cells do not require costimulation for cytokine production induced by 

αGalCer. Therefore, these cells that express CD1d, such as resting B cells and 

other T cells, could present these antigens to NKT cells and thereby induce 

cytokine production from NKT cells, but would not be able to provide a 

complete activation signal leading to the subsequent activation of NK cells to 

produce IFNγ. In this way, an overall TH2 bias in the response to these shorter 

chain antigens would occur.  

To test this idea, the activation of NK cells from mice injected with 

aGalCer, OCH or C-glycoside was evaluated. IFNγ production by NK cells 

from mice injected with the indicated GSL antigen were evaluated by ICCS 

18h after injection of the respective compounds (Fig. 4.7A).  Consistent with 

the reduced levels of IFNγ observed in the serum of mice that had been 

injected with OCH (Fig. 4.2B) and the idea outlined above, NK cells from 

OCH-injected mice expressed less intracellular IFNγ than those from αGalCer-

injected mice (Fig. 4.7A). C-glycoside injected mice had a higher percentage of 
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IFNγ-producing NK cells than OCH-injected mice (Fig. 4.7A), consistent with 

the relative TH1 bias it induces. The percentage of IFNγ-producing NK cells in 

C-glycoside injected mice was lower than that in αGalCer-injected mice, in 

agreement with the observation that C-glycoside is a less potent antigen than 

αGalCer. 

An essential part of the hypothesis is that shorter chain GSL antigens 

do not require endosomal processing in order to be presented. We then tested 

in vitro whether OCH required endosomal loading to be presented efficiently 

to NKT cell hybridomas.  A mutant of CD1d that has an alanine substituted 

for the tyrosine in its cytoplasmic tail, CD1d-Y/A, cannot traffic to endosomes 

(31).  A20 B lymphoma cells expressing either wild type CD1d (A20-CD1d) or 

CD1d-Y/A (A20-CD1d-Y/A) were loaded with different concentrations of 

αGalCer or OCH and used to stimulate a responder NKT cell hybridoma (Fig. 

4.7B).  The αGalCer variant Gal(α1-2)−αGalCer, which has an additional 

galactose attached to the ceramide-linked galactose of αGalCer, absolutely 

requires processing to be presented to NKT cells (23), and was used as a 

control to show that endosomal antigen processing is impaired in A20-CD1d-

Y/A cells (Fig. 4.7B, last panel).  A20-CD1d-Y/A cells presented OCH as 

efficiently as A20-CD1d cells (Fig. 4.7B), suggesting that OCH does not need to 

traffic to endosomes in order to be presented. Consistent with an earlier 

report, αGalCer did not require CD1d trafficking to endosomes on order to be 

presented, and C-glycoside did not require endosomal trafficking either.  
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If APC choice were sufficient to explain the inefficient induction of 

IFNγ by OCH, then ensuring that the only cells that can present OCH are 

professional APCs should boost OCH-induced IFNγ production to levels close 

to those induced by αGalCer.  Bone marrow-derived dendritic cells (BMDCs) 

were pulsed overnight with αGalCer, OCH or C-glycoside, and injected into 

mice, and serum IFNγ levels were measured in these mice after 16h (Fig. 4.7C).  

This method is known to induce primarily IFNγ production by NKT cells (32). 

Restricting OCH presentation to BMDCs did not restore OCH-induced IFNγ 

production to the levels induced by αGalCer-pulsed BMDCs (Fig. 4.7C). 

BMDCs pulsed with C-glycoside were efficient inducers of IFNγ, almost as 

efficient as αGalCer-pulsed BMDCs, suggesting that when C-glycoside 

presentation is restricted to professional APCs, it is as effective at activating a 

systemic TH1 response as αGalCer.  These data suggest that APC choice alone 

is not sufficient to explain the TH2-biasing effect of OCH, and that other 

mechanisms are involved. 
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Fig. 4.7 Reduced IFNγ  production in response to OCH cannot be completely accounted 
for by APC choice. A. NK cells (NK1.1+ TCRβ-) produce less IFNγ measured by ICCS after 
OCH when compared to C-glycoside or αGalCer. Black lines represent GSL-injected mice, 
shaded histograms vehicle-injected mice and numbers indicate percentages of IFNγ+ NK 
cells. One representative mouse of six tested. B. Open symbols represent A20-CD1dY/A 
APCs and closed symbols A20-CD1d APCs. None of the three GSL antigens required 
CD1d trafficking to lysosomes to be presented, but Gal-(α1-2)GalCer did. One of three 
experiments. C. BMDCs from C57Bl/6J mice were pulsed with the indicated GSL antigens 
and injected into C57Bl/6J recipients and IFNγ production in the serum was measured 
after 16h. One of two separate experiments with five mice per group.  
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Discussion 

 

Our study is the first to compare the mechanisms by which two AGLs 

induce TH1- or TH2-biased responses after activating NKT cells. There are two 

factors that could contribute to a polarized immune response; the polarity of 

the NKT cell response itself, and the efficacy with which NKT cells induce 

indirect, or “trans” activation of other cells, and our study examines these two 

distinct aspects separately. We have examined the effects of these compounds 

on NKT cells at the level of the individual cell, and the relative contribution of 

NKT cell activation and transactivation of other cells to the final polarity of the 

response. OCH has been reported to be a strongly TH2-biasing antigen, 

inducing elevated IL-4 and reduced IFNγ production from NKT cells (16). We 

have shown that, while OCH does induce less IFNγ systemically than 

αGalCer, it induces IL-4 levels that are comparable to αGalCer.  Therefore, any 

TH2 bias induced by OCH occurs due to impaired IFNγ production, not due to 

elevated IL-4 production.  We also show that OCH activates NKT cells 

themselves indistinguishably from αGalCer, inducing equivalent levels of 

early cytokine production, ERK phosphorylation and TCR downregulation, 

and that the reduced IFNγ in the serum is probably due to impaired activation 

of NK cells. C-glycoside appears to be a weak antigen, inducing poor early 

cytokine production, low early ERK phosphorylation and delayed TCR 

downregulation, suggesting that both NKT cell activation and transactivation 
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are impaired. C-glycoside has been reported to induce a TH1-biased response, 

with elevated IFNγ and IL-12 levels in the serum (17).  We find that C-

glycoside does induce very little IL-4, but we also find that it induces lower 

levels of IL-12 and IFNγ than αGalCer.  Again, we find that there is a biased 

response, in this case, TH1, but the bias is a relative one, manifest as a 

difference in the proportion of IL-4 produced relative to IFNγ, rather than an 

absolute difference in cytokine levels. 

While both AGLs induced biased systemic immune respones, neither 

C-glycoside nor OCH caused a significant bias in NKT cell cytokine 

production towards either IL-4 or IFNγ, as measured ICCS.  The response was 

either weaker than or equivalent to αGalCer, but NKT cells produced 

comparable proportions of IFNγ and IL-4 regardless of the GSL antigen used 

to activate them. These observations lead us to hypothesize that the nature of 

the signal received by the NKT cell from these antigens helps determine the 

final polarity of the immune response by determining the extent of NKT cell 

activation and therefore, the efficiency of transactivation.  

Our model is that αGalCer, which binds stably to CD1d, provides a 

strong, sustained signal that leads to a TH0, or unpolarized, response. We 

propose that OCH provides a strong signal as well, but one that is interrupted 

or transient, and sufficient to induce cytokine production by NKT cells but 

insufficient to induce signals that lead to transactivation, leading to an 

eventual TH2 response.  We find no evidence for OCH dissociating from CD1d 
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despite its shorter lipid chains, and since CD1d-GSL binding is known to be 

very stable, any changes in NKT cell responses are likely to result from altered 

interactions of these CD1d-GSL complexes with the TCR.  We have shown 

that CD1d-OCH complexes bind to NKT cells with intermediate affinity and 

lower avidity than do CD1d-αGalCer complexes.  We suggest that this 

interaction is nevertheless of an affinity and avidity sufficient to induce as 

much early ERK phosphorylation as CD1d-αGalCer complexes, but may not 

to be sustained long enough to induce complete activation of the entire NKT 

cell population.  An earlier report (33) suggests that IFNγ production by NKT 

cells requires longer, more sustained, signaling than does IL-4 production, and 

it is possible that such a mechanism contributes to the TH2 bias induced by 

OCH. In addition, OCH does not require endosomal trafficking to be 

presented, and may be presented to NKT cells by non-professional APCs 

expressing CD1d which would then be unable to activate NK cells to produce 

IFNγ, and consistent with this idea, NK cells are poorly activated after OCH 

administration.  It is also possible that the shorter sphingosine chains of OCH 

make it more susceptible to lysosomal degradative processes, and the antigen 

is therefore short-lived, which could account for the absence of late TCR 

downregulation induced by what is, at early time points, a strong stimulus.   

C-glycoside has a lipid structure identical to that of αGalCer, and 

probably binds CD1d as stably, although there is no experimental evidence for 

this yet.  However, the carbon substituted for the oxygen in the glycoside 
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bond between galactose and ceramide might impair the ability of C-glycoside 

to form hydrogen bonds with CD1d and alter the angle at which the head 

group is positioned, meaning that C-glycoside probably binds the TCR 

differently than αGalCer.  We hypothesize that the result of this altered TCR 

contact is a weak but sustained signal that is slow to activate NKT cells, but 

gradually initiates greater activation.  This kind of signaling, that is slow but 

continuous, activates NKT cells in a manner that leads to the preferential 

transactivation of IFNγ-producing NK cells, eventually resulting in a TH1-

biased response.  An earlier report found that C-glycoside induced high levels 

of IL-12 and IFNγ in the serum (17), and while we do not find similar cytokine 

production, we do find robust NK activation in response to this antigen, 

consistent with the earlier report. The evidence that supports this model is 

that CD1d-C-glycoside complexes interact with NKT cells with low avidity 

and affinity, and induce only poor phosphorylation of ERK. C-glycoside also 

activates NKT cells with delayed kinetics, as might be expected from a weak 

signal, and continues to activate them till later time-points, as would be 

expected from a sustained signal.  So, while these studies show that C-

glycoside activates NKT cells weakly and this activation results in a TH1 

immune response, they do not explain the mechanism by which a weak, 

sustained signal correlates with preferential TH1 induction.  Further 

biochemical analysis to characterize the interaction of the CD1d-C-glycoside 

complex with the NKT cell TCR and analysis of the downstream signaling 



 126 

events in NKT cells in response to C-glycoside is needed. An interesting, but 

seemingly paradoxical, observation that emerges from these studies is that the 

weaker antigen results in a TH1 response, a result that runs counter to the 

published literature on conventional CD4 T cells.  

NKT cells have been shown to be involved in many disease models, 

and their primary function in many of these models has been shown to be 

cytokine production.  The observation that IL-4 and IFNγ are individually 

significant in many of these models makes a strong case for investigating the 

means by which these cells can be induced to produce one cytokine without 

the other.  It has been widely accepted that NKT cells are not easy to polarize, 

and that triggering them through the TCR results in the production of both IL-

4 and IFNγ, presumably from their intracellular pools of pre-formed cytokine 

mRNA.  We propose that, while this is mostly true for as strong a stimulus as 

αGalCer, the picture is not as clear for antigens that are not recognized as 

efficiently.  We have shown that it is possible to induce a polarized immune 

response whether NKT cells themselves are activated efficiently or not, which 

suggests that while NKT cells provide the initial impetus, their interactions 

with other cell types critically influence the final nature of the systemic 

immune response. We conclude that it is very difficult to bias cytokine 

production by NKT cells themselves, consistent with the observation they are 

poised to produce both IL-4 and IFNγ. It is also possible that the route by 

which these antigens are delivered plays a part in determining how they 
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activate NKT cells, by regulating the cell types that are the primary APCs.  

This study raises some important concerns that need to be addressed before 

these “polarizing” analogues of αGalCer can be considered for therapeutic 

purposes. An AGL that leads to a systemic TH2 or TH1 response may still 

induce a TH0 response in the immediate microenvironement of the NKT cells 

it activates because it does not bias cytokine production by the NKT cells, and 

only affects processes that are further downstream. The difference between 

systemic and local cytokine production could therefore be important in 

disease models where localized NKT cell activation is significant, because if 

AGLs do not bias activation of NKT cells themselves, they are unlikely be 

efficacious despite their systemic effects, and may even exacerbate disease in 

such models.    
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Chapter 5: NKT Cells Are Critical For The Early Activation Of 

The Inflammatory Response To LPS 

 

Abstract 

Natural Killer T (NKT) cells are thought of as a bridge between innate and 

adaptive immunity, and have previously been shown to be important for the 

progression of the Shwartzman reaction. The results described here 

demonstrate that NKT cells are activated in response to lipopolysaccharide 

(LPS), and produce interferon-γ (IFNγ) but no interleukin-4 (IL-4), in contrast 

to their activation through the T cell receptor.  NKT cells do not express TLR4, 

and IFNγ production by NKT cells in response to LPS is dependent on the 

LPS-induced cytokines IL-12 and IL-18.  LPS induced IFNγ production by 

NKT cells does not require CD1d-mediated presentation of an endogenous 

antigen, and can be induced by a combination of recombinant IL-12 and IL-18. 

Natural killer cells and myeloid cells are activated less efficiently in response 

to LPS in mice that are genetically deficient for NKT cells, resulting in the 

reduced production of the pro-inflammatory cytokines TNFα and IFNγ in 

these mice. We propose that NKT cells act as an early amplification step in the 

response to microbial stimuli, and that the rapid and complete initiation of a 

pro-inflammatory response depends on the presence of NKT cells. 
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Introduction 

 

Natural Killer T (NKT) cells are a relatively small population of T cells 

that have several unique properties that position them between innate and 

adaptive immune cells (1).  NKT cells were originally defined as T cells that 

expressed the NK1.1 marker of the natural killer (NK) cell lineage, but this 

definition has since been narrowed in many cases, to identify a population of 

T cells that express a semi-invariant T cell receptor (TCR), with an invariant 

Vα14-Jα18 TCRα chain paired with a restricted set of Vβ chains (2). These cells 

are also called invariant NKT (iNKT, NKT) cells and recognize 

glycosphingolipid (GSL) antigens presented by the non-classical class I-like 

molecule CD1d. They respond rapidly to TCR stimulation with the production 

of a wide array of cytokines, usually within a few hours (1).  Activation of 

these cells with a model GSL antigen, α-galactosylceramide (αGalCer), results 

in a TH0 response, with significant quantities of many cytokines, including 

interferon–γ (IFNγ) and interleukin-4 (IL-4), being induced. However, in many 

disease models where NKT cells have been shown to be important, it is 

usually the action of one or the other of these cytokines that is important, 

rarely both simultaneously (3).  In particular, although there are exceptions, 

IFNγ production by NKT cells has been implicated in the clearance of many 

bacterial infections, while IL-4 production appears to be necessary to 
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ameliorate autoimmune conditions such as diabetes and experimental 

autoimmune encephalitis (EAE) (3). 

Endotoxin, or bacterial lipopolysaccharide (LPS), is a component of the 

cell wall of many gram-negative bacteria and is a potent activator of the 

immune system (4), inducing robust cytokine production and activation of 

antigen presenting cells (APCs), T and B cells, granulocytes, monocytes and 

NK cells. LPS is recognized by a complex consisting of CD14, toll-like receptor 

(TLR)-4 (TLR4) and MD-2 (5), and signaling through this complex via TLR4 

leads to the secretion of proinflammatory cytokines such as IL-12, IL-18, tumor 

necrosis factor-α (TNFα), IL-1β, IFNα and IFNβ, and IFNγ (6). The purpose of 

this proinflammatory cascade is to facilitate clearance of bacteria, but it can 

have deleterious effects, such as septic shock (7), when induced to excess.  

Systemic versus local exposure of LPS can contribute to its widely divergent 

effects (8), with the former often resulting in shock-like symptoms and the 

latter in productive immune responses. TNFα is responsible for many of the 

shock-like effects of LPS, causing apoptosis and propagating inflammation 

that leads to tissue destruction and organ damage (9), and IFNγ is required for 

the lethal effects of TNFα (10).  IFNγ also activates macrophages that produce 

IL-12 and nitric oxide (NO) and other reactive oxygen species (11).  IL-12 

induces further IFNγ production, in synergy with IL-18 (12) or on its own (13), 

and NO and reactive oxygen species are in turn critical mediators of 

inflammation and tissue destruction. Paradoxically, IFNγ also acts on 



 136 

macrophages to induce the production of the anti-inflammatory cytokine IL-

10 (11), which plays an important role in countering the destructive effects of 

TNFα (14).  

NKT cells are thought to be important for the clearance of numerous 

bacterial infections, and have also been shown to be critical for the progression 

of the generalized Shwartzman reaction (15, 16), an animal model of septic 

shock induced by LPS. NKT cell-derived IFNγ is thought to be one of the 

critical effectors of the Shwartzman reaction (15), however, the mechanism by 

which NKT cells produce IFNγ in response to LPS is indefinite.  Some studies 

have detected the expression of TLRs by these cells (17, 18), but these results 

are controversial, and it appears unlikely that NKT cells themselves detect and 

respond to LPS by the expression of pattern-recognition receptors.  A recent 

study has postulated the existence of an indirect pathway of activation (19), 

where NKT cells respond to an endogenous CD1d-GSL signal in the presence 

of LPS-induced IL-12, resulting in IFNγ production. Recent work has also 

shown that the antigen receptor expressed by NKT cells recognizes GSL 

antigens from Sphingomonas bacteria presented by CD1d (20, 21).  

Sphingomonas bacteria do not express LPS, so this mechanism is a novel one, 

distinct from LPS recognition.  These studies show NKT cells can sense 

bacteria in a variety of ways, either through direct recognition of an antigen 

through the TCR or through signals initiated by LPS.  NKT cells, therefore, 
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appear to be an important component of innate immunity, and their role as 

innate immune effectors needs to be characterized in greater depth. 

In this study, we aim to characterize the mechanism by which NKT 

cells respond to LPS in more detail.  We show that NKT cells produce only 

IFNγ in response to LPS, producing no IL-4 or TNFα, cytokines that are 

normally induced together with IFNγ after TCR triggering.  We propose that 

NKT cells do not directly recognize LPS through TLR4, but that they respond 

to cytokines induced in APCs by LPS.  We also demonstrate that cytokine 

signals are both necessary and sufficient to induce IFNγ production from these 

cells, and that CD1d-TCR signals are not absolutely required for activation of 

these cells in response to LPS. Finally, we show that the systemic response to 

LPS is severely impaired in the absence of NKT cells, with reduced activation 

of myeloid cells and NK cells resulting in a strong reduction in systemic TNFα 

and IFNγ production.  

 

Materials and Methods 

 

Mice: C57Bl/6J, BALB/cJ, B6.129S1-Il12btm1Jm/J, B6.129P2-Il18tm1Aki/J 

mice were obtained from the Jackson Laboratory (Bar Harbor, ME) and 

maintained in the vivarium at the La Jolla Institute for Allergy and 

Immunology. C.129S2-cd1tm1Gru/J mice on the C57Bl/6J background were the 

kind gift of Dr. L. Van Kaer (Vanderbilt University, Nashville TN).  Jα18-/- 
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mice on the C57Bl/6J background were the kind gift of Dr. M. Taniguchi 

(RIKEN Institute, Yokohama, Japan). C3H/HeJ mice were obtained from the 

Jackson Laboratory and C3H/HeNTac mice from Taconic Farms (Hudson 

NY). Unless otherwise mentioned, all mice were used between 8-16 weeks of 

age, and were age- and gender-matched.  

Reagents and Antibodies: Escherichia coli O111:B4 lipopolysaccharide 

(LPS) was purchased from Sigma-Aldrich (St. Louis MO), either purified by 

phenol extraction (used for injections) or phenol-extracted and further 

purified by ion-exchange chromatography (used for cell culture).  Salmonella 

Minnesota LPS was purchased from Alexis Corp. (San Diego CA) and used for 

cell culture.  

Antibodies to the following mouse antigens were purchased from BD 

Biosciences (San Diego CA), as conjugates to FITC, Alexa 488, PE, PerCP-

Cy5.5, PE-Cy7, APC or biotin: CD1d, CD4, CD8α, CD11b, CD11c, CD18, 

CD69, CD154, Gr-1, NK1.1, TCRβ, IFNγ, IL-6 and TNFα. Antibodies to the 

following mouse antigens were purchased from Ebioscience (San Diego CA), 

as fluorescent conjugates to FITC, PE or APC: CD14, F4/80, Toll-like receptor 

2 (TLR2) and TLR4.  Anti-mouse IL-4-Alexa 488 was obtained from Caltag 

(Burlingame CA). Anti-mouse macrosialin (CD68) was purchased from 

Serotec (Raleigh NC).  Anti-mouse CD16/32 used for blocking was isolated in 

our laboratory.  Purified anti-mouse CD1d (1B1) for blocking experiments was 

obtained from BD Biosciences. PE-conjugated CD1d-αGalCer tetramers were 
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synthesized in our laboratory as described, and used to stain cell suspensions. 

Recombinant murine GM-GSF (rmGM-CSF) was purchased from PeproTech 

Inc. (Rocky Hill, NJ). Recominant murine IL-12 and IL-18 (rmIL-12 and rmIL-

18) were purchased from R&D Systems (Minneapolis, MN). α-

galactosylceramide (αGalCer; (2S,3S,4R)-1-O-(α-D-galactopyranosyl)-N-

hexacosanoyl-2-amino-1,3,4-octadecanetriol) was synthesized at Kirin 

Pharmaceuticals (Gunma, Japan) (22, 23) 

Treatments: All treatment protocols were carried out according to 

institutional animal care guidelines.  Mice were injected intravenously in the 

tail vein in a final volume of 200µl, and blood was harvested by cardiac 

puncture after sacrifice. Mice were sacrificed using carbon dioxide. Mice were 

injected with 40µg of LPS diluted in phosphate-buffered saline (PBS), and 2µg 

of αGalCer in vehicle, unless otherwise mentioned. 

Cell preparation: All cell preparation was carried out using complete 

RPMI (RPMI 1640 (Invitrogen, Carlsbad CA) supplemented with 10% fetal calf 

serum (FCS), penicillin-streptomycin-glutamine and β-mercaptoethanol). 

Livers were perfused with ice-cold PBS prior to isolation of myeloid cells. 

Livers were mashed through a 70µm cell strainer (Fisher Scientific, Hampton 

NH) and washed. The suspension was centrifuged over a 40%-70% Percoll 

(Amersham, Piscataway NJ) gradient and mononuclear cells were isolated by 

harvesting the interphase. Liver mononuclear cells were resuspended in the 

appropriate amount of media and stained before FACS or sorting. Spleens 
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were mashed and red blood cells were lysed using red cell lysing buffer from 

Sigma-Aldrich (St. Louis MO), after which the cells were resuspended in 

complete RPMI. The cell suspension was stained and used for FACS or 

sorting, or for cell culture. Thymii were collected and mashed, after which 

they were resuspended in complete media and used for FACS or sorting. 

Staining for Flow Cytometry and Intracellular Cytokine Staining:  

Cells were resuspended in staining buffer (PBS with 10%FCS) and anti-

CD16/32 was added to block non-specific staining.  Antibodies to surface 

markers were added and cells were stained for 20min on ice. Cells were 

washed and resuspended in staining buffer and analyzed the same day or 

fixed and analyzed later, on a FACSCalibur (BD Biosciences, San Diego CA). 

Cell suspensions obtained from treated mice were stained for surface 

markers as described above, then fixed and permeabilized using 

CytoFix/CytoPerm buffer from BD Biosciences (San Diego CA), according to 

the manufacturers protocol.  Antibodies against intracellular cytokines or 

CD68 were added, and the cells were stained on ice for 30min. Cells were 

washed and resuspended in staining buffer and analyzed on a FACSCalibur. 

FACS Sorting: NKT cells were sorted from livers, spleens or thymii, 

using labeling with CD1d-αGalCer tetramers and anti-TCRβ or anti-NK1.1 

and anti-TCRβ. Liver cells were labeled with the appropriate combination of 

reagents for 30min on ice, washed and sorted on a FACSDiva (BD Biosciences, 

San Diego CA).  Prior to sorting NKT cells with CD1d-αGalCer tetramers, 
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spleen cells were depleted of B cells and CD8 T cells using anti-CD19 and anti-

CD8α conjugated magnetic beads and MACS columns (Miltenyi, Auburn CA), 

according to the manufacturer’s protocol. The CD19-CD8- cell suspension was 

labeled with CD1d-αGalCer tetramers and anti-TCRβ, washed, and sorted. 

For sorting NK1.1+TCRβ+ cells, spleen suspensions were labeled with anti-

NK1.1-PE and anti-TCRβ antibodies, and NK1.1+ cells were enriched using 

anti-PE conjugated magnetic beads (Miltenyi, Auburn CA), washed and 

sorted.  CD8α+ and CD11b+ cells were rigorously excluded while sorting for 

NK1.1+TCRβ+ cells. Thymii were prepared for sorting exactly the same way as 

spleen cells, except for depletion of B cells.  Cells were routinely sorted to 97% 

purity. 

Bone marrow-derived dendritic cells and cell culture: Bone marrow 

dendritic cells (BMDCs) were prepared as described (24). Briefly, bone 

marrow was harvested from femurs of mice and cultured in 100mm bacterial 

dishes in 10ml of complete RPMI with 200U/ml rmGM-CSF. On day 3 of the 

culture, 10ml more of complete RPMI with 200U/ml rmGM-CSF were added. 

BMDCs were harvested on day 6 and cultured with sorted NKT cells, with the 

addition of LPS or recombinant cytokines. 2.5X105 BMDCs were cultured with 

5X104 sorted NKT cells in a round-bottom 96 well plate at 37°C and 5%CO2 

for 48 hours, as described (21). The culture supernatants were harvested, and 

IFNγ and IL-4 levels measured by ELISA. 
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Cytokine detection: Antibodies and recombinant cytokine standards 

for IFNγ, IL-4, IL-12 and IL-2 ELISAs were purchased from BD Biosciences 

(San Diego, CA). IL-18 and TNFα ELISA kits were purchased from R&D 

Systems (Minneapolis MN).  All ELISAs were carried out according to the 

manufacturer’s instructions.  Cytokine estimation by cytometric bead array 

(CBA) was carried out using the BioPlex system from BioRad (Hercules CA) 

and results were read using a Luminex plate reader from Luminex (Austin 

TX). 

RNA preparation and real-time PCR: Cells were resuspended in 

TRIZol (Invitrogen, Carlsbad CA) for RNA isolation. Proteins and DNA 

removed by precipitation with chloroform and RNA was extracted by 

precipitation with isopropanol.  The resulting total RNA was used for cDNA 

synthesis by the Superscript II system (Invitrogen, Carlsbad CA). cDNA was 

used for real time PCR using SYBR green (Bio-Rad Laboratories, Hercules 

CA), with the following primers: mTLR4 forward 

5’ATGGCATGGCTTACACCACC, reverse 

5’GAGGCCAATTTTGTCTCCACA. TLR4 expression was normalized to L32, 

forward 5’GAAACTGGCGGAAACCCA and reverse 

5’GGATCTGGCCCTTGAACCTT.  Data was collected and analyzed on an 

iCycler (Bio-Rad Laboratories, Hercules CA). 
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Results 

 

NKT cells produce exclusively IFNγ after stimulation with LPS. 

Mice were injected intravenously (i.v.) with 40µg of LPS, and cytokine 

production by NKT cells was assayed by intracellular cytokine staining 

Fig. 5.1 NKT cells produce exclusively IFNγ  in 
response to LPS.  C57Bl/6J mice were injected with 
PBS, LPS or αGalCer i.v and cytokine production 
by NKT cells was measured by ICCS. A. IFNγ 
production by CD1-tetramer+TCRβ+ NKT cells 6h 
after LPS. Numbers indicate percentage of cytokine 
positive cells. B. IFNγ and IL-4 production by NKT 
cells 1.5h after αGalCer or 6h after LPS. One 
representative experiment of at least three. 
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(ICCS). Six hours after LPS injection, NKT cells from the liver and the spleen, 

identified by staining with CD1d-αGalCer tetramers and anti-TCRβ 

antibodies, produced IFNγ (Fig. 5.1A).  NKT cells were activated and 

upregulated the very early activation antigen CD69 in response to LPS as early 

as 2 hours after injections (data not shown) although IFNγ production was 

only induced later. NKT cells produced only IFNγ and no IL-4 in response to 

LPS (Fig. 5.1B), compared to stimulation with αGalCer for 90min, which 

induces both cytokines.  NKT cells did not produce TNFα as measured by 

ICCS after LPS injection (data not shown), even at early time points such as 1h 

or 2h after injection.  These data collectively show that NKT cells produce a 

more limited set of cytokines after LPS stimulation, unlike stimulation with 

GSL antigens, which induces a multitude of cytokines.  

NKT cells do not respond directly to LPS. 

We attempted to establish the mechanism by which NKT cells detect 

and respond to LPS.  Direct sensing of LPS by NKT cells is controversial, with 

there being some reports that NKT cells express mRNA for TLRs (17, 18).  The 

Fig. 5.2 NKT cells do not express TLR4. CD1 
Tetramer+ TCRβ+ cells do not express TLR4, 
measured by flow cytometry.  
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prevailing belief is, however, that NKT cells respond to LPS indirectly, 

through a combination of endogenous CD1d-GSL signals and LPS-induced IL-

12.  Staining with antibodies to the TLR4-MD2 complex did not detect the 

presence of this complex on the surface of NKT cells (Fig. 5.2).  Furthermore, 

real time PCR performed on sorted NKT cells from spleen and liver (data not 

shown) detected mRNA for TLR4 in dendritic cells but not in NKT cells.  The 

lack of TLR4 expression by NKT cells makes direct recognition of LPS by these 

cells unlikely, and we investigated the other means by which these cells 

respond to an LPS signal by examining their response in cytokine-deficient 

mice.  In concordance with earlier results (19), we find that NKT cells from IL-

12p40-deficient mice are impaired in their response to LPS, with a five-fold 

reduction in the percentage of NKT cells that produce IFNγ by ICCS (Fig. 

5.3A).  IL-12p40-/- mice are deficient for the p40 subunit of IL-12, which is 

shared by IL-23, and these experiments do not establish which of these 

cytokines is the mediator of LPS-induced activation of NKT cells, although an 

earlier study using blocking IL-12 antibodies (19) would suggest that IL-12 

rather than IL-23 is the mediator of this effect.  The absence of IL-12p40 

reduced IFNγ production by NKT cells after LPS but did not completely 

eliminate it, and we looked into other signals that might contribute to the LPS 

responsiveness of these cells.  
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Earlier studies have shown that NKT cells are particularly responsive to 

IL-18 (25), which is strongly induced after LPS.  IL-12 and IL-18 are also 

known to have potent effects on IFNγ production, particularly when acting 

together (12, 26). We therefore measured IFNγ production by NKT cells in 

response to LPS in IL-18-deficient mice (Fig. 5.3B).  NKT cells from IL-18-

deficient mice have an even more pronounced impairment in IFNγ production 

after LPS, exhibiting an almost total block.  This defect in IFNγ production by 

NKT cells in IL-12p40-/- and IL-18-/- mice was not due to an intrinsic defect 

in the capacity of NKT cell to produce cytokines, as NKT cells from these mice 

Fig. 5.3 NKT cells respond to IL-12 and IL-18 
induced by LPS. ICCS on spleen NKT cells from 
A. IL-12 p40-/- and B. IL-18-/- mice. NKT cell 
IFNγ production 6h after LPS injection is 
reduced in the absence of IL-12 or IL-18. 
Numbers indicate the percentages of cytokine 
positive cells. One representative mouse of six 
mice per group. 
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responded normally to αGalCer (data not shown).  Taken together, these 

observations indicate that NKT cells do not directly bind and respond to LPS, 

but instead produce IFNγ in response to the LPS-induced cytokines IL-12 or 

IL-23, and IL-18.  

IL-12 and IL-18 are sufficient to induce IFNγ  production by NKT cells. 

The indirect pathway of LPS recognition as described by Brigl et al (19) 

proposes that a CD1d-GSL signal is essential for the NKT cell response to 

Salmonella typhimurium and that CD1d-restricted T cells required both IL-12 

and CD1d signals to respond to bacteria and bacterial products. We have 

shown that IL-12p40 and IL-18 are necessary for early IFNγ production by 

NKT cells in response to LPS, and we tested whether CD1d recognition is 

essential for the activation of mouse NKT cells in response to LPS.  We 

adapted a culture system that has been described earlier (21) to test this.  NKT 

cells were sorted from mouse spleens using CD1d-αGalCer tetramers and 

anti-TCRβ antibodies and cultured with or without BMDCs in the presence or 

absence of LPS and cytokine production was measured in the supernatants 

after 48 hours.  Neither BMDCs nor NKT cells produced IFNγ when cultured 

with LPS alone (data not shown), but responded when cultured with LPS 

together (Fig. 5.4A).  Surprisingly; anti-CD1d blocking antibodies had only a  
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Fig. 5.4 NKT cells produce IFNγ  in response to LPS in a CD1d-independent 
manner. NKT cells were sorted with A. the CD1d-αGalCer tetramer or B. anti-
NK1.1 and anti-TCRβ and cultured with BMDCs from the indicated mice in the 
presence or absence of LPS. * Not Done. One representative experiment of five (A) 
and three (B) respectively. NKT cells sorted with the CD1d-αGalCer tetramer were 
cultured with IL-12, IL-18 or both cytokines(C, D) and IFNγ production was 
measured by ELISA. D. 1X Dose is 10ng/ml of IL-12 and 100ng/ml of IL-18. One 
representative experiment of five (C) and two (D) respectively. 
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slight effect on the IFNγ levels in this culture, and BMDCs from CD1-/- mice 

were almost as effective at stimulating NKT cells in the presence of LPS as 

wild type BMDCs (Fig. 5.4A).  BMDCs from IL-12p40-/- mice were poor 

activators of NKT cells in response to LPS, consistent with the reduced NKT 

cell activation seen in IL-12p40-/- mice (Fig. 5.4A). To further establish that 

CD1d-mediated antigen presentation is not required, or makes only a small 

contribution in this system, we sorted NKT cells using antibodies to NK1.1 

and TCRβ, and cultured them with CD1-/- BMDCs and LPS in the presence of 

blocking anti-CD1d antibodies (Fig. 5.4B).  These experimental conditions 

ensure that CD1d-mediated antigen presentation, either by BMDCs or NKT 

cells, cannot occur.  Under these conditions as well, similar levels of IFNγ were 

induced from NKT cells cultured with CD1-/- or wild type BMDCs, indicating 

that CD1d-mediated antigen presentation was not required for IFNγ 

production by NKT cells in response to LPS (Fig. 5.4B).  

Since CD1d expression on APCs seems unnecessary to induce IFNγ 

production from NKT cells in response to LPS, we tested whether cytokine 

signals alone are sufficient to activate NKT cells.  Sorted NKT cells were 

cultured with recombinant IL-12, IL-18 or both, and cytokine production in 

the culture supernatants were measured 48 hours later.  Either IL-12 or IL-18 

individually required the additional presence of BMDCs to induce IFNγ from 

NKT cells (Fig. 5.4C).  When both cytokines were added together, they 

synergized strongly to induce IFNγ from NKT cells whether BMDC were 
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present or not (Fig. 5.4C), consistent with previous reports (12, 27).  These data 

are consistent with an earlier report that suggested that NKT cells respond to 

IL-18 in the absence of TCR engagement (25), although the reagents available 

at the time of that report did not permit specific identification of the invariant 

NKT cell subset. 

The amount of cytokines used to stimulate cells in vitro may be far 

higher than would be seen physiologically. Therefore, we decreased  the dose 

of IL-12 and IL-18 used in culture by 100-fold to 100 pg/ml of IL-12 and 

1ng/ml of IL-18 (Fig. 5.4D).  This is below the amounts of these cytokines in 

the serum after LPS injection (Fig. 5.5B,C). We observed that the synergistic 

effect of these two cytokines on IFNγ production was maintained at these 

physiologic concentrations (Fig. 5.4D),  although at these doses the effect of 

the individual cytokines was lost. These observations suggest that cytokine 

signals are both necessary and sufficient to induce IFNγ from NKT cells.   

NKT-deficient mice produce less proinflammatory cytokines in response to 

LPS. 

Having determined that NKT cells respond to LPS, albeit in an indirect 

cytokine-dependent manner, we decided to investigate the effect of NKT cell 

deficiency on the systemic response to LPS.  It has been reported that NKT 

cells are necessary for the progression of the Shwartzman reaction (15), and 

are activated in response to Salmonella typhimurium (19, 21).  Because we 

observed NKT cell activation and cytokine production at early time points 
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after LPS, we chose to investigate the early response to LPS in NKT cell 

deficient Jα18-/- mice.  Jα18-/- mice were injected with LPS and serum 

cytokines were measured at the indicated time points after injection, by 

cytometric bead array (Fig. 5.5 B and D) or by ELISA (Fig. 5.5A and C).  Serum 

IFNγ levels 6h after LPS (Fig. 5.5A) were strongly reduced in Jα18-/- mice, 

while serum IL-12p70 (Fig. 5.5B) and IL-18 (Fig. 5.5C) levels were comparable 

to those in wild type mice.  The most striking difference was in TNFα 

production (Fig. 5.5D), with a nearly ten-fold reduction in serum TNFα 1.5h 

after LPS. These findings indicate that Jα18-/- mice are severely impaired in 
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Fig. 5.5 NKT cell-deficient mice have defects in the production of pro-inflammatory 
cytokines after LPS. Jα18-/- and control C57Bl/6J mice were injected with LPS and 
levels of A. IFNγ, B. IL-12p70, C. IL18 and D. TNFα in the serum were evaluated at the 
indicated time points (in hours). Cytokine levels are expressed in pg/ml. Averages of 
three mice per group are shown. Levels of each cytokine were evaluated in at least two 
independent experiments. 

 



 152 

the production of proinflammatory cytokines in response to LPS.  Since IL-

12p70 and IL-18 levels are similar in wild type and Jα18-/- mice, the impaired 

production of these cytokines cannot explain the reduction in serum IFNγ seen 

in Jα18-/- mice, and the contribution of NKT cells to serum IFNγ is unlikely to 

account for the reduction in Jα18-/- mice. NKT cells do not produce TNFα in 

response to LPS (data not shown), suggesting that NKT cells are needed to 

initiate the activation of other cells that produce IFNγ and TNFα in response to 

LPS. 

Activation of NK cells and myeloid cells in response to LPS is impaired in 

Jα18-/- mice. 

NK cells are the principal source of serum IFNγ after LPS (28), and 

while NKT cells do contribute to systemic IFNγ, their contribution is not as 

substantial as that of NK cells.  IFNγ production by NK cells from Jα18-/- mice 

was examined by ICCS 6h after LPS injection and is strongly reduced 

compared to IFNγ production by wild type NK cells (Fig. 5.6A), and this 

reduction probably accounts for the lower levels of serum IFNγ (Fig. 5.5A) 

seen in these mice.  Neutrophils, macrophages, monocytes and NK cells are 

some of the primary sources of TNFα produced in response to LPS, and we 

investigated TNFα production by these cell types in Jα18-/- mice by ICCS 

45min after LPS injection (Fig. 5.6B). The percentage of splenic neutrophils 

(CD11bhi Gr-1hi) and macrophages (CD11bloGr-1loF4/80+CD68hi) from Jα18-/- 

mice that produced TNFα was half that seen in wild type mice (Fig. 5.6B).  
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Monocytes (CD11b+ Gr-1hi) from both Ja18-/- and wild type mice produced 

equivalent levels of TNFα (data not shown).  These data suggest that NKT 

cells are involved in activating a proinflammatory cascade in response to LPS, 

and that while NKT cells do not produce proinflammatory cytokines early 

during the response to LPS, they are needed for the activation of other cells 

that do.  

 

Fig. 5.6 The activation of NK cells and myeloid cells is impaired in 
Jα18-/- mice. Jα18-/- and control C57Bl/6J mice were injected with 
LPS and intracellular cytokine production of A. IFNγ by NK cells at 
6h and B. TNFα by macrophages and neutrophils at 45min were 
measured. One representative of six and three mice, respectively. 
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Discussion 

 

NKT cells are known to participate in the clearance of many bacterial 

infections (3), and can be activated by bacterial products in two documented 

ways: by the direct recognition of bacterial GSLs presented by CD1d or by the 

combined action of bacteria-induced proinflammatory cytokines and 

endogenous CD1d-GSL signals.  We provide evidence for a third mode of 

NKT cell activation in bacterial infection, where they respond exclusively to 

cytokines that are induced by bacterial products. We have shown that NKT 

cells participate in the induction of the early inflammatory response to LPS, 

and that they are activated within a few hours of LPS encounter, and produce 

IFNγ but no IL-4 or TNFα.  NKT cells do not appear to express TLR4, and IFNγ 

production is induced by the combined action of IL-12 and IL-18. NKT cells 

also play a major role in propagating the proinflammatory cascade initiated 

after LPS, as NK cells and myeloid cells are activated less efficiently in NKT 

cell-deficient Jα18-/- mice.   

A striking observation from this study is that CD1d-mediated antigen 

presentation is not required to activate NKT cells in this system.  This 

observation runs counter to published results (19, 21) that demonstrate the 

need for CD1d to present an endogenous antigen to induce activation of NKT 

cells. One study blocked CD1d-mediated antigen presentation in vivo and 

showed that the NKT cell response to Salmonella typhimurium was then 
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abolished (19).  The other study showed that BMDCs from β-

hexoseaminidase-deficient mice, which cannot generate the physiological 

NKT cell antigen iGb3, could not stimulate NKT cell cytokine production in 

response to S. typhimurium LPS (21).  However, we do not feel that the 

pathway we present excludes the existence of CD1d-dependent mechanisms, 

but that it instead provides an alternate mechanism for NKT cell activation.  

We hypothesize that the mechanism by which NKT cells are activated during 

a bacterial infection, or in response to bacterial products, depends on both the 

bacteria in question, and the downstream responses they provoke.  The 

studies that determined the need for CD1d antigen presentation used whole S. 

typhimurium or S. typhimurium bacterial lysates to stimulate murine NKT cells, 

and S. typhimurium LPS to stimulate human CD1d-restricted T cell lines, while 

we use LPS purified from Escherichia coli.  Whole bacteria or bacterial lysates 

have the capacity to activate many immune response pathways, not just the 

one downstream of TLR4, and the APCs in those studies are likely to be 

activated very differently from the ones on our study. Recent studies have 

shown that MyD88-dependent and MyD88-independent signals through 

different TLRs can synergize to induce greater activation of APCs (29).  It is 

possible that activation of endogenous CD1d-GSL antigen presentation 

requires a different degree of signaling, and in the absence of that signaling, 

cytokines induced by TLR4 are sufficient to activate NKT cells.  In addition, 

the structure of LPS, and therefore its ability to bind CD14 and activate TLR4, 
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varies with the bacteria from which it is derived (30), meaning that hepta-

acylated LPS derived from S. typhimurium and hexa-acylated LPS from E. coli 

do not activate the immune system in the same way (31). We suggest that the 

pathway by which NKT cells are activated in response to bacteria or bacterial 

products is determined by the nature of the bacterial signal, and the nature of 

this signal is in turn determined by the qualitative and quantitative differences 

in the activation of various TLRs. Additionally, the study by Brigl et al (19) 

investigated the response of NKT cells in vivo between one and three days 

after Salmonella infection, while we examine the responsiveness of these cells 

to LPS at much earlier time points, the latest being six hours. It is possible that 

early, acute activation of NKT cells can be mediated by cytokines alone, but 

later, more sustained response requires CD1d-mediated antigen presentation. 

Another intriguing finding to emerge from these studies is the extent to 

which the presence of NKT cells is needed to fully activate many other cell 

types very early during the response to LPS.  NKT cells form a major 

population in the liver, and the extent of their influence in that organ is not 

surprising, but considering that they constitute, at most, 2% of all spleen 

lymphocytes, the degree to which they appear to be able to regulate the 

activation of other cells in the spleen is astonishing.  We have not been able to 

determine the mechanism by which NKT cells regulate other cell types in 

response to LPS, but we do know that is it is rapid and wide-ranging. The 

range of cell types and numbers of cells that are affected argues against there 
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being the need for cell-cell contact, however, we have not ruled out the 

possibility that NKT cells act through direct contact with their target cells. We 

believe it is more likely that NKT cells produce a soluble mediator that 

mediates this activation, and have so far determined that these cells do not 

produce IL-6, TNFα or IFNγ (data not shown) within an hour of LPS injection, 

using ICCS as an assay, and are currently investigating many other 

possibilities.  Another possibility is that NKT cells produce very low levels of 

IFNγ at early time points after LPS injection, amounts that cannot be detected 

by ICCS, which is a technique of relatively low sensitivity.  IFNγ has been 

shown to be critical for conditioning macrophages to produce TNFα in 

response to LPS (32).  The quantities of IFNγ needed for this conditioning 

effect are relatively low, and it is possible that NKT cells produce these low 

levels of IFNγ rapidly after LPS injection and this NKT cell-derived IFNγ is 

needed for the full activation of macrophages in response to LPS. 

In conclusion, we have demonstrated a third pathway by which NKT 

cells are activated in response to bacterial products.  These cells appear to 

perform a critical function as innate sensors of bacterial infection, and the 

many ways in which they can be activated in response to bacteria suggest that 

they can be involved in the response to many, diverse bacteria. The response 

of NKT cells to bacteria, whether antigen-specific or not, is highly innate-like, 

with rapid production of IFNγ, and probably results in activation of APCs and 

myeloid effector cells.   The rapidity which they can respond to these diverse 
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stimuli, and the range of cells they can influence, also mark them out as crucial 

components of the innate immune response to bacteria. 
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Chapter 6: Conclusions 

 

The field of Natural Killer T (NKT) cell biology is of relatively recent 

origin, and many key discoveries have been made in the recent past (1).  

However, some important questions remain unanswered concerning the 

functions of NKT cells and their role at the interface of innate and adaptive 

immunity.  The studies described in this dissertation aim to address some of 

these questions, particularly with regard to the function of NKT cells in 

bacterial infections.  The primary effector function of NKT cells in most of the 

disease models in which they have been studied is cytokine production, and 

the studies described here are directed towards understanding some of the 

many signals that are involved in regulating that cytokine production.   We 

have the studied the requirements for CD1d antigen presentation and how 

they affect NKT cell development and activation.  We have also characterized 

the mechanisms by which altered glycolipid ligands affect NKT cell activation 

and cytokine production. Finally, we have investigated the mechanisms by 

which NKT cells are activated and induce IFNγ production in response to 

bacterial products. 

 

AP-3 Is Needed For The Lysosomal Localization Of CD1d 
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CD1d is specialized to present glycosphingolipid (GSL) antigens to T 

cells, and it has been shown that these GSL antigens undergo carbohydrate 

processing prior to being presented (2).  This carbohydrate processing was 

also shown to be mediated by a lysosomal enzyme (2), which suggested that 

lysosomal localization might be important for the antigen presenting function 

of CD1d. Additionally, the observation that CD1d with a deleted cytoplasmic 

tail had an altered trafficking pattern and could not present antigens 

efficiently established that the cytoplasmic tail was critical for CD1d 

trafficking (3), and presumably for its localization to the lysosomal 

compartment.  

We undertook to address the specific mechanisms by which the 

cytoplasmic tail of mouse CD1d (CD1d) regulated its trafficking, studies that 

were published in 2003 (4).  We showed that the signals encoded in the 

cytoplasmic tail of CD1d were both necessary and sufficient to specify its final 

intracellular destination.  CD1a, b, c and d have very different patterns of 

subcellular localization within the endosomal compartment (5), and we 

showed that swapping the tail sequence of CD1d for the tail sequence of one 

of the other CD1 proteins was enough to direct CD1d to another subcellular 

compartment; for example, replacing the tail of CD1d with the tail of CD1a 

was enough to localize CD1d to early endosomes where CD1a is usually 

found. These experiments also established that the four amino acid tyrosine-
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based YQDI sorting motif in the tail of CD1d was the critical mediator of its 

intracellular trafficking. 

We also showed that the AP-3 adaptor protein complex was critical for 

the localization of CD1d to lysosomes, using cells from AP-3-deficient pearl 

mice, which have less CD1d in lysosomes and more CD1d on the cell surface.  

An earlier study reported that CD1d undergoes multiple rounds of recycling 

from the cell surface before it reaches the lysosomal compartment (6), which 

taken together with our observations, suggests that AP-3 is required for the 

targeting of CD1d to lysosomes from the recycling endosomal compartment.  

AP-3 associated with the cytoplasmic tail of murine CD1d, but not human 

CD1d, in a yeast two-hybrid assay.  This observation is not unexpected for 

two reasons, one being that the cytoplasmic tails of murine and human CD1d 

are divergent in sequence, and another being that human CD1d has been 

observed to localize to different cytoplasmic compartments than murine 

CD1d.  In fact, murine CD1d parallels the trafficking of human CD1b more 

closely (7), and consistent with this observation, AP-3 binds to the cytoplasmic 

tail of CD1b and is needed for its lysosomal localization, and has no effect on 

the trafficking of human CD1d which needs the adaptor protein complex AP-

2. 

AP-3-deficient pearl and mocha mice also have a defect in NKT cell 

development.  AP-3-deficient cells are inefficient presenters of GSL antigens to 

NKT cell hybridomas, which suggests that AP-3 deficient mice have a defect 
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in antigen presentation during positive selection of NKT cells.  We provided 

more evidence for a defect in positive selection by showing that hematopoietic 

progenitors from pearl mice were as capable of generating NKT cells as AP-3 

sufficient progenitors in the presence of selecting cells that expressed AP-3 

during positive selection.  The defect in antigen presentation in AP-3-deficient 

mice was limited to CD1d-mediated presentation of GSL antigens as 

presentation of peptide antigens by MHC class II (MHC II) was completely 

normal.  These observations give rise to some interesting conclusions.  First, 

the cytoplasmic tail of the CD1 molecules is both necessary and sufficient to 

specify their intracellular location.  Second, different CD1 molecules utilize 

different adaptor protein complexes, and presumably other components of the 

trafficking machinery.  Despite their relatedness and the fact that they present 

antigens of the same structural class, these proteins use widely different 

means to access their antigens.  The third is that the CD1 proteins appear to 

use components of the cellular trafficking machinery that have important 

functions in other processes, and not a specialized set of molecules that have 

evolved specifically to regulate the trafficking of these proteins, like the 

invariant chain that regulates the intracellular trafficking of MHC II. 

 

Antigenic Signals That Result In Altered Cytokine Production By NKT 

Cells 
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Activation of NKT cells with a model GSL antigen α-

galactosylceramide (αGalCer) usually results in the strong induction of many 

cytokines, primarily IL-4 and IFNγ, which have widely divergent downstream 

effects and usually act in opposition.  Earlier work from our laboratory has 

shown that it is extremely difficult to bias the cytokine response of NKT cells 

to αGalCer (8).  Cytokine signals, costimulatory signals and antigen dose, all 

of which are important determinants of the polarity of the response of 

conventional CD4 T cells, do not affect cytokine production by NKT cells in 

response to αGalCer.  However, two other studies reported that two structural 

variants of αGalCer that were antigens for NKT cells, OCH and C-glycoside, 

were able to generate responses that were TH2 (9) or TH1 (10) polarized, 

respectively.  However, the mechanisms by which these GSLs exerted their 

effects were not completely known, and we aimed to investigate these 

mechanisms.  OCH, which is generated by shortening the sphingosine and 

acyl chains of the ceramide moiety, was hypothesized to associate with CD1d 

with less affinity than αGalCer, resulting in a more TH2 response. Another 

hypothesis for the TH2-biasing effect of OCH is that its shorter lipid chains 

make its association with CD1d easier and less dependent on lysosomal lipid 

transfer proteins.  This would mean that any cell expressing CD1d could 

theoretically present OCH to an NKT cell, which would activate NKT cells 

efficiently but would not result in efficient downstream activation of other 

cells.  C-glycoside, which is generated by substituting a methyl group for the 
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oxygen in the glycoside bond between the sugar and the ceramide of αGalCer, 

was hypothesized to bind to the NKT cell TCR with lesser affinity and so 

administer a quantitatively different signal to NKT cells, resulting in a more 

TH1 response.  

We compared the effects of these two “altered glycolipid ligands” 

(AGLs) side by side, both systemically and at the individual cell level by 

intracellular cytokine staining (ICCS), and made some surprising 

observations.  First, we found that OCH and αGalCer activated NKT cells 

nearly indistinguishably, inducing equivalent amounts of both IL-4 and IFNγ 

production and phosphorylation of extracellular signal-regulated kinase 

(ERK) at early time points.  OCH induced less long-term activation of NKT 

cells than αGalCer, and considerably less trans-, or NKT cell-mediated, 

activation of NK cells, which are the primary contributors to systemic IFNγ.  

This suggests that the TH2 systemic response seen after OCH is not due to 

altered NKT cell cytokine production, and is due to reduced IFNγ production, 

not enhanced IL-4 production.  We found that C-glycoside was a much 

weaker antigen for NKT cells, inducing almost no cytokine production, ERK 

phosphorylation or TCR downregulation early after injection.  C-glycoside 

does induce efficient transactivation of NK cells, which presumably results in 

a TH1 systemic response.  The most important finding that emerged from these 

observations was that the final polarity of the systemic response was not 

determined by cytokine production by NKT cells.  NKT cells produced 
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comparable proportions of IFNγ and IL-4 irrespective of the antigen they were 

stimulated with, or the kinetics with which they responded. This observation 

brings up the intriguing idea that NKT cell activation is a binary on-off type of 

event, meaning that when they are activated through their TCRs, they 

produce both IFNγ and IL-4, regardless of the nature of the signal, and any 

differences in systemic cytokine production are mediated by other cell types 

downstream of NKT cells.  However, the nature of the signal received by NKT 

cells can affect the degree to which they are activated and influence their 

ability to transactivate other cells.  Support for this idea also comes from a 

study that showed that NKT cells have intracellular pools of pre-formed 

mRNAs encoding IL-4 and IFNγ (11), so that they are poised to secrete these 

cytokines in response to the slightest stimulus.  Therefore, while polarizing 

NKT cells themselves is difficult, it is likely that the systemic response can be 

affected by the alteration of their ability to induce downstream activation. 

We showed that while CD1d-OCH complexes bound to the NKT cells 

TCR with lower affinity and avidity than CD1d-αGalCer complexes. We also 

showed that OCH did not dissociate from CD1d with different kinetics from 

αGalCer, or require endosomal loading in order to be presented.  Restricting 

the presentation of OCH to professional APCs by pulsing bone marrow-

derived dendritic cells and administering them to mice did not induce 

preferential IFNγ production, as has been reported to occur with αGalCer.  

These observations suggest that no one hypothesis is sufficient to explain the 
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action of OCH, and only a combination of all the ideas that have been 

presented would be able to do so.   As predicted, CD1d-C-glycoside 

complexes interacted with NKT cell TCRs with much lower affinity and 

avidity than either CD1d-OCH or CD1d-αGalCer complexes, supporting the 

hypothesis that C-glycoside administers a quantitatively lower signal than 

αGalCer. 

There are three factors likely to contribute to the TH2 bias induced by 

OCH; the first is that OCH probably is presented by cells that are not 

professional APCs, the second that CD1d-OCH complexes bind the NKT cell 

TCR with less avidity than CD1d-αGalCer complexes and the third, which is 

only speculative at this point, that OCH has a shorter metabolic half-life than 

αGalCer.  We have provided evidence for the first two hypotheses, and we 

suggest that the third is likely based on the observation that NKT cells are 

detectable even 18h after OCH injection, while they have all “vanished” 18h 

after stimulation with αGalCer.  The persistence of NKT cells suggests that 

they are not activated as strongly in response to OCH, and given that all our 

data suggests that OCH is as potent an antigen as αGalCer at all the early time 

points we have examined, a plausible explanation for the short-lived nature of 

this activation is that OCH itself does not persist long enough to sustain 

activation.  C-glycoside, on the other hand, is a slow starter but activates NKT 

cells later on to the same extent as OCH.  It seems that this late, persistent 

activation of NKT cells, as seen after C-glycoside and αGalCer, but not after 
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OCH, is what is critical for the activation of NK cells and the consequent 

production of IFNγ.  The final conclusion from this data is that, while different 

GSL antigens may induce differential activation of NKT cells, it is the 

initiation of downstream cascades that is the primary determinant of the final 

nature of the systemic response.  The mechanisms by which NKT cells initiate 

this downstream activation, or transactivation, of NK cells and other cells are 

as yet unknown.  Some of the things that need to be determined are whether 

these mechanisms of transactivation require cell-cell contact between NKT 

cells and their targets or whether these are purely cytokine-directed processes.  

The delineation of these mechanisms is important, and will have many 

implications for the proposed use of these so-called polarizing analogues of 

αGalCer in therapeutic protocols. 

 

NKT Cells Respond To Bacterial Stimuli In A Novel Cytokine-Dependent 

Manner. 

 

NKT cells have been shown to be important for the clearance of many 

bacterial infections, usually in an IFNγ-dependent manner.  It has also been 

shown that NKT cells are important for the response to bacterial 

lipopolysaccharide (LPS), and the pathogenesis of an animal model of septic 

shock (12).  The mechanisms by which NKT cells are activated in response to 

bacteria or bacterial products were largely unknown, until recent studies 
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provided evidence for at least two different mechanisms.  One mechanism 

involves the direct recognition of GSL antigens from bacteria in a CD1d-

dependent manner (13). The other pathway is an indirect one, where bacterial 

products activate APCs to enhance CD1d-mediated presentation of 

endogenous antigens, and this endogenous antigen presentation together with 

bacteria-induced cytokines such as IL-12 results in NKT cell activation and 

IFNγ production (14, 15).   

We were interested in investigating the role played by NKT cells 

specifically in the response to LPS. We found that while NKT cells do produce 

IFNγ early in response to LPS, they do not express the LPS receptor TLR4 and 

instead sense and respond to the LPS-induced cytokines IL-12 and IL-18.  

Intriguingly, we also found that endogenous CD1d antigen presentation was 

not required for this early activation of NKT cells in response to LPS, and that 

cytokine signals were both necessary and sufficient to induce robust IFNγ 

production from these cells.  We propose that these observations describe a 

third pathway by which NKT cells respond to bacterial products, one in which 

CD1d-mediated antigen presentation is redundant and pro-inflammatory 

cytokines are sufficient to activate these cells.    

This idea has some interesting implications.  One is that the nature of 

the bacterial signal determines the pathway that activates NKT cells and 

therefore the consequent immune response.  Our studies use LPS isolated 

from Escherichia coli, and we observe activation of NKT cells within three 
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hours after LPS administration.  The studies that demonstrated the need for a 

CD1d-driven signal to activate NKT cells used whole Salmonella typhimurium 

bacteria or bacterial lysates and showed NKT cell activation within a day of 

infection.  Purified LPS induces primarily TLR4 signaling, while whole 

bacterial or complete bacterial lysates have the capacity to activate signaling 

through many TLRs as well as other pathways of immune recognition.  The 

response to LPS and the response to these complex products are therefore the 

result of different signaling pathways, and are likely to result widely different 

cytokine signals and downstream activation events.  For example, it has been 

recently shown that signals through different TLRs can integrate to initiate a 

synergistic response that is different from the response to the individual TLRs 

in isolation (16).  We propose that whole bacterial lysates have the ability to 

activate APCs and enhance endogenous CD1d-mediated antigen presentation, 

and the NKT cell response under those conditions is more dependent on 

CD1d-derived signals.  LPS, on other hand, is a less complex stimulus and 

may not be able to initiate endogenous CD1d antigen presentation, but it is 

capable of initiating pro-inflammatory cytokine production, and these 

cytokine signals are sufficient to activate NKT cells.  Another important 

difference between the earlier study by Brigl et al (14) and ours are that those 

studies examined the activation of NKT cells between one and three days after 

infection while we study the early, acute activation of these cells.  It is possible 

that CD1d-mediated antigen presentation is needed for late sustained 
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activation of these cells, and that rapid early activation may be mediated by 

cytokines alone. An intriguing implication that arises from the existence of this 

third activation pathway is about the role of NKT cells as innate sensors of 

bacteria.  NKT cells do not appear to express TLRs, but are still able to 

respond to bacterial products by at least two indirect pathways.  Also, in 

bacteria that do not express LPS, such as the Sphingomonas bacteria, NKT 

cells recognize and respond to a GSL antigen instead and are needed for the 

efficient clearance of the bacteria.  These observations suggest that NKT cells 

are critical effectors in the response to bacteria, so much so that they can 

recognize bacterial challenges in at least three different ways.  

NKT cell deficient Jα18-/- mice do not have any overt 

immunodeficiencies and are not extraordinarily susceptible to bacterial 

infection.  However, these mice were shown to be protected from the lethal 

effects of the generalized Shwartzman reaction (12), and were shown to be 

unable to clear certain infections (17).  We investigated the response of these 

mice to LPS, and found that they have a severe impairment in the production 

pro-inflammatory cytokines IFNγ and TNFα in response to LPS.  NKT cells are 

unlikely to be the primary cellular sources of either IFNγ or TNFα, and further 

investigation revealed that the early activation of NK cells, neutrophils and 

macrophages is impaired in response to LPS in Jα18-/- mice.  These 

observations suggest that NKT cells play an important role in initiating pro-

inflammatory cascades.  We speculate that NKT cells play a role analogous to 
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the second leg of a relay race: NKT cells do not themselves detect or respond 

to LPS, but they receive the baton of activation from the cells that do and pass 

it on to effector cells that are responsible for the bulk of the inflammatory 

response to LPS.  It is possible that the genetic deletion of NKT cells has an 

effect on the development of effector cells; however, we consider this unlikely 

because the number and diversity of cells that are affected by the absence of 

NKT cells is more consistent with their affecting the acute early activation of 

these cells.  

 

In Conclusion 

 

NKT cells recognize highly conserved lipid antigens and respond 

rapidly to stimulation, features that have led to their being described as 

bridges between innate and adaptive immunity for many years.  However, it 

is only recently that the mechanisms by which NKT cells participate in anti-

microbial responses and connect innate and adaptive immunity have been 

elucidated.  The studies in this dissertation have shown that NKT cells have an 

important function in the initiation of pro-inflammatory responses that lead to 

the eventual clearance of bacterial infection.   These studies also delineate an 

alternate mechanism for NKT cell activation in response to bacterial products, 

and demonstrate that NKT cells are critical for the activation of other cell 

types during these responses. While their functions as antigen-responsive T 
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cells are well established, the evidence that these cells are an integral part of 

innate immunity is growing.  It seems that NKT cells occupy a unique niche, 

as effector cells that take on innate or adaptive functions as required by 

circumstances.  A more appropriate designation for NKT cells might therefore 

be dual-function cells that are as able to participate in innate immune 

responses as adaptive immune responses.  
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