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Abstract 

Major Histocompatibility Complex (MHC)-like CD1 molecules expressed by dendritic cells 

(DCs) are pivotal for lipid presentation to T lymphocytes. There are five different CD1 genes 

in the human immune system, each encoding a molecule with distinct lipid-binding properties 

(CD1a-CD1e). In mice, only CD1d molecules are expressed. Notably, CD1d functions as a 

restriction element for a subset of T lymphocytes termed NKT cells. The majority of NKT 

cells express Natural Killer (NK) cell molecules, and use an αβ T-cell receptor (TCR) 

comprising an invariant α chain. NKT cells rapidly produce interferon- and interleukin-4 

following TCR recognition of lipid antigens primarily belonging to the group of 

glycosphingolipids (GSLs). Consequently, NKT cells exert decisive regulatory functions on 

downstream immune responses in infection, cancer, and autoimmunity. Most 

microorganisms potentially causing infection of the host lack GSL antigens to stimulate NKT 

cells. However, facing this challenge, the host developed a mechanism to ensure NKT-cell 

activation. This pathway exploits the property of NKT cells to react with endogenous GSLs 

produced in DCs stimulated by pathogens through Toll-like receptors (TLR). How TLR 

engagement leads to production of self GSL antigens remains elusive. The aim of this study 

was to provide a mechanistic link between these two processes. Here, we identified α-

galactosidase A (α-Gal A) as a key lysosomal enzyme required for constitutive degradation 

of self GSL antigens in DCs. Accordingly, NKT cells exposed to DCs lacking α-Gal A 

enzyme activity showed cytokine production and proliferation in the context of CD1d-

presented antigens. In addition, NKT cells underwent robust proliferation upon transfer to α-

Gal A-/- mice that depended on CD1d expression by the host. Analysis of α-Gal A-/- mice 

revealed specific loss of NKT cells in peripheral organs. Moreover, NKT cells showed 

reduced viability, impaired homeostasis, and functional tolerance, reflecting the 

consequence of chronic exposure to self antigens. This study further addressed the critical 

question as to how GSL antigens escape degradation by α-Gal A, and thus become 

available for presentation to NKT cells in infection. Accordingly, we found that TLR-mediated 

signaling relayed through the adaptor molecule MyD88 targeted α-Gal A activity for negative 

regulation in DCs. Consequently, GSLs degraded by α-Gal A in steady-state conditions were 

induced in lysosomes. Among GSLs identified with our biochemical approach, 

galabiaosylceramide (Gal2Cer) could stimulate NKT cells in vitro. Based on these findings, 

we propose a novel pathway of NKT-cell activation in infection that can account for the rapid 

induction of lysosomal GSL antigens through TLR-targeted inhibition of α-Gal A activity. 

Overall, this dissertation answers fundamental questions in the NKT field, and paves the way 

to explore this antigen presentation axis for therapeutic use. 
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Zusammenfassung 

MHC-verwandte CD1 Moleküle in dendritischen Zellen (DZ) spielen eine essentielle Rolle in 

der Lipidpräsentation und T-Zell-Aktivierung. Im humanen Immunsystem existieren fϋnf 

verschiedene CD1 Gene, die fϋr Moleküle mit unterschiedlichen Lipid-bindenden 

Eigenschaften kodieren (CD1a-CD1e). Im murinen System werden ausschliesslich CD1d 

Moleküle exprimiert. CD1d fungiert als Restriktionselement für eine Untergruppe von T-

lymphozyten, die NKT-Zellen genannt werden. Die Mehrheit der NKT-Zellen exprimiert 

Moleküle, die charakteristisch für natürliche Killer-Zellen (NK-Zellen) sind, und verfügen über 

einen αβ T-Zell-Rezeptor (TZR), der eine invariante α-Kette enthält. NKT-Zellen erkennen 

über ihren TZR Lipidantigene, die primär zur Gruppe der Glykosphingolipide (GSL) gehören, 

und antworten auf Aktivierung mit der Produktion von Zytokinen wie Interferon- und 

Interleukin-4. Diese schnelle Zytokinsekretion erklärt die regulatorische Funktion der NKT-

Zellen auf nachfolgende Immunantworten bei Infektionen, Krebs, und Autoimmunität. Den 

meisten Mikroorganismen, die zur Infektion des Wirts führen können, mangelt es an GSL-

Antigenen zur direkten Stimulation von NKT-Zellen. Angesichts dieser Herausforderung hat 

der Wirtsorganismus jedoch einen Mechanismus entwickelt, der die NKT-Zell-Aktivierung in 

diesem Fall gewährleistet. In diesem Sinne können NKT-Zellen auch mit endogenen GSL, 

die in DZ infolge von Toll-like-Rezeptor (TLR)-Stimulation durch Pathogene produziert 

werden, reagieren. Es ist jedoch unklar, wie TLR-Aktivierung genau zur Produktion von 

Selbst-GSL-Antigenen führt. Ziel dieser Arbeit war es, einen Mechanismus zu beschreiben, 

der beide Prozesse miteinander verbindet. In dieser Dissertation haben wir α-Galaktosidase 

A (α-Gal A) als lysosomales Schlüsselenzym für den konstitutiven Abbau von Selbst-GSL-

Antigenen in DZ identifiziert. In diesem Kontext antworteten NKT-Zellen mit 

Zytokinproduktion und Proliferation auf CD1d-restringierte Antigene, die von DZ, denen α-

Gal A-Aktivität fehlt, präsentiert wurden. Weiterhin expandierten NKT-Zellen kräftig beim 

adoptiven Transfer in α-Gal A-/- Mäuse in Abhängigkeit von CD1d-Expression im 

Wirtsorganismus. Die Analyse von α-Gal A-/- Tieren ergab eine spezifische Abnahme von 

NKT-Zellen in peripheren Organen. Weiterhin zeigten NKT-Zellen in α-Gal A-/- Mäusen eine 

reduzierte Überlebensrate, gestörte Homeostase, und funktionelle Toleranz, als Folge 

chronischer Exposition gegenüber Selbst-Antigenen. Diese Arbeit untersuchte weiterhin die 

entscheidende Frage, wie GSL-Antigene dem Abbau durch α-Gal A entkommen, und so 

verfügbar werden fuer die Antigenpräsentation und NKT-Zell-Aktivierung bei Infektionen. Wir 

fanden heraus, dass TLR-vermittelte Signale über das Adaptermolekuel MyD88 zur 

Hemmung der α-Gal A-Aktivität in DZ fϋhren. Demzufolge werden GSL unter normalen 

Bedingungen durch α-Gal A abgebaut, und erfahren eine induzierte Akkumulation in 

Lysosomen nur bei temporärem α-Gal A-Block. Unter den von uns in einem biochemischen 
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Ansatz identifizierten GSL, konnte Galabiaosylceramid (Gal2Cer) NKT-Zellen in vitro 

stimulieren. Zusammenfassend schlagen wir einen neuen Regulationsmechanismus der 

NKT-Zell-Aktivierung bei Infektionen vor, der auf der Induktion von lysosomalen GSL-

Antigenen durch TLR-vermittelte Hemmung der α-Gal A-Aktivität beruht. Diese Dissertation 

beantwortet fundamentale Fragen der NKT-Zell-Biologie, und ebnet den Weg, um dieses 

System fϋr therapeutische Ansätze zu nutzen. 
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1 Introduction 

 

All organisms have protective mechanisms against parasites. Bacteria possess restriction 

enzymes that cleave DNA of invading viruses, insects express enzymes and peptides that 

destroy pathogenic bacteria, and plants have lectins that agglutinate and permit rapid 

elimination of fungi. Vertebrates additionally have more sophisticated defense mechanisms 

termed immune systems. The fundamental difference between basic defense mechanisms 

and immune systems is that self non-self discrimination is exclusively germ-line encoded for 

defense mechanisms, whereas it can be established through somatic recombination for 

immune systems. Innate defense mechanisms are triggered following recognition of a 

pathogen that has successfully breached mechanical, chemical or biological barriers of an 

organism. Pathogen detection by the host relies on the recognition of components that are 

conserved among broad groups of microorganisms by a category of molecules termed 

pattern recognition receptors (PRRs). As a result, defense mechanisms become activated to 

kill pathogens in a generic, non-specific way. However, in jawed vertebrates, a more 

specific, adaptive defense mechanism can eliminate pathogens and recall their signature to 

mount stronger attacks each time the pathogen is re-encountered. This adaptive defense 

mechanism is referred to as acquired or adaptive immunity and creates immunological 

memory. Natural Killer T (NKT) cells represent a subset of T lymphocytes specialized in 

bridging innate and adaptive immune responses. They express an invariant T-cell receptor 

reactive to foreign as well as endogenous glycolipids presented by antigen-presenting cells 

in the context of CD1d molecules. Activation of NKT cells results in the rapid production of 

cytokines with potent immune-modulatory properties. Therefore, NKT cells play a role in 

various disease conditions including infections, cancer, and autoimmunity. 

 

1.1 Components of the immune system 

The immune system encompasses a variety of cellular and molecular processes within an 

organism that function to maintain its identity and integrity. Therefore, the immune system 

must be able to distinguish the “outside” from the organism’s own tissues, cells and 

molecules. To prevent pathogens from entering the organism and causing disease, the 

immune system uses hierarchical defenses of increasing specificity. Surface barriers 

represent the best example of non-specific mechanical or chemical defense mechanisms 

that prevent pathogen entry in complex organisms ranging from plants to animals (Table 1). 
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Table 1. The first line of defense against pathogen intrusion 

Mechanical Epithelial cells joined by tight junctions 

 Longitudinal flow of air (lungs), mucus, tears 

Chemical Fatty acids (skin) 

 Antibacterial peptides (skin, gut, lungs) 

 Pepsin, low pH (gut) 

 Lyzozyme (eyes, nose) 

Microbiological Normal flora 

 

If a pathogen breaches these natural barriers, a second generic line of defense mechanisms 

becomes activated to destroy it as part of an inflammatory response. Pathogens successfully 

evading destruction by innate responses encounter a third defense layer represented by the 

adaptive immune system, whereby host responses are tailored to specific pathogens or 

pathogen-infected cells, and provide faster and stronger protection upon re-encounter of the 

same pathogen. In mammals, all cells of the immune system arise from a single progenitor, 

the pluripotent hematopoietic stem cell (HSC) of the bone marrow. Hematopoiesis is a 

process wherein HSC differentiation leads to the production of three distinct blood cell 

lineages: erythroid cells, myeloid cells, and lymphoid cells. Initially, HSCs divide into two 

types of progenitor cells; the common lymphoid progenitor (CLP) and the common myeloid 

progenitor (CMP). The CLP gives rise to Natural Killer (NK) cells, B lymphocyte and T 

lymphocyte precursors. The CMP gives rise to mononuclear leukocytes as well as 

polymorphonuclear leukocytes. Mononuclear leukocytes comprise blood-circulating 

monocytes, tissue-differentiated monocytes called macrophages, and dendritic cells (DCs). 

Polymorphonuclear cells (PMNs), also called granulocytes, include eosinophils, neutrophils, 

basophils, and mast cells. These cells were named according to the shape of their nucleus, 

generally lobed into segments, and the presence of large amounts of granules in their 

cytoplasm. Neutrophils are the most abundant type of granulocytes in the blood. They 

account for approximately 60% of all leukocytes and are the first to migrate to injured 

tissues. They are part of the acute phase of inflammation occurring within an hour of tissue 

injury. A hallmark of myeloid cells is their capacity to ingest pathogens through a specific 

process of endocytosis termed phagocytosis, discovered by Elie Metchnikoff in 1882. 

Subsequently, engulfed microbes are trapped in cellular compartments called phagosomes. 

Upon maturation, phagosomes fuse with lysosomes thereby forming phagolysosomes, 

wherein reactive oxygen species and activated hydrolytic enzymes eliminate microbes 
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(Nathan, 2006). In addition, neutrophils contain cytoplasmic granules rich in various 

enzymes, such as defensins, serine-proteases, elastase, cathepsin G, or myeloperoxidase, 

released for killing of extracellular microbes. Extracellular pathogens can also be destroyed 

directly by molecules of the complement system or indirectly, through facilitating microbe 

ingestion by phagocytic cells. Basophils and mast cells are the least abundant of 

granulocytes (Huber, et al., 1968). Their function is best described in allergic reactions, 

whereby the latter release histamine that causes inflammatory reactions. Eosinophils are 

specialized in attracting immune cells at sites of inflammation, through releasing a diversity 

of chemo-attractants, and operate in host defense against helminth parasites (Rothenberg 

and Hogan, 2006). Macrophages are tissue-resident phagocytes involved in microbe 

ingestion and antigen-presentation to T lymphocytes. Dendritic cells (DCs) are specialized in 

activating adaptive immune responses (Banchereau and Steinman, 1998). They are found in 

small quantities in the blood and tissues that are in contact with the external environment, 

such as the skin and the inner lining of the respiratory and gastrointestinal tracts. In their 

immature stage, DCs sample the surrounding milieu for pathogens, including particles, living 

cells and dead cells. Pattern recognition receptors (PRRs) expressed by DCs allow them to 

discriminate between infectious and non-infectious agents. Following pathogen detection 

through PRRs, DCs undergo a maturation program characterized by reduced endocytic 

activity and increased capacity to digest internalized microbial proteins into small peptides. 

Thereafter, maturing DCs enter the blood stream and migrate to draining lymph nodes for 

presenting microbe-derived peptides to T lymphocytes. Although B lymphocytes and 

macrophages also present antigens for activation of T lymphocytes, mature DCs are better 

equipped for initial activation or “priming” of adaptive immune responses (Brightbill, et al., 

1999). Natural Killer cells are unique among lymphocytes, because their functions are not 

depending on the recognition of specific antigens. NK cells are part of the first line of 

defense. They recognize cell surface changes occurring on virus-infected or neoplastic cells, 

and secrete cytotoxic molecules to destroy them (Reyburn, et al., 1997). B cells represent 

the lymphocyte subset involved in humoral immune responses, producing antibodies that 

circulate in the blood and lymph. In mammals, B cells mature in the bone marrow and 

circulate in the blood to detect extracellular soluble antigens as well as membrane-bound 

antigens. Upon BCR recognition of an antigen, B cells differentiate into plasma cells 

producing large amounts of antigen-specific antibodies. T cells develop in the thymus, an 

organ located in the thoracic cavity above the heart. Mature T cells leave the thymus to 

circulate in the blood and the peripheral lymphoid organs where they may encounter their 

specific antigens and undergo activation. In contrast to B cells, activation of T cells requires 

cellular interactions with professional antigen-presenting cells for generating productive cell-

mediated immune responses (Inaba and Steinman, 1985). Both B cells and T cells express 
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unique antigen-specific receptors generated through somatic gene recombination. The 

majority of T cells express a membrane-bound TCR composed of an α and a β chain, or 

formed by a γ chain and a δ chain (Brenner, et al., 1986). Finally, T lymphocytes restricted to 

MHC class I molecules express the TCR co-receptor CD8, whereas T cells restricted to 

MHC class II molecules express CD4. 

 

1.2 Concepts of immunity 

The immune system is a regulated network of molecules and cells functioning to preserve 

the integrity of an organism. The idea that the immune system discriminates “self” from “non-

self” has a long history in immunology. While its conceptual underpinnings have been traced 

to Elie Metchnikoff’s work on the phagocyte, its modern formulation is commonly credited to 

the work of David Talmage, Frank Macfarlane Burnet, and Peter Medawar. Their work 

established the idea that during the neonatal period, the immune system can learn to 

tolerate antigens that are normally present in the body. Inspired by Niels Jerne’s natural 

selection hypothesis, and based on an earlier theory of the immunologist Paul Ehrlich, 

Burnet developed a model which he named “clonal selection”. He proposed that each 

lymphocyte bears specific immunoglobulins reflecting the specificity of the antibody that will 

be synthesized once the cell is activated by an antigen (Burnet, 1976). Hence, the antigen 

serves as a selective stimulus, causing preferential proliferation and differentiation of the 

clones that have receptors for the respective antigen. This education process occurs 

throughout life and is responsible for the elimination of T lymphocytes strongly reactive 

towards self antigens in the thymus, and auto-reactive B lymphocytes in the bone marrow. 

Burnet divided the immune response in three distinct phases: recognition, amplification, and 

memory, and established his theory of clonal selection based on four postulates (Table 2). 

Table 2. Postulates of the clonal selection theory 

I. Each lymphocyte bears a single type of receptor with a unique specificity. 

II. Interaction between a foreign molecule and a lymphocyte receptor capable of 

binding that molecule with high affinity leads to lymphocyte activation. 

III. The differentiated effector cells derived from an activated lymphocyte will bear 

receptors of identical specificity to those of the parental cell. 

IV. Lymphocytes bearing receptors specific for ubiquitous self molecules are deleted at 

an early stage in lymphoid cell development, and are therefore absent from the 

repertoire of mature lymphocytes. 
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Although clonal selection provides a robust mechanism for preventing the generation of 

mature T cells and B cells strongly reacting with self antigens expressed in the thymus and 

the bone marrow, additional mechanisms must ensure that mature circulating lymphocytes 

don’t react with tissue-expressed self antigens causing autoimmune responses. The concept 

of peripheral tolerance to self antigens was proposed almost 40 years ago, when Peter 

Bretscher and Melvin Cohn postulated that membrane-bound antibody recognition of self 

antigens by B cells, referred to as “signal one”, prevents activation that can be countered by 

a “signal two” provided by an antigen-responsive T “helper” (TH) cell. In the mid-1970s, 

Lafferty and Cunningham proposed that “signal one” does not prevent activation, but is 

simply not sufficient for activation and needs amplification by a second signal, termed “co-

stimulation”, provided by an antigen-presenting cell (Lafferty and Cunningham, 1975) (Fig. 

1).  

 

 

Figure 1. The two-signal theory. 

Activation of mature naïve lymphocytes requires two distinct signals. Signal 1 is generated upon antigen binding 
by the antigen receptor. Signal 2 is delivered to the T cell by a mature dendritic cell, whereas the B cell receives 
this second signal by an activated T cell to which the antigen is presented. 

 

However, from the perspective of self non-self discrimination, presence or absence of co-

stimulation could not account for self-tolerance because it did not solve the problem of 

tolerance in TH cells themselves. In contrast, a model in which co-stimulation is provided by 

the APC implies that the APC itself can distinguish between self and non-self. Recent 

studies from Charles Janeway Jr. and Ruslan Medzhitov have provided experimental 

demonstration that APCs of the innate immune system express receptors specialized in 
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detecting conserved microbial structures for providing the necessary second signal to 

activate antigen-specific adaptive immune responses (Medzhitov, et al., 1997). Hence, naive 

T lymphocytes reacting with foreign antigens presented by APCs are provided with 

additional signals through “co-stimulatory” molecules expressed by microbe-sensitized 

APCs. To date, the best characterized co-stimulatory molecules are the proteins B7.1 

(CD80) and B7.2 (CD86) of the B7 family (Freeman, et al., 1993). They interact with the 

CD28 receptor expressed by T lymphocytes (Gimmi, et al., 1991). Hence, only T cells 

simultaneously receiving signal one through their TCR and signal two via CD28 interaction 

with B7 molecules will proliferate and differentiate into effector or memory cells. Synthesis of 

interleukin-2 (IL-2) and its high affinity receptor (CD25) are two crucial events in this process 

(Gimmi, et al., 1991). The IL-2 receptor has three chains: α, β and γ. Resting T cells express 

a form of this receptor composed of β and γ chains that binds IL-2 with low affinity, while 

association of the α chain with the β and γ heterodimer in activated T cells creates a 

receptor with increased affinity for IL-2, therefore allowing the cell to respond to very low 

concentrations of IL-2. Thus, proliferation of activated T cells occurs in a cell-autonomous 

manner and prevents naive T cells from becoming aberrantly activated. In addition to the B7-

CD28 axis of co-stimulation, activated antigen-specific T cells expressing CD40 ligand 

molecules can also activate APCs such as macrophages, DCs and naive B cells. This is 

mediated through interaction of CD40 with CD40L expressed on APCs and represents a way 

to amplify antigen-specific adaptive immune responses. Notably, the immune system 

maintains a repertoire of T cells showing reactivity to self antigens such as DNA, keratin, and 

myelin basic protein in healthy individuals. On the other hand, the immune system does not 

respond to commensal bacteria even though they represent a source of foreign antigens and 

produce adjuvants. Because the self non-self discrimination model could not explain these 

immunological paradoxes, Polly Matzinger proposed that the immune system might function 

to discriminate between harmless and harmful conditions (Matzinger, 1994). Although 

relatively vague in its main features, this model could be valid for immune responses that 

occur following local tissue destruction, necrosis, or hypoxia in the absence of pathogens, 

and led the community to further investigate the importance of second signals in eliciting 

immune responses. 

 

1.3 Innate immunity 

Innate immunity comprises defense mechanisms very effective at combating invading 

microorganisms. In most cases, the latter are detected and destroyed within minutes or 

hours by innate cells, without relying on antigen-specific lymphocytes. Hence, only when 
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defenses are bypassed or overwhelmed, an adaptive immune response is required. In this 

scenario, innate immunity plays a crucial role in containing infection by keeping pathogen 

numbers in check, while permitting the generation of specific adaptive immune responses. 

 

1.3.1 Components of the innate immune system 

Macrophages residing in submucosal tissues are the first line of defense against pathogens, 

which they detect by means of membrane receptors that bind common constituents of 

microorganisms. Engagement of these receptors activates macrophages to produce 

cytokines and chemokines that generate tissue inflammation and attract blood-circulating 

neutrophils to the site of infection. Because inflammation triggers the dilatation of local blood 

vessels, neutrophils and molecules of the complement system gain access to the infected 

tissues. Finally, macrophages and newly recruited neutrophils ingest complement-coated 

microbes, then exposing them to a variety of microbicidal lysosomal substances for 

destruction. However, most pathogenic microorganisms have evolved strategies to 

overcome direct destruction by phagocytes. This is the case for most viruses that invade 

host cells and exploit their transcriptional machinery for replication. In a similar manner, 

certain bacteria exploit the endocytic pathways of host cells to get access to cellular 

organelles or the cytoplasm where they can survive and divide. Because infected cells often 

display disturbed membrane expression of signature molecules, they are recognized by NK 

cells and subsequently destroyed. NK cells express activating and inhibitory receptors 

encoded in the germline that do not undergo somatic recombination. It is the summation of 

signal intensity mediated through these receptors that determines the outcome of NK cell 

activity. The majority of inhibitory receptors recognize MHC class I molecules expressed by 

host cells, and therefore prevent NK cells from attacking them. However, loss of MHC class I 

molecules upon infection or cellular damage, and expression of stress-related ligands 

promotes NK cell-cytotoxic activity. Hence, NK cells play a crucial role in the first line of 

defense against infection and tumors, thereby preventing their spread in the host.  

 

1.3.2 Receptors of innate immune cells 

One of the most fundamental questions in immunology pertains to the recognition of non-

self. When microbes were first recognized as the cause of infectious diseases, it was evident 

that organisms must be capable of detecting them upon infection. Microorganisms express 

molecular patterns that contain ligands for receptors expressed by immune cells. The first 

microbial component to be studied in detail was coined “endotoxin” by Richard Pfeiffer, 
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working with Robert Koch. Endotoxin referred to a heat-stable substance produced by a 

Gram-negative microbe, Vibrio cholerae, capable of provoking shock and death upon 

administration in guinea pigs. Endotoxin, also known as lipopolysaccharide or LPS, is a 

structural constituent of Gram-negative bacteria constituting most of the glycolipids of the 

outer membrane. It is the first microbial ligand identified to stimulate non-specific immunity to 

microbial infections, as well as to foster antibody responses to protein antigens in mammals. 

Additional molecules expressed by bacteria including lipopeptides, flagellin, and 

unmethylated DNA, were subsequently shown to provoke immune responses upon 

recognition by Toll-like receptors (TLRs) expressed on immune cells (Medzhitov, 2001). 

TLRs represent one of the most ancient components of the immune system. These 

receptors are expressed in vertebrates and invertebrates, and recent studies indicate that 

TLR entities also exist in plants and bacteria. To date, thirteen TLRs have been identified in 

mice and humans (Table 3). 

 

Table 3. Mouse TLRs and their principal microbial ligands 

TLR Location Ligands Ligand source Adaptors 

TLR 1-2 surface Ac3LPs Bacteria MyD88 

TLR 2-6 surface Ac2LPs, LTA, Zymosan Gram
+
 bacteria, fungi MyD88 

TLR 3 endosomes dsRNA, poly I:C Viruses, synthetic TRIF 

TLR 4  surface LPS, heat shock proteins Gram
-
 bacteria MyD88/TRIF 

TLR 5 surface Flagellin Bacteria MyD88 

TLR 7 endosomes ssRNA Viruses MyD88 

TLR 9 endosomes unmethylated CpG DNA Bacteria MyD88 

TLR 11 surface Profilin Toxoplasma gondii MyD88 

TLR 12 ? ? ? ? 

TLR 13 ? ? ? ? 

Ac2LPs: diacyl-lipopeptides, Ac3LPs: triacyl-lipopeptides, LTA: Lipoteichoic acid, dsRNA: double-stranded RNA, ssRNA: single-stranded RNA. 

 

TLR engagement by tissue-resident macrophages and DCs initiates a local inflammatory 

response that promotes the recruitment of phagocytes to the site of infection. Moreover, TLR 

activation of macrophages and DCs is a crucial step towards the initiation of adaptive 

immune responses, as the latter will express high amounts of co-stimulatory molecules such 

as B7.1 (CD80) and B7.2 (CD86), and cytokines required for subsequent activation of T 

lymphocytes (Medzhitov, et al., 1997).  
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1.4 Adaptive Immunity 

Innate immunity encompasses generic and rapid reactions to infectious challenges. In 

contrast, adaptive immunity is acquired more slowly, taking days to weeks, but generates 

responses with exquisite specificity for antigens and durable immunological memory. Hence, 

adaptive immune responses develop faster and demonstrate stronger functions upon re-

exposure to the same antigen. 

 

1.4.1 Cells of the adaptive immune system 

Because pathogens have their own specific lifestyles, the type of immune reaction they 

evoke depends on their location in the body, as well as the manner through which immune 

cells detect them. As a general rule, extracellular pathogens and their toxic products are 

dealt with B lymphocytes and intracellular pathogens with T lymphocytes. Instead of 

expressing different types of receptors, each recognizing a feature shared by many 

pathogens, naive lymphocytes bear antigen receptors specific for a single chemical 

structure. B cell receptor (BCR) and T cell receptor (TCR) diversity is generated through 

somatic recombination during B cell development in the bone marrow and T cell 

development in the thymus. This first mechanism ensures that lymphocytes collectively carry 

millions of different antigen receptors, forming the lymphocyte repertoire of an individual. In 

addition, a second mechanism occurring upon antigen-mediated lymphocyte activation 

ensures that sufficient numbers of a given lymphocyte clone are generated to mount an 

efficient response against the antigen. Through this process of “clonal expansion”, one 

lymphocyte with unique antigen specificity will give rise to almost 1000 daughter cells of 

identical specificity. Figure 2 summarizes the structural organization of a BCR or antibody, 

and a TCR. 

 

1.4.2 The effector mechanisms of adaptive immunity 

Upon BCR-mediated recognition of antigens, B cells proliferate and differentiate into effector 

cells called plasma cells. Differentiation into plasma cells occurs in the bone marrow and 

leads to the production of large amounts of the BCR in its secreted form, referred to as 

antibody or immunoglobulin. In contrast, activated CD8+ T cells differentiate into cytotoxic T 

cells (CTLs), whereas activated CD4+ T cells differentiate into TH cells or regulatory T cells 

(TReg) (Podack and Kupfer, 1991; Tang and Bluestone, 2008) (Fig. 3). CTLs are important 

for the removal of cells infected with intracellular pathogens, as well as neoplastic cells. 

CTLs either induce apoptosis in target cells by FAS (factor activating ExoS)-FAS ligand 
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interactions, or initiate direct killing through release of cytotoxic molecules like granzyme, 

perforin, and granulysin (Barry and Bleackley, 2002). TH cells specialize in providing 

cytokines for helping CD8+ T-cell as well as B-cell responses. Moreover, they activate 

macrophage microbicidal mechanisms and enhance neutrophil responses. Finally, TReg cells 

exert suppressive functions over self-reactive T cells activated in the absence of danger 

signals, and down-modulate immune responses once pathogens are cleared, thereby 

preventing autoimmune disorders. During the course of an immune response, a fraction of 

the effector T and B cells differentiates into long-lived memory cells with immediate effector 

functions upon re-exposure to the homologous antigen.  

 

 

 

 

 

Figure 2. Structural organization of antibody and TCR. 

The antibody (left) consists of four polypeptide chains; two identical heavy chains (blue), and two identical light 

chains (green) connected by disulfide bonds. Antibodies contain two antigen-binding fragments (Fab), each 

formed by the association of one heavy chain with one light chain, generating one variable domain (V) and one 

constant domain. The crystallizable fragment (Fc) is made up of the association of the two heavy chains. The 

TCR (right) is a transmembrane heterodimer composed of two polypeptide chains, one α (purple) and one β 

(orange), associated via disulfide bonds. The TCR antigen-binding site is formed by the variable domains of α 

and β. 
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Figure 3. T-cell effector functions. 

CTLs (left panel) are differentiated CD8
+
 T cells specialized in killing infected cells presenting viral peptides in the 

context of MHC-I molecules. TH1 cells (second panel) and TH2 cells (middle panel) are differentiated CD4
+
 T cells 

activated upon recognition of peptides presented by APCs in the context of MHC-II molecules. TH1 cells produce 

pro-inflammatory cytokines that activate macrophage microbicidal mechanisms and induce the production of 

specific IgG subclasses by B cells. TH2 cells promote B cell differentiation and antibody production. TH17 cells 

(fourth panel) are MHC-II-restricted CD4
+
 T cells that recruit neutrophils to sites of infection. Finally, TReg cells 

(right panel) prevent autoimmune responses by suppressing T-cell activity. (Source: Immunobiology, 7ed. 

Garland Science 2008). 

 

1.4.3 Subset commitment by helper T lymphocytes 

Helper T lymphocytes are influencing a variety of immune cells and play a central role in 

infection. In order to be effective, TH cells have to determine which cytokines allow the 

immune system to be most beneficial for the host. Functional differentiation of TH cells is 

largely decided during the initial priming period in secondary lymphoid organs, and is 

regulated by signals provided by the local milieu, especially cytokines produced by microbe-

sensitized antigen-presenting cells. To date, four functionally distinct subsets of activated 

CD4+ T lymphocytes – TH1, TH2, TH17 and TReg – have been defined on the basis of the 

distinct cytokines they produce and specific markers they express (Fig. 4). Functions of TH1 
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and TH2 subsets are best understood and often predominate in infections. In contrast, TH17 

cells are generated early in infection upon combined exposure to IL-6 produced by DCs and 

TGF-β (Bettelli, et al., 2006). TH17 cells express the transcription factor ROR-γt, produce IL-

17 upon activation, and show high dependence on IL-23 for expansion(Annunziato, et al., 

2009). Activated TH17 cells induce local epithelial and stromal cells to produce chemokines 

that recruit neutrophils to sites of infection (Kolls and Linden, 2004). Later in infection, DCs 

produce cytokines that promote either TH1-cell (IFN- and IL-12) or TH2-cell (IL-4) 

differentiation, and suppress TH17-cell differentiation. TH1 cells express the transcription 

factor T-bet and mainly produce IFN-, TNF-α and IL-2 for augmenting microbicidal functions 

of phagocytes, and enhancing CTL responses (Szabo, et al., 2000).  

 

 

Figure 4. Polarization of T-cell functions depends on the immunological milieu and APC-derived factors. 

In the absence of pathogens and relative abundance of TGF-β, antigen-exposed CD4
+
 T cells develop into 

FoxP3-expressing TReg cells (left panel). Early in infection, IL-6 produced by DCs acts with TGF-β to induce TH17 

cells expressing the transcription factor RORγt (second panel). Production of IL-12 by APCs and IFN- by 

activated innate cells suppress the development of TH17 cells and promote the differentiation of antigen-activated 

CD4
+
 T cells into pro-inflammatory TH1 cells (middle panel). In contrast, production of IL-4 by innate cells favors 

the development of TH2 cells (right panel). Consequently, differential cytokine production by T-cell subsets 

strongly determines the outcome of immune responses. (Source: Immunobiology, 7ed. Garland Science, 2008).  

 

In contrast, TH2 cells express the transcription factor GATA-3 and rather suppress pro-

inflammatory TH1 responses by production of IL-4, IL-5 and IL-10 (Zheng and Flavell, 1997). 

However, TH2 cells stimulate B-cell proliferation, antibody class-switching, and increase 

antibody secretion. Finally, TReg cells express the transcription factor forkhead box P3 

(FoxP3) and develop in the presence of retinoic acid (RA) and TGF-β (Fontenot, et al., 2003; 

Hori, et al., 2003; Mucida, et al., 2007). TReg cells suppress adaptive immune responses by 

dampening the synthesis of pro-inflammatory cytokines in macrophages and TH1 cells, and 

by inhibiting the proliferation of activated T cells through production of IL-10 and 
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transforming growth factor β (TGF-β), respectively. Therefore, TReg cells are central to 

maintaining self-tolerance and homeostasis (Groux, et al., 1997; Shevach, 2000). 

 

1.5 Antigen presentation to T lymphocytes 

The type of cell-mediated adaptive immune response mainly depends on (i) the type of T cell 

lineage involved in the immune reaction, (ii) the context in which the antigen is produced by 

the APC, and (iii) the nature of the antigen presented to T cells. The delivery of antigens 

from a site of infection to draining lymphoid tissues is performed by DCs, macrophages and 

B cells. In infection, mainly these three cell types express the co-stimulatory molecules 

required for activating naive T cells. While DCs can take up and process antigens from all 

types of sources, macrophages and B cells specialize in processing and presenting antigens 

from ingested pathogens and soluble antigens, respectively. DCs are responsible for driving 

the initial clonal expansion and differentiation of naive T cells into effector cells, a process 

referred to as T-cell “priming”. In immunology, presentation of self and foreign peptides to 

CD4+ T cells and CD8+ T cells at the cell surface of APCs occurs in the context of MHC-I 

and MHC-II molecules, respectively. 

 

 

Figure 5. Structure of MHC class I and MHC class II molecules. 

Three-dimensional and schematic representations of murine MHC molecules. Ribbon diagram of an MHC-I H-

2K
b
 heavy chain complexed with β2m and its schematic representation (left). The α chain consists of three α 

domains out of which α1 and α2 form the peptide-binding groove, consisting of two α helices that sit on the top of 

an eight-stranded anti-parallel β sheet. Ribbon diagram of an MHC-II I-A
d
 molecule (right). The heterodimer 

consists of an α chain and a β chain, each containing two domains. In contrast to MHC-I molecules, the peptide-

binding groove is formed by the α1 and β1 domains of the α and β chains. 
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1.5.1 Major histocompatibility complex molecules 

MHC molecules are glycoproteins encoded in a large cluster of over two hundred highly 

polymorphic genes called the major histocompatibility complex (MHC) in mice, or the human 

leukocyte antigen (HLA) genes in man. In humans, MHC-I molecules are expressed as 

heterodimers consisting of one α chain encoded by HLA-A, HLA-B or HLA-C genes and β2-

microglobulin (Fig. 5). MHC-I molecules are expressed by all nucleated cells and function to 

present 8-11 amino acid-long peptides generated in the cytosol to CD8+ T cells. In contrast, 

MHC-II molecules comprise one α chain and one β chain encoded by HLA-DR, HLA-DP and 

HLA-DQ. They are mainly expressed by APCs and function to present up to 28 amino acid-

long peptides generated in acidified endocytic organelles to CD4+ T lymphocytes. 

 

1.5.2 MHC class I molecules 

In the cytosol, self-proteins and proteins derived from viruses and some intracellular bacteria 

are constitutively cleaved in a multi-catalytic protease complex called the proteasome. 

Peptides generated through protein degradation are translocated into the lumen of the 

endoplasmic reticulum (ER) through specific transporters associated with antigen 

processing-1 (TAP-1) and -2 (TAP-2) in an ATP-dependent fashion (Goldberg and Rock, 

1992; Shepherd, et al., 1993). In the ER, peptides bind and further stabilize newly 

synthesized MHC-I molecules that subsequently dissociate from the MHC-I loading complex 

comprising the molecular chaperones calnexin, calreticulin, Erp57, and tapasin(Degen, et 

al., 1992). As a result, MHC class I-peptide complexes are thereafter transported to the cell 

surface where they are recognized by CD8+ T cells expressing the adequate TCR (York and 

Rock, 1996) (Fig. 6). In addition, MHC-I molecules can also “cross-present” peptides from 

other cells that have been taken up by endocytosis. Antigen cross-presentation involves 

molecular components of the ER-associated degradation pathway, whereby misfolded 

proteins are translocated from the lumen of the ER to the cytosol for proteasomal 

degradation. Hence, peptides derived from exogenous proteins are transported to the ER in 

a TAP-dependent manner and become available for loading on MHC-I molecules and 

presentation to CD8+ T cells (Ackerman, et al., 2006).  



Introduction 

 

15 
 

 

Figure 6. MHC-I pathway of antigen processing and presentation. 

Peptides generated through proteasomal degradation in the cytosol are transported to the ER in a TAP-

dependent manner. In the ER, interaction of the multi-molecular complex formed by MHC-I molecules, 

calreticulin, Erp57, and tapasin, permits the loading of peptides on MHC-I molecules. High affinity interaction 

between MHC-I and peptide promotes its dissociation from the multi-molecular complex and subsequent 

trafficking to the plasma membrane by exocytosis. (Source: Immunobiology, 7ed. Garland Science, 2008). 

 

1.5.3 MHC class II molecules 

In contrast to MHC-I proteins, MHC-II molecules present peptides derived from proteins of 

the extracellular milieu, as well as from pathogens taken up via endocytosis, fragmented 

upon the action of proteases residing in the acidic compartments of the endosomal 

pathway(Ramachandra, et al., 1999). Among them are the cysteine proteases cathepsin B, 

D, S, and L, the latter being the most active enzyme of this family. Furthermore, protein 

disulfide bonds are specifically reduced by an IFN--induced lysosomal thiol reductase 

(GILT) (Maric, et al., 2001). Because MHC-II molecules continually recycle from the plasma 

membrane to the late endosomes and lysosomes, they intersect with peptides generated 

through proteolytic cleavage of exogenous proteins (Ramachandra, et al., 2001). Loading of 

peptides onto MHC-II molecules takes place in intracellular vesicles, referred to as MHC-II 

compartments (MIIC), and is catalyzed by HLA-DM in humans or H2-M in mice(Watts, 

1997). The trafficking of newly synthesized MHC-II proteins to MIIC occurs upon non-

covalent association with the invariant chain (Ii). The latter contains a sorting sequence for 

targeting MHC-II molecules to the MIIC (Denzin and Cresswell, 1995). In addition, a 

polypeptide chain of Ii blocks the peptide-binding groove of MHC-II molecules, preventing its 

premature association with peptides in the ER.  
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Figure 7. MHC-II pathway of antigen processing and presentation. 

Newly synthesized MHC-II molecules are retained in the ER by the Ii chain. In such organelles, proteases cleave 

Ii, leaving CLIP peptide bound to the MHC-II molecule. HLA-DM binds to MHC-II:CLIP complexes, catalyzing the 

release of CLIP and the binding of peptide antigens produced through proteolysis of exogenous proteins acquired 

via the endocytic route. Finally, the newly formed MHC-II:peptide complexes traffic to the plasma membrane. 

(Source: Immunobiology, 7ed. Garland Science, 2008). 

 

When MHC-II molecules traverse low pH endosomes, Ii is subjected to proteolytic cleavage 

by cathepsin S, leaving a short peptide fragment CLIP still bound to MHC-II molecules. 

Finally, binding of HLA-DM to MHC-II molecules in MIIC triggers the release of CLIP, and 

allows the binding of peptides to MHC-II molecules. Consequently, peptide-MHC-II 

complexes traffic to the cell surface and are available for recognition by CD4+ T cells (Fig. 

7).  

 

1.6 The family of CD1 molecules 

The majority of studies on antigen presentation in humans and mice have concentrated on 

molecules encoded by the MHC complex. However, over the past ten years, it has become 

evident that other antigen-presenting molecules also participate in activating T cells. These 

include several MHC-I-like molecules encoded by genes adjacent to class I MHC loci and 

the family of lipid-presenting CD1 molecules. 

 

1.6.1 The CD1 complex 

In 1979, the first monoclonal antibody (NA1/34) recognizing a human differentiation antigen 

was generated. Using this antibody, human thymocyte antigen 1 (HTA1) expression could 

be demonstrated in cortical thymocytes(McMichael, et al., 1979). Consequently, membership 

of cluster of differentiation number 1 (CD1) was assigned to NA1/34, as well as several other 
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monoclonal antibodies reacting with thymocytes and some T-cell lymphoma lines, but not 

peripheral T cells. Subsequent cross-blocking and tissue distribution studies led to the 

identification of three different molecular targets termed CD1a, CD1b, and CD1c. When the 

CD nomenclature was established in 1982 for the classification of monoclonal antibodies 

against epitopes expressed on the surface of leukocytes, HTA1 became CD1a. The initial 

interest of immunologists in CD1 was based on its relationship to the MHC. The organization 

of the CD1 complex is similar to the MHC; each CD1 gene contains three exons encoding 

separate extracellular domains (α1, α2, α3) that non-covalently associate with β2m to form a 

stable transmembrane heterodimer of approximately 50 kDa (Fig. 8).  

 

 

Figure 8. Structural properties of CD1 molecules. 

Three-dimensional ribbon diagram of a murine CD1d molecule associated with β2m (Left). Schematic 

representation of CD1 molecules reflecting similarities to MHC-I molecules (Middle). The α chain contains three α 

domains, out of which α1 and α2 form the lipid-binding groove consisting of two α helices that sit on top of an 

eight-stranded anti-parallel β sheet. The entire murine CD1d lipid-binding groove (Right) is represented as a 

surface with hydrophobic residues shown in green, and non-hydrophobic residues shown in yellow (Park and 

Bendelac, 2000). The portions of the α helices that do not contribute to the binding groove are shown in blue, and 

the remainder of the molecule in white. Note the continuous hydrophobic lining of the CD1 groove compared with 

that of H2-K
b
. 

 

CD1 genes are found in most mammalian species examined to date. Five separate CD1 

genes (CD1A to CD1E) are found mapping to chromosome 3 in humans. In mice, CD1 

genes map to chromosome 1 and consist of two genes (CD1D1 and CD1D2). On the basis 

of sequence homology, CD1 molecules fall into one of two groups – group 1 CD1 molecules 

(CD1a, CD1b, CD1c, and CD1e) and group 2 CD1 molecules (CD1d). This subdivision of 
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CD1 molecules correlates with functional differences. Accordingly, group 1 molecules 

interact with conventional T lymphocytes, while group 2 molecules interact with NKT cells.  

 

1.6.2 Architecture of CD1 molecules 

In contrast to MHC molecules, allelic variation of CD1 genes is extremely limited, therefore 

restricting the variety of ligands that CD1 molecules can bind (Han, et al., 1999; Oteo, et al., 

1999).  Analysis of available crystal structures of CD1a, CD1b, and CD1d, reveals that CD1 

molecules have a similar molecular architecture to MHC-I molecules (Gadola, et al., 2002; 

Zajonc, et al., 2003; Zeng, et al., 1997). Accordingly, the α1 and α2 extracellular domains of 

the protein form a ligand-binding groove composed of the α1 and α2 helices that sit on top of 

and traverse an eight-stranded anti-parallel β-sheet platform (Zeng, et al., 1997). However, 

the binding groove is narrower and deeper than for MHC-I molecules and demonstrates a 

pronounced hydrophobic character (Fig. 8, right). Within the CD1 groove, two major cavities 

(A’ and F’) can be found. Each of them accommodates a linear hydrocarbon alkyl chain 

which length depends on the size and conformation of these hydrophobic pockets (Fig. 9). 

The A’ pocket present in CD1a molecules has the smallest capacity and binds alkyl chains 

consisting of 18-23 carbon atoms, whereas the F’ pocket is much wider and opens towards 

the surface, suggesting that it might bind with more diverse chemical structures. In contrast, 

the binding groove of CD1d molecules is more spacious. Accordingly, the A’ and F’ channels 

accommodate alkyl chains of up to 26 carbon atoms or 18 carbons in length, respectively. 

Finally, the binding groove of CD1b contains a maze of channels that extend the basic 

arrangement of the A’ and F’ cavities in CD1a and CD1d molecules. The F’ cavity in CD1b 

subdivides into one C’ and one F’ channel, both connected to the A’ cavity via a tunnel 

running along the β-sheet platform. The C’ and A’-T’-F’ channels accommodate C22-C26 

and C50-C56 alkyl chains, respectively. Hence, CD1b molecules have the largest but less 

accessible ligand-binding groove.  
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Figure 9. Structure of CD1-ligand complexes. 

(a) The α1 helix, α2 helix, and β sheet forming the ligand-binding groove for a representative CD1 structure 

(human CD1d) are depicted in blue ribbon (Left)(Silk, et al., 2008). The binding groove volume is delineated by a 

semi-transparent surface and the ligand αGalCer is shown as van der Waals spheres colored by atom type 

(Right, carbon, white; oxygen, red). The binding groove is viewed from the side, through the α2 helix (top), and 

from above, which is the TCR binding surface (bottom). (b) Human CD1b or CD1a with ligands are shown as in 

(a) but without the blue ribbon depicting the CD1 main chain (Silk, et al., 2008). For each panel the ligand is 

shown as van der Waals spheres colored by atom type (carbon, white; oxygen, red; nitrogen, blue), and any 

additional spacer ligand is shown in green. The positions of the A’, F’, T’ or C’ channels are indicated. PI: 

phosphatidylinositol. 

 

1.6.3 Cellular expression of CD1 molecules 

Group 1 CD1 molecules are expressed by cortical thymocytes and myeloid cells, such as 

DCs and Langerhans cells (Dougan, et al., 2007). In addition, CD1c molecules are also 

expressed by marginal zone B cells and a fraction of peripheral blood B cells(Delia, et al., 

1988). In contrast to group 1 molecules, CD1d expression is characteristically low in 

humans. CD1d molecules are found on most cells of the myeloid lineage, as well as on few 

non-lymphoid cells. Cortical thymocytes and mantle zone B cells in lymph nodes 

demonstrate the highest levels of CD1d expression (Exley, et al., 2000). In mice, most of the 

CD1d expression depends on the CD1D1 gene. CD1d molecules are mainly expressed by 

APCs, including hepatic stellate cells (Winau, et al., 2007). In addition, cortical thymocytes 

as well as some activated T cells express CD1d molecules (Dougan, et al., 2007). 

Expression of CD1d on the surface of APCs is enhanced by cytokines, such as IFN-β, IFN-γ, 

and TNF-α, and by TLR-2 and TLR-4 ligands (Skold, et al., 2005). The peroxisome 

proliferator–activated receptor- (PPAR-) controls CD1d expression by triggering retinoic 

acid synthesis in human DCs (Szatmari, et al., 2006). Furthermore, a number of pathogens 

modulate CD1d expression levels. Viruses such as Kaposi sarcoma-associated herpes virus 
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and HIV mediate their immune-evasive effects by down-regulating CD1d expression (Cho, et 

al., 2005; Sanchez, et al., 2005). Finally, herpes simplex virus-1 (HSV-1) and vesicular 

stomatitis virus (VSV) can cause a down-regulation of CD1d expression by suppressing 

CD1d recycling (Raftery, et al., 2006; Yuan, et al., 2006). 

 

1.6.4 Intracellular trafficking and lipid-loading of CD1 molecules 

Similar to MHC-I molecules, newly synthesized CD1 heavy chains are stabilized by calnexin 

and calreticulin within the ER lumen in association with β2m (Sugita, et al., 2007). Assembly 

and surface expression of CD1 molecules does not depend on TAP molecules, as expected 

by the lipid specificity of the CD1 binding groove. However, CD1 molecules might require 

binding of neutral phospholipids for stabilizing assembly in the ER (Gadola, et al., 2002). 

Thereafter, CD1 molecules transit along the secretory pathway until reaching the plasma 

membrane, where they follow a major pathway of internalization subdivided into different 

intracellular trafficking routes (Fig. 10). The type of endocytic compartment through which 

CD1 molecules transit largely depends on the presence of the amino-acid sequence YXXZ 

(tyrosine-X–X-bulky hydrophobic residue) in the cytoplasmic moiety of the α heavy chain 

(Chiu, et al., 2002). At the plasma membrane, this motif promotes the recruitment of the 

adaptor molecule AP-2 by CD1b, CD1c, and CD1d molecules, and promotes their 

internalization by clathrin-coated pits (Sever, 2003). Once loaded in endosomes, CD1b and 

CD1d molecules are further sorted to late endocytic compartments by recruiting AP-3 

through the same cytoplasmic motif (Sugita, et al., 2002). CD1b is almost exclusively found 

in lysosomes, whereas CD1c which does not bind AP-3 shows a broad localization 

throughout the endosomal pathway (Sugita, et al., 2007). There is no evidence for targeting 

motifs in the cytoplasmic tail of CD1a molecules. Nevertheless, they are found in recycling 

endosomes and traffic back to the plasma membrane in an ARF6-dependent manner 

(Sugita, et al., 1999). Finally, CD1e displays unique features in comparison to other CD1 

molecules. Upon assembly, CD1e molecules are directly targeted to lysosomes, without 

reaching the plasma membrane, where they remain in a cleaved soluble form and participate 

in the processing of microbial glycolipid antigens (de la Salle, et al., 2005). Hence, lipid 

antigen acquisition and presentation by CD1 molecules highly depends on their intracellular 

trafficking and lipid-binding groove properties. CD1 molecules transiting through the 

endosomal compartments capture lipids and display them to T cells at the plasma 

membrane. In the case of CD1b and CD1d molecules, lipid delivery and loading to the 

antigen-binding groove is facilitated by co-factors that function to extract lipids from 

endosomal lipid bi-layers and bridge the lipid-water interface. These factors include 
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saposins, Niemann-Pick type C2 (NPC2) proteins, and CD1e molecules (Kang and 

Cresswell, 2004; Schrantz, et al., 2007; Tourne, et al., 2008; Winau, et al., 2004; Zhou, et 

al., 2004). Furthermore, exposing CD1 molecules to the low pH of late endosomes and 

lysosomes (pH 4.5 - 5.5) partially denatures the CD1 -helices that protect the entrance to 

the lipid-binding groove. Therefore, CD1 molecules traveling through late endosomes and 

lysosomes may constitute a pre-requisite for capturing highly hydrophobic lipid antigens. 

Importantly, recent evidence suggests that acid lysosomal glycosidases trimming sugar 

residues of CD1-bound glycolipids are crucial in ultimately exposing carbohydrate epitopes 

recognized by T cells (Prigozy, et al., 2001; Zhou, et al., 2004). 

 

 

Figure 10. CD1 intracellular trafficking routes. 

(a) CD1 heavy chains are assembled in the ER, where they bind the chaperones calnexin, calreticulin, and 

ERp57. (b) CD1 molecules then follow the secretory route through the Golgi apparatus to the plasma membrane 

(c) CD1 molecules are internalized by clathrin-coated pits via the interaction of the adaptor complex AP2 with 

tyrosine-based sorting motifs present in the cytoplasmic tail of CD1. From the sorting endosome, CD1 molecules 

can follow two main routes. (d) CD1 molecules such as CD1a and CD1c can traffic back to the plasma 

membrane through the endocytic recycling compartment. (e) CD1 molecules such as CD1b and mouse CD1d 

traffic to late endosomal and lysosomal compartments via the interaction of AP3 with tyrosine-based motifs 

contained in the cytoplasmic tail of these CD1 molecules. (f) CD1 molecules ultimately recycle from lysosomal 

compartments to the plasma membrane. Picture modified according to Barral and colleagues (Barral and 

Brenner, 2007). 
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1.7 Group 1 CD1-restricted lipid-specific T-cell responses 

Porcelli and colleagues provided the first evidence of CD1 molecules activating T-cell 

responses through presenting antigens contained in M. tuberculosis cell wall extracts 

(Porcelli, et al., 1989; Porcelli, et al., 1992). The cognate antigen presented in the context of 

CD1b molecules was shown to be mycolic acid, providing the first direct evidence for T-cell 

recognition of lipids (Beckman, et al., 1994). To date, most of the human CD1-restricted T 

cells described so far recognize lipid antigens from mycobacteria. 

 

1.7.1 Effector functions of lipid-reactive T cells 

Analysis of human CD1-restricted T lymphocyte clones did not reveal major differences to 

conventional MHC-restricted T cells. They are found in all the major phenotypic groups of T 

cells, including single-positive CD4+ and CD8+ T cells, as well as double-negative CD4- CD8- 

T cells. Upon activation, CD1-restricted T-cell clones display TH1 effector functions marked 

by the production of IFN- and TNF-α (Rosat, et al., 1999; Sieling, et al., 1999). Most of them 

demonstrate potent cytotolytic functions through release of granulysin for killing target cells 

(Rosat, et al., 1999). Accordingly, CD1b-restricted T cells effectively kill M. tuberculosis-

infected macrophages in a CD1b-dependent manner (Stenger, et al., 1997). A fundamental 

feature of CD1-restricted T cells is their basal recognition of CD1 molecules in the absence 

of foreign lipid antigens (Porcelli, et al., 1989). Additionally, self-reactive T-cell clones induce 

DC maturation in vitro that may play a critical role in potentiating early DC instruction for 

generating adaptive CD1- and MHC-restricted foreign antigen-specific T-cell responses 

(Vincent, et al., 2002). Therefore, CD1 self-reactive T cells might fill the gap between 

immediate innate and delayed adaptive immune responses (Spada, et al., 2000). 

 

1.7.2 Self and foreign antigens 

Intriguingly, CD1a-, CD1b-, and CD1c-restricted T lymphocytes demonstrate a particular 

specificity for M. tuberculosis lipid antigens. M. tuberculosis is the etiologic agent of 

tuberculosis, one of the oldest and most life-threatening infectious diseases worldwide 

(Kaufmann, 2006). Since humans are the only host for M. tuberculosis, it is tempting to 

speculate that group 1 CD1-restricted T cells might have developed as a result of co-

evolution of host and pathogen to provide specific protection against M. tuberculosis 

infection. Both hydrophobic peptides and lipids or glycolipids from mycobacteria can be 

presented by CD1 molecules (Porcelli and Modlin, 1999) (Fig. 11). Mycolic acid, glucose 

monomycolate (GMM), and lipoarabinomannan (LAM) are presented by CD1b molecules 
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(Beckman, et al., 1994; Moody, et al., 1997; Sieling, et al., 1995). Mycobacterial mannosyl-β-

1-phosphoisoprenoid, a glycophospholipid with only a single short lipid tail, is an antigen for 

a CD1c-restricted T-cell line, while CD1a-restricted T cells recognize the lipopeptide 

didehydroxymycobactin from M. tuberculosis (Moody, et al., 2000; Moody, et al., 2004).  

 

 

 

Figure 11. Group 1 CD1 ligands. 

CD1a, CD1b, and CD1c present mycobacterial lipid antigens (grey), and cellular antigens (pink) to human CD1-

restricted T cells. Sulphatide can be presented by CD1a, CD1b, and CD1c to T cells (dashed line). 

 

Mammalian sphingolipids containing complex oligosaccharides, such as the ganglioside 

GM1 which is mainly present in neural tissues, can be presented by CD1b to T cells 

(Shamshiev, et al., 1999). Another glycosphingolipid and main constituent of mammalian 

brain lipids, sulphatide, is recognized by CD1a-, CD1b-, or CD1c-restricted T cells 

(Shamshiev, et al., 2002). Hence, the same self-lipid antigen can be presented by different 
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CD1 molecules. It is not known whether self-lipid antigens are constitutively expressed at the 

cell surface or in intracellular membranes, or if alterations in synthesis, processing, or 

trafficking control their stimulatory capacity. Nevertheless, the common structural feature of 

both self and foreign lipid antigens presented by group 1 CD1 molecules is the presence of 

two acyl chains that fit within the two hydrophobic channels of the CD1 molecule. In contrast, 

the polar head group protruding from the CD1 lipid-binding groove constitutes the epitope 

recognized by the TCR of T cells. In general, the sugar chain in glycolipids contains the 

epitope. Removal of any of the two alkyl chains results in the loss of CD1 binding capacity, 

while removal or modification of the polar head groups diminishes T-cell recognition and 

activation (Moody, et al., 1997). 

 

1.8 CD1d-restricted NKT cells 

A remarkable feature of the majority of human and murine T cells that recognize CD1d 

molecules is the usage of a canonical TCR rearrangement and expression of NK cell 

receptors. Recent evidence suggests that these lymphocytes, referred to as NKT cells, 

represent a separate lineage from mainstream T lymphocytes with distinct developmental 

requirements and functional properties (Bendelac, et al., 2007). 

 

1.8.1 Definition of NKT cells 

NKT cells were fortuitously discovered as a thymic population of CD4- CD8- (DN) T cells with 

a biased usage of the TCR Vβ8 gene family in mice and intermediate TCR expression levels 

(Budd, et al., 1987; Fowlkes, et al., 1987). This T-cell population was found to co-express an 

invariant Vα14-Jα18 α chain rearrangement and NK1.1 molecules on the C57BL/6 

background, and included CD4+ cells but no CD8+ cells (Arase, et al., 1992). A similar 

population of αβ TCR-expressing T cells showing preferential use of an invariantly 

rearranged α chain (Vα24-Jα18) paired with a β chain encoded by the Vβ11 gene was 

demonstrated among human peripheral blood lymphocytes (Dellabona, et al., 1994; Porcelli, 

et al., 1993). General interest in NKT cells grew when they were reported to produce high 

amounts of immune-regulatory cytokines, including IFN-, Tumor necrosis factor (TNF), and 

IL-4 (Zlotnik, et al., 1992). Surprisingly, the development of NKT cells was shown to depend 

on β2m expression in the thymus but not MHC-II molecules (Bendelac, et al., 1994; Lantz 

and Bendelac, 1994). Using in vitro approaches, murine NKT cells were subsequently shown 

to be restricted to CD1d molecules (Bendelac, et al., 1995). Accordingly, CD1d-/- mice were 

later shown to specifically lack NKT cells (Chen, et al., 1997). Three years after the 
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discovery of lipid-reactive T lymphocytes, a glycosphingolipid (GSL) synthesized by the 

marine sponge Agelas mauritianus, namely α-galactosylceramide (αGalCer), was shown to 

activate murine and human NKT cells in the context of CD1d molecules (Kawano, et al., 

1997). This compound was discovered by the Kirin Pharmaceutical Research Corporation as 

part of a screen for substances that could prevent metastasis of transplanted tumors to the 

livers of mice. Finally, because a majority of NKT cells could be detected by fluorescence 

activated cell sorting (FACS) using αGalCer-loaded CD1d tetramers, and displayed specific 

Vα14-J18 or Vα24-J18 TCR α chain usage in mice and humans, respectively, they rapidly 

became referred to as “invariant” NKT (iNKT) cells (Benlagha, et al., 2000; Matsuda, et al., 

2000). 

 

1.8.2 Phenotype and tissue distribution of NKT cells 

NKT cells were initially identified among NK1.1+ thymocytes from normal C57BL/6 mice and 

CD4+ T cells in MHC-II-deficient animals (Bendelac, et al., 1995; Cardell, et al., 1995). 

However, it is now clear that murine NK1.1+ T lymphocytes are highly heterogeneous and 

not all of them show restriction by CD1d molecules. Therefore, only CD1d-restricted T cells 

can be referred to as NKT cells. According to this definition, two types of NKT cells can be 

identified in mice (Table 4). Type I NKT cells react with αGalCer and can be identified with 

αGalCer-loaded CD1d tetramers, whereas type II NKT cells do not respond to αGalCer. As a 

consequence, the biology of type II NKT cells is less well understood because not all NK1.1+ 

T cells are restricted by CD1d molecules. 

 

Table 4. Type I and type II NKT cells in mice 

Properties Type I ‘invariant’ NKT cells Type II NKT cells 

TCR chain usage Vα14-Jα18 Vα3.2-Jα9, Vα8 and others 

 Vβ8.2, Vβ7 or Vβ2 Vβ8 

Restriction CD1d CD1d 

Reactivity αGalCer, cellular GSLs, 

microbial GSLs 

Cellular GSLs (sulphatide) 

Phenotypic markers CD4+ or DN CD4+ or DN 

 Mostly NK1.1 Mostly NK1.1- 

 Mostly Ly49C/I+ (Thymus)  

 DX5-, NKG2D+, CD94+  

Preferential localization Thymus, liver, and spleen Spleen, bone marrow 
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In naive C57BL/6 mice, iNKT cells represent up to 0.5% of T cells in the thymus and blood, 

2.5% of T cells in the spleen, 0.5% of T cells in mesenteric and pancreatic lymph nodes, and 

up to 30% of T cells in the liver. Approximately 5x105 iNKT cells are found in the thymus, 

spleen, and liver of C57BL/6 mice, and 60 to 90% of them are CD4+, whereas only 10% to 

40% are DN (Hammond, et al., 2001). In humans, less than 1% of liver and peripheral blood 

mononuclear cells react with αGalCer-loaded CD1d tetramers (Gumperz, et al., 2002). Half 

of them express CD4 and the remaining iNKT cells are DN, whereas CD8+ iNKT cells are 

very infrequent (Benlagha, et al., 2000; Matsuda, et al., 2000). Using αGalCer-loaded CD1d 

tetramers, iNKT cells have been found in non-human primates and rats, and Vα14-Jα18 

transcripts have been recently found in pigs and horses (Looringh van Beeck, et al., 2009). A 

striking feature of murine and human iNKT cells is their expression of markers associated 

with recently activated or memory T cells. In germ-free mice, most iNKT cells are CD44hi 

CD69int CD45RBhi CD62Llo CCR7neg, suggesting that previous exposure to microbial antigens 

is not the reason for this phenotype and that stimulation by CD1d-presented self ligands is 

likely to be sufficient (D'Andrea, et al., 2000; Park, et al., 2000; van Der Vliet, et al., 2000). 

Furthermore, murine and human NKT cells express intermediate levels of TCR at the cell 

surface, which may be the consequence of continuous basal TCR stimulation by self-

antigens constitutively presented by CD1d. 

 

1.8.3 Development of iNKT cells 

Although iNKT cells are present in the thymus, the developmental origin of these cells has 

remained controversial, because of the lack of specific marker molecules. Nevertheless, the 

production of αGalCer-loaded CD1d tetramers enabled the unambiguous identification of the 

thymic origin of iNKT cells. Ontogeny and adoptive transfer studies suggest a developmental 

sequence distinct from mainstream T lymphocytes. In contrast to conventional T cells that 

are selected upon weak binding to MHC-self-peptide complexes presented by thymic 

epithelial cells, iNKT cells undergo positive selection upon recognition of CD1d-self-lipid 

complexes expressed on CD4+ CD8+ double-positive (DP) thymocytes (Coles and Raulet, 

2000) (Fig. 12). However, iNKT cells in this mouse model do not fully mature, suggesting 

that CD1d expression on other thymic cells could contribute to certain features of their 

development (Wei, et al., 2005). Professional APCs, especially thymic DCs cannot mediate 

positive selection and rather promote negative selection of iNKT cells (Schumann, et al., 

2005). Invariant NKT cells derive from DP thymocytes (Egawa, et al., 2005). Expression of 

the rearrangement of the Vα14-Jα18 chain paired with Vβ8, Vβ7, or Vβ2 is a stochastic non-

directed event (Shimamura, et al., 1997). Therefore, as few as 1 out of 1x106 newly 
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rearranged CD24hiCD69hi αGalCer-loaded CD1d tetramer+
 

(stage 0) DP cells can be 

identified in the thymus (Benlagha, et al., 2002; Gapin, et al., 2001). The normal thymic 

development and functional maturation of iNKT cells further requires the step-wise 

expression of a unique set of signaling molecules and transcription factors. As an example, 

homotypic interactions of members of the signaling lymphocytic-activation molecule (SLAM) 

family and Ly108 between iNKT cells and DP thymocytes induce activation of the src 

tyrosine kinase FynT, leading to expansion and differentiation of immature iNKT cells 

(Bendelac, et al., 2007). The developmental stages of iNKT cells include the 100-fold more 

frequent CD44low NK1.1- (stage 1) iNKT cells, which rapidly generate similar frequencies of 

CD44hi NK1.1-
 

cells (stage 2) iNKT cells and subsequent mature CD44hi NK1.1+ (stage 3) 

iNKT cells. Alternatively, stage 2 iNKT cells emigrate to the periphery where they complete 

their maturation process by expressing NK1.1 molecules (Bendelac, et al., 2007).  

 

 

 

Figure 12. Thymic development of iNKT cells. 

The development of iNKT cells diverges from that of mainstream T lymphocytes at the CD4
+ 

CD8
+
 double-

positive (DP) stage. Upon expression of their canonical TCR α chain, iNKT-cell precursors interact with 

endogenous agonist ligands presented through CD1d by DP thymocytes, and are provided with survival signals 

through homotypic interactions between SLAM family members. Subsequently, newly generated CD4
+
 and CD4

-
 

iNKT-cell precursors undergo several rounds of division and acquire a memory/effector phenotype by expressing 

the early activation markers CD44 and CD69. Finally, expression of NK1.1 and additional NK-cell receptors 

occurs either in the thymus or after emigration to peripheral tissues. DC: dendritic cell, EC: epithelial cell, DN: 

double-negative. 
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1.8.4 Effector functions of activated iNKT cells 

Upon stimulation with αGalCer, iNKT cells rapidly produce IL-4 and IFN- (Kawano, et al., 

1999). In vivo, this early burst of cytokines initiates a cascade of events whereby NK cells 

(Carnaud, et al., 1999), T cells (Nishimura, et al., 2000; Singh, et al., 1999), macrophages 

(Nakagawa, et al., 2000), and B cells (Burdin, et al., 1999) become activated (Fig. 13). 

Activated iNKT cells up-regulate CD40L for interacting with CD40-expressing B cells and 

DCs. Consequently, B cell antibody responses and DC antigen-presenting functions are 

enhanced, as indicated by increased expression of CD40, B7.1, B7.2, and IL-12 secretion. 

Therefore, iNKT cells can bridge the innate and adaptive arms of immune responses. IL-12 

is critical for amplifying iNKT-cell production of IFN- (Kitamura, et al., 1999; Tomura, et al., 

1999). Propagation of this reaction involves the activation of NK cells that is central for 

immunity against infections with intracellular pathogens and anti-tumor responses (Eberl and 

MacDonald, 2000). For example, αGalCer-stimulated iNKT cells enhanced CD4+ T-cell and 

CD8+ T-cell responses against malaria, and activated NK cell cytolytic functions against 

transplanted tumors (Eberl and MacDonald, 2000; Gonzalez-Aseguinolaza, et al., 2000; 

Smyth, et al., 2002). In addition to IFN- and IL-4, activated iNKT cells produce additional 

cytokines such as IL-10, IL-13, IL-17, and IL-21 that might differentially influence the 

outcome of adaptive immune responses (Eberl, et al., 2000). Accordingly, recent reports 

indicate that IL-17 production by activated NK1.1- iNKT cells might participate in the 

recruitment of neutrophils to the airways (Michel, et al., 2007). During their activation phase, 

iNKT cells down-regulate their TCR and undergo an expansion phase lasting 2 to 3 days 

during which the TCR is re-expressed at the cell surface (Uldrich, et al., 2005). A contraction 

phase subsequently terminates iNKT-cell responses through massive apoptosis, resulting in 

transient iNKT-cell depletion until regeneration occurs in part from thymic precursors, as well 

as through IL-15-dependent homeostatic proliferation in peripheral organs (Matsuda, et al., 

2002). More sustained and efficient responses have been described upon injection of 

αGalCer-pulsed DCs, particularly with regard to the production of IFN-, leading to a superior 

adjuvant effect for the priming of CTLs (Chang, et al., 2005; Fujii, et al., 2002). Interestingly, 

some variants of αGalCer with shorter or unsaturated lipid chains promoted TH2 cytokine 

production by iNKT cells that provided protection against experimental autoimmune 

encephalomyelitis (EAE) and autoimmunity in non-obese diabetic (NOD) mice (Miyamoto, et 

al., 2001; Sharif, et al., 2001; Yu, et al., 2005). The mechanisms underlying these 

differences are debated and may be the result of a failure to engage the TCR for sufficient 

period of time to induce IFN-. Alternatively, iNKT ligands might target different CD1d-

expressing cell types, so that increased TH1 responses result from the predominant IL-12-

secreting cell types such as DCs, while increased TH2 responses are driven by CD1d-
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expressing non-IL-12-producing cells, such as B cells (Bezbradica, et al., 2005). Currently, 

αGalCer-loaded onto in vitro derived DCs are undergoing Phase II clinical trials as an 

adjuvant against metastatic malignancies (Motohashi, et al., 2009). The effect of αGalCer on 

human cancer is not yet known, but αGalCer therapy represents a promising way to harness 

the potent immunomodulatory functions of iNKT cells. 

 

 

 

 

 

Figure 13. Invariant NKT cells influence both innate and adaptive immune responses. 

Activated iNKT cells up-regulate the surface expression of CD40L and release IFN-, IL-4, and IL-17 within 

hours. CD40 ligation stimulates the release of IL-12 by DCs that further promotes the production of IFN-γ by iNKT 

cells. Consequently, NK cells become activated to produce IFN-, and DCs increase their surface expression of 

co-stimulatory molecules for helping TH1 responses and CTL activity. IL-17 produced by iNKT cells serves to 

recruit neutrophils to the sites of inflammation. Alternatively, iNKT cells activated by B cells mainly produce IL-4 

and IL-13 that favors the development of TH2 responses and enhances antibody production by B cells. 
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1.8.5 The activation pathways of iNKT cells in infectious diseases 

Invariant NKT cells foster immunity towards a wide range of pathogens, including bacteria, 

viruses, fungi, and helminthes (Tupin, et al., 2007). Understanding how different infectious 

microorganisms activate iNKT cells has been a major focus of research in the recent years. 

It is now evident that iNKT cells can become either directly activated upon recognition of 

microbial lipid antigens, or indirectly, following reaction with cellular GSLs. In both cases, the 

expression of CD1d molecules by APCs is strictly required. 

 

1.8.5.1 Direct activation of iNKT cells by microbial ligands 

Direct activation through presentation of microbial glycolipids by CD1d molecules has been 

convincingly shown for the Gram-negative, LPS-negative bacteria species Sphingomonas 

and Borrelia burgdorferi (Kawasaki, et al., 1994; Wu, et al., 2005). In Sphingomonas, these 

glycolipids include the dominant α-branched glucuronyl- and galacturonylceramides (GSL-1), 

and the less abundant di-(GSL-2), tri- (GSL-3), and tetra- (GSL-4) glycosylated species that 

substitute for LPS in the cell wall (Fig. 14). GSL-1 activates large proportions of mouse and 

human iNKT cells, but it is unclear whether the more complex GSL-2, GSL-3, and GSL-4 

can be recognized by iNKT cells or are processed efficiently into GSL-1 by host APCs 

(Mattner, et al., 2005; Sriram, et al., 2005; Wu, et al., 2005). During infection, Sphingomonas 

is phagocytosed by macrophages and DCs and elicits an activation cascade similar to 

αGalCer, whereby iNKT cells increase microbial clearance by 15- to 1000-fold within the first 

days of infection (Kinjo, et al., 2005; Mattner, et al., 2005). In the case of the tick-borne 

spirochete Borrelia burgdorferi, etiologic agent of Lyme disease, purified membrane-

expressed α-galactosyldiacylglycerols were shown to activate iNKT cells (Kinjo, et al., 2006). 

Lyme disease is a multisystem inflammatory disorder that primarily targets the skin, joints, 

heart, and nervous system, and mice devoid of iNKT cells exhibited more severe and 

prolonged arthritis as well as deficiency to clear spirochetes from infected tissues (Tupin, et 

al., 2008). Thus, iNKT cells and their canonical TCR specificity might have evolved to meet 

the challenges of Gram-negative, LPS-negative bacteria. Although Sphingomonas can 

cause severe infection, particularly in immune-compromised hosts, other more deadly 

members of the class of α-proteobacteria such as Rickettsia and Ehrlichia may have 

provided stronger evolutionary pressure on the iNKT-cell system. An early study reported 

that purified phosphatidylinositolmannoside PIM4, a phospholipid present in the cell wall of 

Mycobacterium tuberculosis, could activate mouse and human iNKT cells (Fischer, et al., 

2004). Although PIM4-loaded CD1d tetramers showed staining of a fraction of iNKT cells, 

CD1d-/- mice did not exhibit compromised survival or pathogen clearance, and a synthetic 
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version of PIM4 failed to stimulate iNKT cells (Behar, et al., 1999; Kinjo, et al., 2006). 

Nevertheless, recent evidence indicates that iNKT cells contribute to the early immunity 

against M. tuberculosis by reducing the bacterial burden in the lungs of mice (Sada-Ovalle, 

et al., 2008). 

 

 

Figure 14. Invariant NKT-cell antigens. 

Exogenous (grey) and endogenous (pink) antigens. GSL-1: glucuronyl- or galacturonylceramide, BbGL-II: 

Borrelia burgdorferi galactosyldiacylglycerol, PIM4: Phosphatidylinositoltetramannoside, iGb3: 

isoglobotriaosylceramide 

 

1.8.5.2 Indirect activation of iNKT cells by self GSLs 

The discovery of microbial antigens provides a fascinating new perspective on the 

evolutionarily relevant functions of iNKT cells. However, considerable attention has also 

focused on cellular lipids as a potential source of antigens for iNKT cells in infection, 

especially after a study has reported that iNKT-cell hybridoma could not recognize CD1d-

expressing APCs lacking β-glucosylceramide (βGlcCer), a key precursor to the class of 

GSLs (Stanic, et al., 2003).  
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In the meanwhile, accumulating evidence indicated that iNKT cells become activated upon 

infection with a broad range of infectious agents, including cases in which a microbial 

antigen for the invariant TCR was not present. Accordingly, Staphylococcus aureus and 

Listeria monocytogenes, two Gram-positive, LPS-negative bacteria indirectly activated iNKT 

cells (Brigl, et al., 2003; Emoto, et al., 2008). Likewise, mice infected with the intracellular 

Gram-negative, LPS-positive bacterium Salmonella typhimurium showed strong TH1 

responses by iNKT cells auto-reactively activated in the context of CD1d molecules 

expressed by DCs and IL-12 (Brigl, et al., 2003).  

Because βGlcCer-deficient cells could not stimulate iNKT-cell auto-reactivity, Zhou and 

coworkers reasoned that the self antigen was likely to be a GSL. Therefore, they screened 

mice deficient for various enzymes involved in the metabolism of GSLs and found that mice 

lacking the gene encoding the β-subunit of lysosomal hexosaminidase A and B (Hexb-/- 

mice) were lacking iNKT cells (Zhou, et al., 2004). Owing to the substrate specificity of 

hexosaminidases, GSLs with terminal N-acetyl-galactosamine (GalNac) sugar residues were 

therefore thought to constitute direct precursors to a candidate iNKT-cell self antigen. Among 

the candidates tested, the neutral GSL isoglobotriaosylceramide (iGb3) stimulated both 

human and murine iNKT cells (Zhou, et al., 2004). Therefore, iGb3 was the most likely self 

antigen, if one assumed that it was expressed in the thymus and required for positive 

selection of iNKT cells. In a subsequent study from the same group, activation of iNKT cells 

following infection with Salmonella typhimurium was shown to depend on the expression of 

hexosaminidases by DCs, and Salmonella-infected Hexb-/- mice failed to activate adoptively 

transferred iNKT cells (Mattner, et al., 2005). Moreover, because DCs and mice lacking both 

TLR-adaptor molecules MyD88 and TRIF and/or CD1d failed to activate iNKT cells, the 

authors concluded that recognition of Salmonella–associated LPS by TLR4 synergized with 

iGb3 present in DCs to activate iNKT cells (Mattner, et al., 2005). However, the authors 

could not demonstrate iGb3 synthesis in DCs. This issue has become a great matter of 

controversy in the last few years, as iGb3 synthase-deficient mice were reported to show 

normal iNKT-cell development (Porubsky, et al., 2007). Furthermore, even highly sensitive 

biochemical detection methods failed to detect iGb3 in murine thymocytes or DCs, as well as 

in human tissues (Speak, et al., 2007). Nevertheless, recent reports indicate that yet 

uncharacterized charged β-linked GSLs isolated from murine TLR-9-stimulated DCs 

promote iNKT-cell activation (Paget, et al., 2007). However, activation strictly requires the 

presence of type I interferons. Thus, indirect activation of iNKT cells requires TLR signaling 

for coordinating pathogen recognition, the efficient activation of iNKT cells by self antigens, 

and cytokines produced by DCs (Fig. 15). How and where self GSLs are made available in 

DCs for CD1d presentation during infection remains largely unknown.  
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Figure 15. Modes of iNKT-cell activation. 

On the left, DCs exposed to bacteria can process microbial glycolipids and present them through CD1d 

molecules for activating iNKT cells. Alternatively, DCs recognizing microbes through TLRs produce iGb3 and IL-

12 or type I interferons that act in concert to elicit the production of IFN- by iNKT cells (indirect microbial 

recognition). 
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2 Aims of this work 

 

Invariant NKT cells are CD1d-restricted lipid-specific T lymphocytes regulating a wide range 

of immune responses in various conditions, including infectious diseases, cancer, and 

autoimmunity. Upon infection, iNKT cells are activated following recognition of self 

glycosphingolipids (GSLs) presented by DCs in the context of CD1d molecules. In contrast, 

DCs deficient for the β subunit of hexosaminidase A (Hex A) and hexosaminidase B (Hex B), 

two enzymes involved in the hydrolysis of GSLs, fail to activate iNKT-cell responses. 

Constitutive expression of Hex B is required to generate the GSL iGb3 in lysosomes, and 

DCs pulsed with iGb3 stimulate iNKT cells in vitro. Therefore, recognition of iGb3 might be 

essential for activating iNKT cells in the face of infection. In parallel, constitutive production 

of iGb3 could lead to permanent activation of iNKT cells and subsequent autoimmunity. 

Hence, the availability of iGb3 for antigen presentation must be tightly regulated under 

normal conditions. Because of its functions in lipid antigen processing and physiological 

degradation of lysosomal GSLs produced by Hex B, we hypothesized that the enzymatic 

activity of α-galactosidase A (α-Gal A) determines the content of iGb3 in DCs and, as a 

consequence, the amount of iGb3 available for CD1d presentation to iNKT cells. 

Accordingly, under normal conditions, constitutive α-Gal A activity extensively degrades 

iGb3 to lactosylceramide in order to restrict its availability for loading onto CD1d molecules. 

However, such a mechanism implies the question as to how iGb3 escapes further 

degradation by α-Gal A and thus becomes available for antigen presentation in disease 

conditions wherein activation of iNKT cells is required for protection. DCs are specialized in 

activating adaptive immune responses because of their unique capacity to acquire antigens 

and to present them to T lymphocytes. Prior to development of potent immune-stimulating 

capacities, DCs need to encounter and identify the cause of disease. Of note, DCs express 

a battery of innate sensors that show particular sensitivity for microbial ligands, including a 

family of receptors called Toll-like receptors (TLR). Microbe recognition through TLR 

engagement by DCs is a prerequisite for activating the anti-microbial functions of iNKT cells 

in the context of iGb3. Therefore, regulatory mechanisms must exist in DCs to induce iGb3 

production by limiting its constitutive degradation by α-Gal A in infectious conditions. 

Accordingly, we hypothesized that TLR engagement by DCs could lead to the negative 

regulation of α-Gal A activity thereby promoting iGb3 induction. 
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To test our proposed model of iNKT-cell activation, the following issues were addressed: 

 

 Influence of the α-Gal A gene in DCs on the responses of iNKT cells and T cells 

 Effects of blocking α-Gal A enzymatic activity in wild-type DCs and reconstitution of 

α-Gal A-deficient DCs with recombinant α-Gal A on the responses of iNKT cells 

 Evaluation of the intrinsic capacity of α-Gal A-deficient DCs to activate iNKT cells in 

vivo 

 Influence of CD1d expressed in peripheral tissues on the homeostasis of iNKT cells 

 Proliferation of iNKT cells in mice constitutively lacking α-Gal A activity 

 Consequences of α-Gal A deficiency on the phenotype and functions of iNKT cells 

 Molecular requirements of DCs to activate iNKT-cell pro-inflammatory responses 

 Regulation of α-Gal A enzymatic activity in DCs exposed to microbial stimuli 

 Analysis of lysosomal lipid induction following TLR-induced inhibition of α-Gal A 

activity in DCs 

 Elucidation of α-Gal A-degraded GSL substrates with iNKT-cell stimulatory activity 
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3 Material 

 

3.1 Cell culture medium 

RPMI 1640 medium: 10% FCS 

 2 mM L-glutamine 

 2 mM sodium pyruvate 

 100 U/ml penicillin and streptomycin 

 10 mM HEPES 

 

3.2 Bacterial culture media 

Luria Bertani (LB) medium: 1% (w/v) Bacto-Tryptone 

 0.5% (w/v) yeast extract 

 85.5 mM NaCl 

 in water (pH 7.5) 

 

Tryptic Soy Broth (TSB): 3% (w/v) TSB 

 in water 

 

 

3.3 Mice 

Mice used in the experiments were on the C57BL/6 (H-2b) genetic background (Table 5). 

Six- to 12-week-old wild-type C57BL/6 mice were purchased from Charles River 

(Wilmington, MA, USA). The generation of Cd1d1-/- mice (lacking NKT cells), Jα18-/- mice 

(lacking invariant NKT cells), and Vα14-Jα18 transgenic mice has been described (Kawano, 

et al., 1997; Mendiratta, et al., 1997; Park, et al., 2001). These mice were kindly provided by 

Dr. Albert Bendelac (University of Chicago, IL, USA). MyD88-/- mice were obtained from Dr. 

S. Akira (Kawai, et al., 1999). OT-1 mice were purchased from Jackson Laboratories. Dr. 

Ashok Kulkarni (NIDCR, NIH, Bethesda, MD) kindly provided us with α-Gal A-/- (Gla-/-) mice 

on the B6;129 mixed background (Ohshima, et al., 1997). These mice were back-crossed to 

C57BL/6 for at least five generations. Finally, α-Gal A-/-/Cd1d1-/- mice were established in our 

laboratory by crossing α-Gal A-/- mice to CD1d-/- mice. All the mice were bred in our facility at 

the Federal Institute for Health Protection of Consumers and Veterinary Medicine (BgVV) in 
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Berlin. Mice were kept under specific pathogen-free (SPF) conditions in filter bonnet cages 

with food and water ad libitum. The experiments were conducted according to the German 

animal protection law. 

 

Table 5. Genetically modified mice 

Gene Name Type Source 

Cd1d1 CD1d
-/-

 KO Dr. A. Bendelac 

Ja18 Jα18
-/-

 KO Dr. A. Bendelac 

Gla α-Gal A
-/-

 KO Dr. A. Kulkarni 

Gla, Cd1d1 α-Gal A
-/-

/CD1d
-/-

 DKO in-house 

Va14-Ja18 Vα14 tg Tg Dr. A. Bendelac 

Myd88 MyD88
-/-

 KO Dr. S. Akira 

Va2-Ja26/Vb5-Db2-Jb2.6 OT-1 Tg Jackson Laboratories 

 

3.4 Antibodies 

Monoclonal anti-mouse antibodies used are listed in the table below (Table 6). Monoclonal 

antibodies marked with an asterisk (*) were purified from hybridoma supernatants by protein-

G sepharose. For experiments using flow cytometry, monoclonal antibodies used were 

conjugated with the fluorescent dyes FITC (λabs= 495 nm, λem= 520 nm), PE (λabs= 496 nm, 

λem= 578 nm), PerCP (λabs= 482 nm, λem= 578 nm), APC (λabs= 650 nm, λem= 660 nm) or PE-

Cy7 (λabs= 486 nm, λem= 785 nm).   

 

Table 6. Antibodies 

Antigen Clone Application Source 

B220/CD45 RA3-6B2 FACS BD Biosciences 

CD1d 1B1 Blocking BD Pharmingen 

CD3 145-2C11 FACS BD Biosciences 

CD4 GK1.5 FACS BD Biosciences 

CD5 53-7.3 FACS BD Biosciences 

CD8α* 169 FACS MPI 

CD11c HL3 FACS BD Biosciences 

CD16/CD32* 2.4G2 Blocking MPI 

CD19 1D3 FACS BD Biosciences 

CD25 (IL-2 receptor α chain, p55) PC61 FACS BD Biosciences 

CD44 IM7 FACS BD Biosciences 

CD69 H1.2F3 FACS BD Biosciences 
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IL-4 11B11 FACS BD Biosciences 

IL-12 TW02 Blocking R&D Systems 

IFN-γ XMG1.2 FACS BD Biosciences 

Ly49A A1 FACS BD Biosciences 

Ly49C and Ly49I 5E6 FACS BD Biosciences 

Ly49G2 4D11 FACS BD Biosciences 

MHC-II (I-A
b
) AF6-120.1 FACS BD Biosciences 

NK1.1 PK136 FACS BD Biosciences 

TCRβ H57-597 FACS BD Biosciences 

 

3.5 Reagents, chemicals, and cytokines 

αGalactosylceramide (αGalCer) Alexis Biochemicals 

αGalCer-loaded CD1d tetramers Dr. Robert Hurwitz  

Protein Purification Core Facility, MPIIB 

1-Deoxygalactonojirimycin (DGJ) Calbiochem 

4-methylumbelliferyl-α-D-galactopyranoside Sigma-Aldrich 

4-methylumbelliferyl-α-D-glucopyranoside Sigma-Aldrich 

4-methylumbelliferyl-N-acetyl- 

β-D-glucosaminide 

 

Sigma-Aldrich 

Alexa fluor 488-conjugated recombinant  

Shiga Toxin B subunit 

Dr. Ludger Johannes 

UMR144, Paris, France 

Anti-biotin Microbeads Miltenyi Biotec 

Bafilomycin A1, streptomyces griseus Sigma-Aldrich 

BrdU Sigma-Aldrich 

BSA Gibco 

CD11c Microbeads, murine Miltenyi Biotec 

CD5 (Ly-1) Microbeads, murine Miltenyi Biotec 

CD8a (Ly-2) Microbeads, murine Miltenyi Biotec 

CFSE Molecular Probes 

CpG ODN, type B-1826 Invivogen 

DMSO Sigma-Aldrich 

FCS, heat-inactivated Invitrogen 

Flivo Immunochemistry 

Galabiaosylceramide (Ga2Cer) Dr. Susann Teneberg 

Gothenburg University, Sweden 

Globotriaosylceramide (Gb3) Alexis Biochemicals 



Material 

 

40 
 

HEPES Gibco 

Isoglobotriaosylceramide (iGb3) Alexis Biochemicals 

Lactosylceramide Sigma-Aldrich 

L-Glutamin Gibco 

Latex beads, amine-modified polystyrene 

Fluorescent red (Ø 1 μm) 

 

Sigma-Aldrich 

LPS, E. Coli, serotype 0111:B4 (Ultrapure) Invivogen 

N-Butyl-Deoxygalactonojirimycin (NB-DGJ) Calbiochem 

Pam3CSK4, endotoxin free Invivogen 

Penicillin Sigma-Aldrich 

Poly (I:C), endotoxin free Invivogen 

Recombinant human α-Galactosidase A 

(Replagal®) 

Dr. Michael Beck 

University of Mainz,Germany 

Recombinant IFN-β, murine PBL InterferonSource 

Recombinant IFN-, murine BD Pharmingen 

Recombinant IL-12, murine R&D Systems 

Recombinant IL-4, murine BD Pharmingen 

Recombinant murine GM-CSF Strathmann Biotec AG 

Sodium-Pyruvate Gibco 

Streptavidin Invitrogen 

Streptomycin Sigma-Aldrich 

 

3.6 Buffers 

 

FACS Buffer 0.1% BSA 

 0.01% Sodium azide 

 in PBS 

 

MACS Buffer 0.5% BSA 

 2 mM EDTA 

 in PBS 

 

ELISA Coating Buffer 0.1 M Sodium carbonate 

 7.12 g NaHCO3 

 1.59 g Na2CO3 
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 in 1000 ml H2O (pH 9.5) 

 

ELISA Wash Buffer 0.1% BSA 

 0.05% Tween 20 

 in PBS 

  

ELISA Blocking Buffer 10% heat-inactivated FCS 

 in PBS 

  

ELISA Detection Buffer 10% heat-inactivated FCS 

 in PBS 

  

ELISA Stop Solution 25% H2SO4 

  

PBS 8 g NaCl 

 0.2 g KCl 

 0.2 g KH2PO4 

 1.3 g Na2HPO4 

 in 1000 ml H2O 

  

Erythrocyte Lysis Buffer 8.3 g NH4Cl 

 20.6 g Tris 

 in 1000 ml ddH2O (pH7.65) 

  

Lysosomal Assay Substrate Buffer 50 mM Citrate-Phosphate 

 in ddH2O (pH 4.5) 

  

Lysosomal Assay Stop Buffer 12.6 g Glycin 

 18 g Na2CO3 

 

3.7 Equipment 

 

Analytical balances BP 210 S, BP2100 S, Sartorius 

Cell counting chamber Neubauer, Electron Microscopy Sciences 

Centrifuges Megafuge 2.0 R, Heraeus 

5417R, Eppendorf 
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CO2 Incubator Autoflow CO2 4500 E, Nuaire 

Electronic Pipetboy Pipetboy acu, Integra Biosciences 

ELISA plate reader SpectraMax 250, Molecular Devices 

Flow cytometers FACSCanto, FACSAria II 

Becton Dickinson 

Harvester Filtermate 196, PerkinElmer 

Heating Block VWR 

Luminometer plate reader 3036, BD Biosciences 

Lyophilizer Lyovac GT2, Amsco 

Magnetic separator QuadroMACS, Miltenyi Biotec 

Microscope DM IL (inverted), Leica 

PH-meter 761 calimatic, Knick 

Rocking Plate Biometra 

Rotational evaporator RotiVap, Bϋchi 

Separation columns LS Columns, Miltenyi Biotec 

Sonicator Sonifier W-250, Branson 

Spectrofluorimeter Ascent Fluoroskan FL, Thermo Scientific 

Sterile Workbench HS 12 Heraeus 

Stirring and Heating plate IKA-Labortechnik 

 

3.8 Kits 

APC BrdU Flow Kit BD Pharmingen 

BCA Protein Assay Kit Thermo Scientific - Pierce 

Cytofix/Cytoperm Kit BD Pharmingen 

Mouse IFN- ELISA Set BD OptEIA 

Mouse IL-4 ELISA Set BD OptEIA 

 

3.9 Other materials 

Biocoll, Percoll solution Biochrom 

C18 Sep Pak chromatography columns Waters 

Chromatography equipment/media Pharmacia 

Dialysis filter, type VS, 0.025 μm Millipore 

Flasks, plates and sterile vials Nunc 

Microscint LSC cocktail PerkinElmer 
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Microtainer SST BD 

Sterile filters and membranes Schleicher & Schüll 

Thin layer chromatography plates Merck 

Unifilter microplates and seals PerkinElmer 

 

3.10 Software 

Graphs, Statistics GraphPad Prism 5.0, GraphPad Software 

Figures PowerPoint 2007, Microsoft 

Photoshop CS4, Adobe Systems 

Flow Cytometry Analysis FlowJo, Treestar 

BD Diva Software, BD Biosciences 

Text Word 2007, Microsoft 

ELISA Analysis Softmax Pro 5, Molecular Devices 

Spectrofluorimetry Analysis Ascent Software 2.6, Thermo Scientific 
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4 Methods 

  

4.1 Isolation of bone marrow cells and generation of dendritic cells 

Femora were cut above the hip joint, and tibias were cut at the foot joint. Remaining tissue 

was removed, and bones were separated by cutting joints. Bone marrow cells were flushed 

out of bones using a 10 ml syringe with a 0.6 mm Ø needle in complete RPMI medium 

before centrifugation at 1,500 rpm for 5 min at 4°C. The cell pellets were re-suspended in 

complete RPMI medium. After counting, 1-1.5x107 cells were transferred to bacteria Petri 

dishes in 10 ml complete RPMI medium containing 100 units/ml of recombinant murine GM-

CSF. Medium was changed after 3 and 7 days by substituting half of the culture supernatant 

with fresh medium containing 100 units/ml GM-CSF. After 10 to 14 days, the culture 

supernatants containing non-adherent cells were collected and centrifuged at 1,500 rpm for 

5 min at 4°C. Viable cells were counted and 5x105 cells were subsequently analyzed by flow 

cytometry for expression of DC markers. Accordingly, preparations containing more than 

50% of immature CD11c+ DCs were used for both in vitro and in vivo experiments.  

 

4.2 Preparation of single-cell suspensions from organs 

For organ isolation, mice were sacrificed by cervical dislocation. After disinfection of the fur 

with 70% ethanol, a single 5 cm-long abdomino-thoracic incision was performed in the skin 

using sterile scissors. Spleens, thyme, and mesenteric lymph nodes (MLNs) were carefully 

removed and kept on ice in complete RPMI medium. Organs were homogenized using 

sterile iron sieves, and single cell suspensions were subsequently centrifuged at 1,500 rpm 

for 5 min at 4°C. Cell pellets were re-suspended in 3 ml of red blood cell (erythrocyte) lysis 

buffer, incubated for 5 min at 37°C and washed in complete RPMI medium. After a final 

centrifugation step at 1,500 rpm for 5 min at 4°C, cell pellets were re-suspended in complete 

RPMI medium, and cells were counted. For liver cell isolation, livers were perfused with 5 ml 

of sterile PBS injected to the portal vein. Liver cells were homogenized through an iron sieve 

and centrifuged at 300 rpm for 1 min at 4°C. Supernatants were collected and the remaining 

cell pellets were re-suspended in 25 ml sterile PBS and centrifuged at 300 rpm at 4°C for 2 

min. This step was repeated one additional time and all the supernatants collected were 

centrifuged at 1,500 rpm for 6 min at 4°C. Cells were re-suspended and separated on a 

40%/70% Percoll gradient by centrifugation at 1,900 rpm for 26 min at RT without brake. 
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Mononuclear cells were collected at the gradient interface and washed twice in complete 

RPMI medium. Cells were counted and viability was determined by Trypan-blue exclusion. 

 

4.3 Isolation of T lymphocytes 

For iNKT-cell isolation, Vα14-Jα18 transgenic mice were used as donors. These mice 

ectopically express the transgenic Vα14-Jα18 TCR α chain used by iNKT cells. As a 

consequence, thymic, splenic, and hepatic iNKT-cell populations are more abundant in these 

mice, and are phenotypically and functionally identical to that of wild-type mice. In a first 

enrichment step, single cell suspensions from thymi or livers were incubated for 15 min at 

4°C with anti-CD8α antibodies coupled to magnetic microbeads in MACS buffer. Cells were 

washed once in 10 volumes of MACS buffer and centrifuged at 1,200 rpm for 10 min at 4°C. 

Pellets were re-suspended in 500 μl of MACS buffer and transferred on LS columns placed 

in a QuadroMACS device for magnetic separation. The elution fractions consisting of 

untouched CD8- cells that were not magnetically retained in the column were washed in 

MACS buffer and centrifuged at 1,500 rpm for 5 min at 4°C. In a second enrichment step, 

CD8- cells were incubated for 15 min at 4°C with anti-CD5 antibodies coupled to magnetic 

microbeads in MACS buffer. Cells were subsequently treated like described before, but 

elution fractions containing CD5- non-T cells were discarded and CD8- CD5+ positively 

selected T cells retained in the columns were eluted from the columns in 5 ml of MACS 

buffer. Elution fractions were thoroughly washed in complete RPMI medium, counted and 

directly used for experiments. Alternatively, mesenteric lymph node cell suspensions from 

OT-1 transgenic mice were enriched by positive selection of CD8+ cells using anti-CD8α 

magnetic microbeads and LS column separation. After several washing steps, CD8+ OT-1 

cells specific for the ovalbumin peptide SIINFEKL were re-suspended in complete RPMI 

medium and directly used for in vitro experiments. 

 

4.4 T-cell assays 

Upon interaction with antigen-presenting DCs, T lymphocytes become activated and 

undergo several rounds of proliferation. During this process, each parental cell duplicates its 

DNA content for generating two identical daughter cells. Dividing cells supplied with tritiated 

([3H]) thymidine incorporate it into their DNA, and the extent of proliferation can therefore be 

measured by counting the amount of β irradiation using a liquid scintillation counter. 

Invariant NKT-cell-enriched liver mononuclear cells or thymocytes derived from Va14-Ja18 

transgenic mice (1x105 cells/well) were co-cultured with 30 Gy-irradiated bone marrow-
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derived DCs (2.5x104 cells/well) or thymocytes (2.5x105 cells/well) in 96-well round-bottom 

plates. When indicated, APCs were pulsed with antigens for 16 hr at 37°C and extensively 

washed before co-culture with T cells. On day two after incubation, cells were pulsed with 

0.5 µCi/well of [3H]-thymidine. After 18 hr, cells were collected for radioactivity measurement 

using a Top Count scintillation counter. Lyophilized lipid antigens were solubilized in sterile-

filtered chloroform/methanol at a 2:1 (v/v) ratio, dried under N2 and re-suspended in sterile-

filtered absolute methanol for cell culture. To block α-Gal A activity, DCs were pre-treated 

with 1-deoxygalactonojirimycin (DGJ, 1 mM) for 24 hr prior to addition of antigens. To block 

GSL biosynthesis, DCs were treated for 48 hr with NB-DGJ (50 μM), an inhibitor of β-

glucosylceramide synthase activity. To reconstitute enzymatic activity in α-Gal A-deficient 

DCs, human recombinant α-Gal A (Replagal, 20 μg/ml) was added to cultures 48 hr before 

T-cell assays. Determination of cell viability was performed with a cell suspension aliquot 

mixed with Trypan blue (0.16%), and cell counting was done with a Neubauer chamber 

using light microscopy. In all experiments, cells were cultured under sterile conditions at 

37°C, 95% humidity and 5% CO2. When indicated, T-cell activation was determined after 72 

hr by measuring cytokine concentrations in culture supernatants using the ELISA method.  

 

4.5 Serum isolation from murine blood 

Mice were sacrificed by cervical dislocation and blood was drawn by cardiac puncture with a 

1 ml syringe. Blood was placed in Microtainer SST tubes (BD) and kept on ice for at least 10 

min. Serum fractions were isolated after centrifugation at 10,000 rpm for 5 min at 4°C. 

 

4.6 ELISA 

Immuno-Maxisorp ELISA plates (Nunc) were coated with capture antibodies in 50 μl/well of 

coating buffer and incubated overnight at 4°C. Plates were washed five times in ELISA wash 

buffer before blocking for 1 hr at room temperature (RT) in 200 μl per well of assay diluents 

(PBS containing 10% FCS). After repeating the washing step, 50 μl of standards and 

samples diluted in 50 μl of assay diluent were incubated in plates for 60 min at RT. Plates 

were washed five times with ELISA wash buffer prior to adding 100 μl/well of detection 

antibodies and streptavidin-conjugated horseradish peroxidase diluted in appropriate 

concentrations in assay diluent. Plates were subsequently incubated for 1 hr at RT. After ten 

final washing steps, 100 μl of the peroxidase substrate 3, 3', 5, 5'-Tetramethylbenzidine 

orthophenyldiamine (TMB, KPL) was added per well. The color reaction was allowed to 

proceed for 10-20 min in the dark before stopping by addition of 50 μl/well 25% H2SO4. 
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Plates were read in a Spectramax ELISA reader (Molecular Devices) and analyzed with 

Softmaxpro software. Control wells were left untreated with the primary or secondary 

antibody, or filled with assay diluent only. The IFN- ELISA was linear in the range from 31.3 

pg/ml to 2000 pg/ml. The murine IL-4 ELISA was linear in the range from 7.8 pg/ml to 500 

pg/ml. Optical densities were measured at 450 nm.  

 

4.7 Generation of αGalCer-loaded CD1d tetramers 

Tetrameric murine CD1d (mCD1d) complexes were made in a baculovirus expression 

system as described previously (Crawford, et al., 1998). The plasmid coding for the 

recombinant mCD1d proteins was generously provided by Dr. Mitchell Kronenberg (La Jolla 

Institute for Allergy and Immunology, San Diego, USA). The CD1d tetramers were produced 

at the Protein Purification Core Facility of the MPI for Infection Biology. Briefly, the 

mCD1d/mβ2m expression vector was co-transfected with linearized BaculoGoldTM 

baculovirus DNA (PharMingen) into High Five TM (BTI-TN5B1-4) cells (Invitrogen) using the 

Lipofectin Reagent® (Gibco) according to the manufacturer's protocol. Recombinant virus 

was collected 5 days after transfection, amplified, and cloned by serial dilution method. The 

virus with highest level of mCD1d secretion was used for protein production. Soluble 

proteins were produced by infecting adherent High Five TM cells at an MOI of 5-10. The 

mCD1d-containing supernatants were harvested on day 5 after infection, dialyzed against 

0.15 M sodium phosphate buffer, pH 7.4, and passed over Ni–agarose (Qiagen) for one-step 

affinity purification. Purified mCD1d proteins were biotinylated with BirA enzyme following 

the manufacturer's protocol (Avidity). The mCD1d were tetramerized by adding 

phycoerythrin-coupled neutravidin (Molecular Probes) at a 4:1 molar ratio, and subsequently 

incubated with αGalCer solubilized in PBS containing 0.5% polysorbate 20 at a 12 M lipid 

excess with regard to tetramer sample. Loading of αGalCer on mCD1d tetramers was 

performed in a sonicator water bath (100W/20kHz) at 80°C for 2 minutes. 

 

4.8 Adoptive T-cell transfer 

For adoptive transfer experiments, Vα14-Jα18 transgenic mice were used as donors. Cell 

suspensions prepared from multiple thymi were subjected to erythrocyte lysis and negatively 

selected by MACS upon depletion of CD8+ cells. Elution fractions were washed once in 

MACS buffer, re-suspended in 3 ml of sterile PBS containing 5 μM of CFSE, and incubated 

for 10 min at 37°C in a CO2 incubator. Subsequently, cells were washed twice in sterile PBS 

and re-suspended at a concentration of 5x107 cells per ml.  
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Recipient mice that had been sub-lethally irradiated with 700 rad two days before, were 

injected with 200 μl of this single-cell suspension into the lateral tail vein. Nine days after 

transfer, liver MNCs were isolated, stained with αGalCer-loaded CD1d tetramers and 

antibodies against T-cell markers prior to analysis of CFSE dilutions by FACS. Cells were 

acquired and analyzed on a FACS Canto cytometer (Becton Dickinson) using the BD Diva 

software (Becton Dickinson). 

 

4.9 Adoptive DC transfer 

For DC transfer experiments, 1x106 DCs generated from the bone marrow of wild-type naive 

mice, CD1d-/- mice, α-Gal A-/- mice, or α-Gal A-/-/CD1d-/- mice, were injected into the lateral 

tail vein of wild-type recipients. Where indicated, DCs were pulsed with iGb3 (1 μg/ml) for 16 

hr before extensive washing prior to injection. Eighteen hr after transfer, liver MNCs were 

isolated and iNKT cells identified by staining with αGalCer-loaded CD1d tetramers and 

additional antibodies for subsequent analysis by FACS.  

 

4.10 Flow cytometry 

To measure surface or intracellular protein expression, fluorescence-activated cell sorting 

(FACS) methods were used. In flow cytometry, cells or particles with a diameter between 0.2 

μm and 150 μm are directed into a hydro-dynamically focused stream of fluid and are hit by 

a laser light of a single wavelength. A number of detectors are directed towards the point 

where the stream passes through the light beam. The forward scatter (FSC) is in line with 

the light beam, and others including the side scatter (SSC) and several 

fluorescence detectors are perpendicular to the beam. Each particle passing through the 

beam scatters the light in a specific way, and fluorescent chemicals found in the particle or 

attached to the particle can be excited to emit light at a higher wavelength than the light 

source. This combination of scattered and fluorescent light is collected by the detectors that 

analyze fluctuations in brightness. It is then possible to derive various information about the 

physical and chemical structure of each individual particle. FSC correlates with the cell 

volume, and SSC depends on the inner complexity or granularity of the particle (i.e. shape of 

the nucleus, the amount and type of cytoplasmic granules, or the membrane roughness). 

Because modern flow cytometers are generally equipped with two to five lasers or lamps, it 

is possible to use combinations of more than ten fluorochromes with minor overlaps in 

emission spectra to accurately identify cell populations depending on the expression of 

several protein markers.  

http://en.wikipedia.org/wiki/Fluorescent
http://en.wikipedia.org/wiki/Cell_nucleus
http://en.wikipedia.org/wiki/Cytoplasm
http://en.wikipedia.org/wiki/Cell_membrane
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For surface-expressed proteins, 2x106 cells were incubated in 200 μl FACS buffer containing 

rat serum (1%) and anti-CD16/CD32 mAbs (1%) for 5 min at 4°C to block non-specific 

antibody binding. Next, fluorescent dye-conjugated antibodies were added to the cells for 30 

min on ice in the dark, washed in FACS buffer and centrifuged at 1,500 rpm for 5 min at 4°C. 

For staining cells with αGalCer-loaded CD1d-tetramers, 2x106 cells were washed and 

incubated in 200 μl of FACS buffer containing rat serum (1%), streptavidin (1 μg/ml) and 

anti-CD16/CD32 mAbs (1%) for 5 min at 4°C to block non-specific binding. Next, fluorescent 

dye-conjugated antibodies and PE-conjugated αGalCer-loaded CD1d-tetramers were added 

and incubated for 50 min on ice in the dark using a rocking platform. Subsequently, cells 

were washed, re-suspended in 300 μl of FACS buffer and immediately analyzed on a 

FACSCanto cytometer. To measure intracellular cytokines, cells were first stained for 

surface expressed proteins, washed in FACS buffer, then fixed and permeabilized according 

to manufacturer’s indications (BD Cytofix/Cytoperm Kit). Cells were washed and incubated 

with rat serum (1%) and anti-CD16/CD32 mAbs (1%) for 5 min. Fluorescent dye-conjugated 

specific or isotype control mAbs were subsequently added. After 30 min on ice in the dark, 

cells were washed and re-suspended in 300 μl of FACS buffer for analysis by flow 

cytometry. Detection of viable non-fixed cells was achieved by staining cells with propidium 

iodide (PI) shortly before analysis. Data were analyzed with FlowJo software (TreeStar, Inc). 

 

4.11 Bacterial cell culture 

 

Gram-positive Listeria monocytogenes (Lm) strain EGD was grown under agitation in 200 ml 

of Tryptic Soy Broth (TSB) liquid medium at 37°C until mid-log phase (0.7-0.8 OD600nm). 

Bacteria were collected, washed twice in sterile ice-cold PBS with centrifugations performed 

at 4,000 rpm for 20 min at 4°C. Bacterial pellets were diluted according to measurements of 

absorbance at 600 nm, aliquoted in PBS containing glycerol (10%), and stored at -80°C. The 

next day, aliquots were thawed and bacterial titers were determined by plating serial 

dilutions on TSB agar plates. After over-night incubation at 37°C, colony-forming units (CFU) 

were determined. 

 

4.12 Maturation of DCs with bacteria or TLR agonists 

L. monocytogenes was heat-killed for 45 min at 65°C and subsequently washed twice in 

sterile ice-cold PBS. After centrifugation at 4,000 rpm for 20 min at 4°C, bacterial pellets 

were re-suspended in complete RPMI medium and homogenized by repeated transfer 

through a syringe with a 0.4 Ø needle. DCs were seeded at 1x106 cells per ml in 12-well 
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plates. After 1 hr, 1x107 heat-killed bacteria/ml or TLR agonists LPS (1 µg/ml) or CpG ODN 

(2 µg/ml) were added to the DCs cultures. At different time points, DCs were gently collected 

and extensively washed in sterile PBS with centrifugation steps performed at 1,500 rpm for 6 

min at 4°C. Cell pellets were re-suspended in complete RPMI medium, counted and 

immediately used for T-cell stimulation assays. 

 

4.13 Gb3 staining in DCs 

Bone marrow-derived DCs were washed twice in sterile PBS and centrifuged at 1,500 rpm 

for 5 min at 4°C. DCs were re-suspended in complete RPMI medium at a density of 1x106 

DCs per well in 12-well plates. When indicated, DCs were pre-treated with 1 μM bafilomycin 

A1 for 1 hr at 37°C. After 1 hr, DCs were co-incubated with 5 μg/ml of Alexa fluor 488-

conjugated Shiga Toxin B subunit (STxB) for 30 min at 37°C, washed in PBS, and 

centrifuged at 1,500 rpm for 5 min at 4°C. Alternatively, STxB-labeled DCs were stimulated 

with LPS (1 µg/ml), 10 µg/ml of poly (I:C), CpG ODN (2 μg/ml), or incubated with 1 μm Ø 

latex beads (1x107/ml) for 12 hr at 37°C. Subsequently, DCs were gently collected, washed 

and centrifuged at 1,500 rpm for 5 min at 4°C. Cell pellets were re-suspended in FACS 

buffer, and cells were blocked before labeling with fluorochrome-coupled anti-CD11c and 

anti-MHC-II antibodies for 30 min on ice. Finally, DCs were washed and analyzed by FACS. 

 

4.14 Protein quantification 

DCs were centrifuged in PBS at 1,500 rpm for 5 min at 4°C. After two additional washing 

steps, DCs were re-suspended in 200 μl lysosomal assay buffer on ice. Subsequently, DCs 

were gently scraped and lysed through seven consecutive freeze-thaw cycles performed in 

liquid nitrogen and in a water bath at 37°C, respectively. DC lysates were centrifuged at 

14,000 rpm for 30 min at 4°C and supernatants recovered were immediately stored at -80°C. 

Protein concentrations were measured using standard dilutions ranging from 2.5 μg to 200 

μg of albumin in a volume of 100 μl. Ten or 25 μl of DC lysates were added to 200 μl of 

working reagent (Thermo Scientific - Pierce). The solutions were mixed and incubated for 30 

min at 37°C in 96-well flat-bottom plates. Absorbance was measured at 562 nm and protein 

concentrations determined with regard to standard dilutions using SoftMax pro 5.0 

(Molecular Devices). 
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4.15 Lysosomal enzyme assays 

Protein concentrations determined in DC lysates were adjusted to 1 mg/ml using lysosomal 

assay buffer. Ten μl of lysates were assayed for α-Gal A activity in black 96-well flat-bottom 

plates and incubated with 100 μl of 4-methylumbelliferyl-α-D-galactopyranoside (5 mM) and 

10 μl of N-acetylgalactosamine (100 mM), a specific inhibitor of α-galactosidase B activity. 

After 2 hr of reaction at 37°C, fluorescence intensities were measured using a 

spectrofluorimeter with an excitation wavelength of 369 nm and an emission wavelength of 

446 nm. Enzyme activities determined from the activity of human recombinant α-Gal A (1.7 

nmol h-1 mg protein-1) are expressed as percentage of remaining activity measured in control 

DCs at different time points. 

 

4.16 GSL extraction from DCs 

Non-stimulated, LPS-stimulated, or DGJ-treated DCs (5x107 cells) were extensively washed, 

re-suspended in 1 ml of de-ionized water and subjected to seven freeze-thaw cycles to lyse 

the cells. Four ml of chloroform/methanol (2:1, v/v) was added to the lysates and left to mix 

gently overnight at 4°C. The material obtained was subjected to mild alkaline hydrolysis, 

followed by dialysis and purification on a silicic acid column. Thereafter, acid and non-acid 

GSLs were separated on a diethylaminoethyl (DEAE)-cellulose column (Teneberg, et al., 

1994). The non-acid fraction was acetylated and separated from alkali-stable phospholipids 

on a second silicic acid column, followed by de-acetylation and dialysis. The total acid 

fraction was separated on a silicic acid gel column (Iatron Laboratories). The ratio of lipid 

extract and amount of silica gel was 1:200. Stepwise elution of the different GSL fractions 

was performed with increasing amounts of methanol and water in chloroform, starting at a 

chloroform/methanol/water ratio of 60:40:1 by volume, followed by 50:50:1.5, 45:55:1.5, 

40:60:2, and finally 35:65:2. Selected fractions were further purified by reverse-phase 

chromatography on C18 Sep-Pack columns and analyzed by thin layer chromatography 

(Waters). Neutral GSL fractions were dried under nitrogen and stored at -80°C. GSLs were 

re-suspended in chloroform/methanol 2:1, dried under nitrogen and re-suspended in 

absolute methanol for use at 0.5% in DC-iNKT co-culture experiments. 
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4.17 Thin layer chromatography (TLC) 

Glass-backed silica gel 60 high performance thin-layer chromatography plates (Merck) were 

employed for thin-layer chromatography, using chloroform/methanol/water (60:35:8, by 

volume) as solvent system. The different glycosphingolipids were applied to the plates in 

quantities of 0.1-4 μg of pure glycosphingolipids, and 40 μg of glycosphingolipid mixtures. 

Chemical detection was performed with anisaldehyde. The synthetic galabiaosylceramide 

Galα(1-4)Galβ(1-1)Cer with d18:1-16:0-18:0 ceramide was a kind gift from Dr. Susann 

Teneberg (Gothenburg University, Sweden). 
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5 Results 

5.1 α-Gal A-deficient DCs spontaneously activate iNKT cells in vitro 

The majority of iNKT cells expand following exposure to CD1d-expressing APCs in the 

absence of exogenous antigen, and this appears to depend on the presentation of cellular 

antigens by CD1d (Bendelac, et al., 1995; Brossay, et al., 1998; Gumperz, et al., 2000). 

Invariant NKT cells from germ-free mice or human cord blood display a phenotype indicating 

prior activation (D'Andrea, et al., 2000; Park, et al., 2000; van Der Vliet, et al., 2000). Auto-

reactive responses can be revealed upon co-culture with DCs measuring [3H]-thymidine 

incorporation by proliferating iNKT cells. In contrast, DCs lacking CD1d molecules, 

glycosphingolipids (GSLs), or the β-subunit of lysosomal hexosaminidases A and B (Hex 

A/B), fail to stimulate self-reactive responses by iNKT cells. Moreover, CD1d-/- mice and 

hexosaminidase-deficient mice (Hexb-/- mice) lack iNKT cells (Stanic, et al., 2003; Zhou, et 

al., 2004).  

 

 

Figure16. Production and degradation of iGb3 in lysosomes. 

 

Therefore, lysosomal GSLs degraded by hexosaminidases A and B represent potential 

precursors for iNKT-cell self antigens. Among these catabolic GSL intermediates produced 

by the action of Hex A/B, isoglobotriaosylceramide (iGb3) is recognized by iNKT cells, but its 

presence in DCs remains controversial (Li, et al., 2009; Zhou, et al., 2004). Moreover, mice 

lacking iGb3 synthase do not show iNKT-cell deficits, indicating that iGb3 might not be 

required for the generation of iNKT cells in the thymus (Porubsky, et al., 2007).  
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Figure 17. DCs deficient for α-Gal A elicit iNKT-cell responses. 

a. DCs from wild-type (WT) or α-Gal A
-/-

 mice were pulsed with αGalCer (100 ng/ml) for 16 hr, extensively washed, and co-

cultured with liver iNKT cells or thymus iNKT cells from Vα14-Jα18 transgenic mice. Additionally, DCs were treated with CD1d-

blocking antibody (20 μg/ml), or isotype control (iso, 20 μg/ml) before addition of iNKT cells. Two days after stimulation, 

antigen-specific proliferation was determined by [
3
H]-thymidine incorporation as depicted by counts per minute (CPM). b. DCs 

from WT, α-Gal A
-/-

, or α-Gal A
-/-

/CD1d
-/-

 mice were pulsed with iGb3 (1 μg/ml), or α-GalCer (100 ng/ml) for 16 hr, extensively 

washed, and co-cultured with liver iNKT cells from Vα14-Jα18 transgenic mice. Three days after stimulation, cytokines released 

in the culture supernatants were measured by ELISA. c. DCs from WT or α-Gal A
-/-

 mice were pulsed with ovalbumin (100 

μg/ml) for 4 hr, extensively washed, and co-cultured with mesenteric lymph node CD8
+
 T cells from OT-1 mice. Three days 

after stimulation, IFN- released in the culture supernatants was quantified by ELISA. Graphs in a-c are representative of at 

least three independent experiments with similar results. Error bars represent mean ± SEM. 
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Nevertheless, the question as to how catabolic GSL antigen intermediates escape further 

degradation and thus become available for presentation to iNKT cells remains unsolved. 

Lysosomal α-galactosidase A (α-Gal A) is the enzyme downstream of Hex B that 

constitutively degrades α-galactosylated GSL intermediates produced by Hex B, including 

iGb3 (Fig. 16). Because α-Gal A potentially limits self GSL antigen availability, we 

anticipated that deficiency of α-Gal A could promote antigen accumulation and subsequent 

stimulation of iNKT cells. To address this issue, DCs generated from the bone marrow of 

wild-type or α-Gal A-/- mice were co-cultured with iNKT cells enriched from the liver or the 

thymus of Vα14-Jα18 transgenic mice. In parallel, DCs were pulsed with the potent iNKT-cell 

antigen αGalCer for 16 hr and extensively washed prior to co-culture with iNKT cells. In the 

absence of exogenous antigen, α-Gal A-deficient DCs stimulated strong auto-reactive 

responses by iNKT cells from both organs compared to wild-type DCs (Fig. 17a). Stimulation 

of iNKT cells by α-Gal A-deficient DCs was less potent than with αGalCer-pulsed DCs, but 

similarly depended on the presence of CD1d molecules for interactions with the TCR of iNKT 

cells, as antibody blocking of CD1d prevented the proliferation of iNKT cells. Therefore, 

recognition of self antigens presented by α-Gal A-deficient DCs was required. Invariant NKT 

cells exposed to αGalCer- or iGb3-pulsed DCs produce both IFN- and IL-4 in vitro and in 

vivo (Fujii, et al., 2002; Wei, et al., 2006). However, iNKT cells auto-reactively stimulated by 

DCs fail to activate iNKT cells to produce cytokines in the absence of exogenous antigen. 

Strong auto-reactive proliferation of iNKT cells measured upon co-culture with α-Gal A-

deficient DCs suggested that iNKT-cell effector functions might have been elicited as well. In 

sharp contrast to wild-type DCs, iNKT cells co-cultured with α-Gal A-deficient DCs produced 

both IFN- and IL-4 in the absence of exogenous antigen, and in the range of iNKT cells 

exposed to iGb3-pulsed DCs (Fig. 17b). CD1d presentation of constitutively expressed 

antigens by α-Gal A-deficient DCs was required, as α-Gal A-/-/CD1d-/- DCs failed to activate 

iNKT cells. Importantly, lack of α-Gal A did not impair the capacity of DCs to present 

exogenous iGb3 or αGalCer to iNKT cells, indicating intact lysosomal functions in lipid 

loading and presentation. Because α-Gal A deficiency could potentially disrupt catabolic 

pathways of protein-derived peptide generation as a consequence of GSL accumulation in 

lysosomes, we next evaluated the capacity of α-Gal A-/- DCs to generate functional MHC-I-

restricted CD8+ T-cell responses to the model antigen ovalbumin. For this purpose, wild-type 

DCs and α-Gal A-deficient DCs were pulsed with the entire ovalbumin protein for 4 hr and 

subsequently co-cultured with ovalbumin-specific CD8+ T cells enriched from the mesenteric 

lymph nodes of OT-I transgenic mice by positive selection of CD8+ cells. CD8+ OT-I T cells 

co-cultured with α-Gal A-deficient DCs showed similar production of IFN- compared to wild-

type DCs, indicating that lack of α-Gal A did not affect the capacity of DCs to cross-present 
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peptide antigens (Fig. 17c). In contrast to stimulation of iNKT cells, α-Gal A-deficient DCs 

did not elicit CD8+ OT-I T-cell responses in the absence of exogenous ovalbumin. Thus, α-

Gal A specifically functions in the pathway of lipid presentation to iNKT cells.  

 

 

 

Figure 18. DCs lacking α-Gal A activity stimulate iNKT cells. 

DCs from wild-type or α-Gal A
-/-

 mice were treated with DGJ (1 mM), or human recombinant α-Gal A (Replagal®, 

20 μg/ml). In parallel, DCs were pulsed with iGb3 (1 μg/ml) for 16 hr. After extensive washing, DCs were co-

cultured with iNKT cells enriched from the liver of Vα14-Jα18 transgenic mice. Additionally, DCs lacking CD1d 

expression (CD1d
-/-

), or DCs treated with CD1d-blocking antibody (20 μg/ml) prior to addition of T cells, were 

used as APCs. a. Two days after stimulation, antigen-specific proliferation was determined by [
3
H]-thymidine 

incorporation as depicted by counts per minute (CPM). b. Three days after stimulation, cytokines released in the 

culture supernatants were determined by ELISA. a-b. Shown is a representative experiment out of four 

performed with similar results. Error bars represent the mean ± SEM of triplicate cultures. 
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5.2 NKT-cell activation depends on α-Gal A enzymatic activity in DCs 

Since iNKT cells exposed to α-Gal A-deficient DCs demonstrated potent effector activity, we 

reasoned that enzymatic activity is required for preventing CD1d presentation of substrate 

GSL antigens under physiological conditions. To evaluate the influence of enzyme activity on 

iNKT-cell activation, we used a specific iminosugar inhibitor of α-Gal A, 1-

deoxygalactonojirimycin (DGJ), to block its activity in wild-type DCs. DGJ is a powerful 

competitive inhibitor of α-Gal A with a Ki value of 40 nM. Complementarily, we anticipated 

that treatment with recombinant α-Gal A could reduce excessive GSL antigen abundance, 

and thus prevent α-Gal A-deficient DCs from activating iNKT cells. Accordingly, DCs were 

treated either with recombinant α-Gal A or DGJ for 24 hr, extensively washed, and co-

cultured with iNKT cells enriched from the liver of Vα14-Jα18 transgenic mice by depletion of 

CD8+ cells and positive selection of CD5+ T cells to exclude NK cells. Wild-type DCs treated 

with DGJ stimulated iNKT cells to proliferate and release IFN- and IL-4 in a manner similar 

to α-Gal A-deficient DCs (Fig. 18). In contrast, α-Gal A-deficient DCs reconstituted with α-

Gal A failed to elicit iNKT-cell responses. Treatment of DCs with DGJ or recombinant α-Gal 

A did not affect cell viability or surface CD1d expression, as evidenced with CD1d-presented 

iGb3 inducing strong proliferation as well as cytokine production by iNKT cells. Hence, 

expression of enzymatically active α-Gal A is required for DCs to restrict the availability of 

GSLs with iNKT-cell stimulatory properties to concentrations insufficient to elicit iNKT-cell 

effector functions. 

 

5.3 Deficiency in α-Gal A activates iNKT cells in vivo 

Treatment of mice with iGb3- or αGalCer-pulsed DCs stimulates iNKT cells to produce IL-4 

and IFN-γ (Fujii, et al., 2002; Wei, et al., 2006). Activated iNKT cells identified with αGalCer-

loaded CD1d tetramers demonstrate induction of surface-expressed IL-2 receptor α chain 

(CD25), as well as increased expression of the early lymphocyte activation molecule CD69 

(Kinjo, et al., 2006). In addition, iNKT cells down-modulate TCR expression leading to an 

apparent decreased frequency within 24 hr of activation (Wilson, et al., 2003). Since α-Gal 

A-deficient DCs elicited auto-reactive activation of iNKT cells in vitro, we examined their 

capacity to stimulate iNKT cells in vivo. In analogy to memory T-lymphocytes, iNKT cells do 

not express the adhesion molecule L-selectin (CD62 Ligand) required for entering the cortex 

of secondary lymphoid tissues via high endothelial venules. Therefore, iNKT cells are mainly 

found in peripheral tissues and exhibit a pronounced tropism for the liver, where they 

represent up to 50% of liver-resident lymphocytes. 

b 

a 
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Figure 19. α-Gal A-deficient DCs activate iNKT cells in vivo. 

a. FACS dot plots show the gating strategy used to identify invariant NKT cells among liver MNCs with αGalCer-

loaded CD1d tetramers (Tet.), pan-TCRβ and B220 antibodies. b. Wild-type naive mice were i.v. injected with 

1x10
6
 DCs from wild-type mice, pulsed with iGb3 (1 μg/ml) for 16 hr as indicated. Alternatively, mice received 

1x10
6
 DCs from α-Gal A

-/-
, or α-Gal A

-/-
/CD1d

-/-
 mice. After 18 hr, liver MNCs were analyzed by FACS. The 

percentages of iNKT cells defined as α-GalCer-loaded CD1d tetramer
+
 TCRβ

+
 cells among B220

-
 lymphocytes 

are depicted in the dot plots. c. Surface expression of CD25 and CD69 by iNKT cells was analyzed upon transfer 

of DCs from α-Gal A
-/-

 mice (red line), α-Gal A
-/-

/CD1d
-/-

 mice (grey dashed line), or iGb3-pulsed DCs from WT 

mice (black line), as described in b. Shown is a representative experiment out of five performed with similar 

results (b, c). 
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Accordingly, adoptive transfer experiments with DCs were performed using the intravenous 

route, and iNKT-cell activation was evaluated in the liver of wild-type naive recipient mice 18 

hr after DC transfer. We identified iNKT cells as αGalCer-loaded CD1d tetramer+ TCRβ+ 

cells among non-B (B220-) lymphocytes, and determined activation by measuring the 

surface expression of CD25 and CD69 (Fig. 19a). Compared to wild-type DCs, both α-Gal 

A-deficient and iGb3-pulsed DCs induced a strong decrease in the frequency of iNKT cells 

due to TCR down-modulation reflecting activation (Fig. 19b). Moreover, remaining iNKT 

cells detected with αGalCer-loaded CD1d tetramers showed induction of CD25 and CD69 

molecules (Fig. 19c). In contrast, mice injected with DCs from α-Gal A-/-/CD1d-/- mice failed 

to activate iNKT cells (Fig. 19b, lower left panel; and Fig. 19c). Because α-Gal A-deficient 

DCs promoted iNKT-cell activation in an auto-reactive manner depending on CD1d and 

accumulated self GSL antigens, we expected that α-Gal A-/- mice could therefore represent a 

constitutively immunogenic environment for iNKT cells. In preliminary experiments, we first 

investigated whether iNKT-cell auto-reactive proliferation dependent on CD1d influences 

their homeostasis in vivo. To test this, iNKT cells were enriched from thymocytes isolated 

from Vα14-Jα18 transgenic mice by depletion of CD8+ cells, including single positive CD8+ 

as well as CD4+ CD8+ double positive cells that account for more than 90% of leukocytes in 

the thymus. These CD8- cells containing ~10% of iNKT cells were labeled with 

carboxyfluorescein diacetate succinimidyl ester (CFSE), and adoptively transferred to sub-

lethally irradiated wild-type or CD1d-/- recipient mice. After ten days, CFSE profiles of donor-

derived iNKT cells and co-transferred T cells, identified as αGalCer-loaded CD1d tetramer+ 

TCRβ+ cells, or tetramer- TCRβ+ cells among B220- lymphocytes, respectively, were 

analyzed by FACS (Fig. 20). CFSE is a fluorescent cell-permeant molecule that covalently 

binds to intracellular lysine residues and other amine sources in the cytoplasm. During each 

round of cell division, the relative fluorescence intensity of the dye is decreased by half. 

Each round of division can therefore be clearly identified as a separate population by 

measuring CFSE fluorescence by FACS. Ten days after transfer, donor-derived iNKT cells 

and co-transferred T cells divided three to four times irrespective of CD1d expression in the 

liver (Fig. 20). CD1d-/- recipient mice showed 10-20% increased proliferation of donor-

derived lymphocytes as a consequence of the lack of endogenous iNKT cells, and thus 

increased availability of homeostatic factors provided for transferred cells (Matsuda, et al., 

2002). In agreement with previous studies, we concluded that homeostasis of iNKT cells 

does not depend on TCR recognition of CD1d molecules. To investigate the impact of α-Gal 

A deficiency on iNKT-cell homeostasis, similar adoptive transfer experiments were 

performed using α-Gal A-/-, or α-Gal A-/-/CD1d-/- recipient mice. 
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In parallel, recipient mice were intraperitoneally (i.p.) injected with 2 µg of αGalCer for 

specific activation of iNKT cells. Nine days after transfer, donor-derived iNKT cells divided 

two to three times in the liver of CD1d-/- and α-Gal A-/-/CD1d-/- mice with an identical mean 

fluorescence intensity of CFSE (Fig. 21). In sharp contrast, the majority of transferred iNKT 

cells showed up to 50% increased proliferation in α-Gal A-/- mice with the majority of cells 

undergoing their fourth to seventh division (Fig. 21). As expected, treatment with αGalCer 

used as a positive control for antigen-specific expansion of iNKT cells induced the strongest 

proliferation of iNKT cells, with a majority of cells undergoing their fourth to seventh division. 

While co-transferred T cells showed comparable division profiles among recipient mice 

tested, irrespective of α-Gal A or CD1d expression, αGalCer-activation of iNKT cells 

substantially increased the expansion of co-transferred naive T cells (Fig. 21). Hence, 

deficiency of α-Gal A in mice triggers expansion of iNKT cells that depends on self antigens 

presented by CD1d molecules. Taken together, our results suggest that self GSLs are 

constitutively degraded by α-Gal A under normal conditions, but accumulate in the context of 

α-Gal A deficiency to stimulate iNKT cells. 

 

Figure 20. Homeostasis of iNKT cells does not depend upon CD1d expression. 

Thymocytes from Vα14-Jα18 transgenic mice were subjected to CD8 depletion, labeled with CFSE, and injected 

into the lateral tail vein of sub-lethally irradiated wild-type or CD1d
-/-

 mice. Nine days after adoptive transfer, 

MNCs were prepared from the liver of recipient mice, then analyzed by FACS. Histograms demonstrate the 

proliferation profiles of CFSE-labeled donor-derived iNKT cells or conventional T cells. Numbers on histograms 

indicate the mean fluorescence intensity of CFSE. Graphs are representative of at least three independent 

experiments with similar results. 
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Figure 21. Deficiency of α-Gal A promotes iNKT-cell expansion in vivo. 

Thymocytes from Vα14-Jα18 transgenic mice were subjected to CD8 depletion, labeled with CFSE, and injected 

into the lateral tail vein of sub-lethally irradiated CD1d
-/-

, α-Gal A
-/-

, or α-Gal A
-/-

/CD1d
-/-

 mice. In parallel, mice 

were i.p. injected with 2 μg of αGalCer as indicated. Nine days after adoptive transfer, iNKT cells prepared from 

the liver of recipient mice were analyzed by FACS as in Fig. 20a. Histograms demonstrate the proliferation 

profiles of CFSE-labeled transferred iNKT cells or conventional T cells. Numbers on histograms indicate the 

mean fluorescence intensity of CFSE. Graphs are representative of at least three independent experiments with 

similar results. 
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Figure 22. Specific loss of peripheral iNKT cells is a hallmark of α-Gal A
-/-

 mice. 

a. Dot plots show percentages of αGalCer-loaded CD1d-tetramer
+
 CD44

+
 iNKT cells among liver MNCs, 

splenocytes, and thymocytes from wild-type, α-Gal A
-/-

, and α-Gal A
-/-

/CD1d
-/-

 mice measured by FACS. b. 

Absolute counts of iNKT cells in the liver, spleen, and thymus of wild-type or α-Gal A
-/-

 mice. c. Dot plots show 

percentages of CD4
+
 T cells (upper left quadrants), CD8

+
 T cells (lower right quadrants) and CD4

+
 CD8

+
 (DP) T 

cells (upper right quadrants) in the liver, spleen, and thymus of wild-type, α-Gal A
-/-

 or α-Gal A
-/-

/CD1d
-/-

 mice 

measured by FACS. d. Absolute numbers of leukocytes, CD4
+
 T cells, CD8

+
 T cells, and DP T cells in the thymus 

of wild-type or α-Gal A
-/-

 mice. Results are representative of at least five independent experiments with similar 

results. Error bars depicted in graphs represent mean ± SEM. 
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5.4 Homeostasis of iNKT cells is impaired in α-Gal A-/- mice 

Since DCs deficient for α-Gal A proved to be potent APCs for activating iNKT cells in vitro 

and in vivo, and because adoptively transferred naive iNKT cells underwent strong 

proliferation in α-Gal A-/- recipient mice, we examined whether the endogenous pool of iNKT 

cells in α-Gal A-/- mice shows signs of overstimulation. For this purpose, we analyzed 

populations of iNKT cells in organs where they predominantly reside. While frequencies of 

iNKT cells in the thymus were similar to that of wild-type mice, severe deficits were seen in 

the spleen and the liver of α-Gal A-/- mice (Fig. 22a). Compared to wild-type animals, α-Gal 

A-/- mice showed two- to three-fold reductions of iNKT-cell percentages in the spleen, and 

three- to four-fold reductions in the liver (Fig. 22a). Additionally, absolute numbers of iNKT 

cells were reduced by half in α-Gal A-/- mice (Fig. 22b). While deficiency of α-Gal A did not 

affect CD8+ T cells, it led to minor reductions of CD4+ T-cell percentages in the spleen and 

the liver (Fig. 22c). This loss of CD4+ T cells was more pronounced in α-Gal A-/-/CD1d-/- mice 

and was due to the deficit of iNKT cells, as most of them express CD4 co-receptors and 

represent up to 50% of liver lymphocytes. Finally, α-Gal A deficiency did not affect CD4+, 

CD8+, as well as CD4+ CD8+ thymocytes, suggesting that T-cell maturation and selection in 

the thymus were not disturbed (Fig. 22c). Moreover, deficiency of α-Gal A did not influence 

NK cells and B cells (data not shown). Apparent reductions in thymic iNKT-cell absolute 

counts were not specific to this lineage, as absolute leukocyte numbers were similarly 

reduced in α-Gal A-/- mice (Fig. 22d). Consequently, absolute numbers of CD4+ T 

lymphocytes, CD8+ T lymphocytes, and DP thymocytes were also reduced, despite similar 

percentages compared to wild-type mice (Fig. 22d). Hence, α-Gal A deficiency leads to 

specific deficits of iNKT cells in peripheral organs. Following a first hypothesis, we 

considered that lysosomal storage of GSLs caused by α-Gal A deficiency could compromise 

DP cell functions in selecting iNKT-cell precursors (Coles and Raulet, 2000). Accordingly, 

production of iNKT cells in the thymus would be reduced, and the thymic output would not be 

sufficient to sustain the peripheral pool. According to an alternative hypothesis, we 

considered the possibility that loss of peripheral iNKT cells could be the consequence of 

activation-induced cell death due to chronic stimulation by antigens constitutively present in 

APCs. To test the first option, we evaluated the antigen-presenting capacity of DP cells 

purified from the thymus of α-Gal A-/- mice to activate liver iNKT cells in vitro. When pulsed 

with αGalCer, DP cells from α-Gal A-/- mice potently activated iNKT cells, as demonstrated 

by cytokines released in the culture supernatants (Fig. 23a). Moreover, DP cells from 

enzyme-deficient mice induced stronger production of IFN- by iNKT cells compared to that 

of wild-type mice.  
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Figure 23. Homeostasis of peripheral iNKT cells is impaired in α-Gal A
-/-

 mice. 

a. Thymocytes from α-Gal A
-/-

 or wild-type mice were pulsed for 16 hr with αGalCer (100 ng/ml) in 0.5% 

polysorbate 20 (vehicle), or vehicle alone and co-cultured with liver iNKT cells. After 72 hr, IFN- and IL-4 

released in the culture supernatants were determined by ELISA. b. Histograms show percentages of αGalCer-

loaded CD1d-tetramer
+
 TCRβ

+
 iNKT cells of the immature CD44

-
/NK1.1

-
, semi-mature CD44

+
/NK1.1

-
, or mature 

CD44
+
/NK1.1

+
 phenotype in the thymus of wild-type and α-Gal A

-/-
 mice. c. Wild-type and α-Gal A

-/-
 mice received 

BrdU (0.9 mg/ml) ad libitum in the drinking water. Five days later, mice were sacrificed and BrdU incorporation by 

immature, semi-mature, or mature thymic iNKT cells was analyzed after intracellular staining with an anti-BrdU 

antibody. In addition, liver and splenic αGalCer-loaded CD1d-tetramer
+
 TCRβ

+
 iNKT cells were analyzed for BrdU 

incorporation in wild-type and α-Gal A
-/-

 mice. d. Wild-type and α-Gal A
-/-

 mice were injected i.v. with the 

fluorescent poly-caspase substrate Flivo (+). After 45 min, mice were sacrificed and substrate fluorescence was 

measured in iNKT cells. Histograms demonstrate the percentages of tetramer
+
 TCRβ

+
 iNKT cells undergoing 

apoptosis. Results are representative of at least three independent experiments with similar results. Error bars 

depicted in graphs represent mean ± SEM. 
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However, they failed to stimulate iNKT cells in the absence of αGalCer. In contrast to our 

previous results obtained with DCs, α-Gal A might therefore not influence antigen 

presentation to iNKT cells in the thymus. Following an additional approach, we analyzed the 

rates of iNKT-cell generation in α-Gal A-/- mice by in vivo administration of 

Bromodeoxyuridine (5-bromo-2-deoxyuridine, BrdU) in the drinking water. BrdU is a 

synthetic nucleoside analogous to thymidine that is incorporated into the newly synthesized 

DNA of dividing cells. Accordingly, intracellular staining with an antibody against BrdU allows 

discrimination between proliferating and non-dividing cells. We used this method for flow 

cytometry to examine the expansion of developing iNKT cells in the thymus of α-Gal A-/- 

mice, including staining for stage-specific markers. In their most immature stage, iNKT cells 

express low surface levels of CD44 and do not express NK1.1 molecules. Semi-mature iNKT 

cells express high levels of CD44 but remain NK1.1-negative, whereas mature iNKT cells 

are positive for NK1.1. Analysis of thymic iNKT-cell populations at different maturation 

checkpoints in α-Gal A-/- mice did not reveal differences to wild-type mice, indicating that lack 

of α-Gal A activity has no impact on the maturation process of iNKT cells (Fig. 23b). 

Moreover, stage-specific BrdU incorporation by iNKT cells after five days of treatment was 

similar to wild-type mice with 50% of immature cells undergoing expansion, and more 

mature cells showing minor division (Fig. 23c). In contrast, BrdU incorporation by spleen- 

and liver-resident iNKT cells was severely reduced in α-Gal A-/- mice, with up to five times 

less cells undergoing homeostatic proliferation than in the liver of wild-type mice (Fig. 23c). 

To investigate our second hypothesis that iNKT cells might die through activation-induced 

cell-death upon α-Gal A deficiency, frequencies of apoptotic iNKT cells were analyzed in 

enzyme-deficient mice treated with a cell-permeant fluorescent substrate for caspases 

(Flivo) activated during the onset of apoptosis. One hour after substrate administration, mice 

were sacrificed, and fluorescence intensity in liver and thymus iNKT cells was measured by 

FACS. We observed that up to 14% of liver iNKT cells were apoptotic in α-Gal A-/- mice (Fig. 

23d). In contrast, thymic iNKT cells did only show a negligible level of apoptosis, similar to 

the extent of cell death in the liver and thymus of wild-type mice, or α-Gal A-/- mice prior to 

injection of Flivo. Taken together, our results demonstrate that deficiency of α-Gal A 

specifically impairs the survival and homeostasis of iNKT cells residing in peripheral organs. 

In conjunction with our adoptive transfer experiments, these observations suggest that iNKT 

cells recognizing self antigens produced upon α-Gal A deficiency are eliminated through 

activation-induced cell death. This could reflect a state of over-stimulation due to the 

constitutive production of self GSL antigens presented to iNKT cells through CD1d 

molecules.  
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Figure 24. Phenotypic and functional alterations of iNKT cells in α-Gal A
-/-

 mice. 

a. Mice were i.p. injected with 2 μg of αGalCer in PBS containing 0.5% polysorbate (PS) 20, or PBS-0.5% PS 20 

alone (vehicle). After 3 hr, mice were sacrificed, and liver MNCs were isolated and stained with αGalCer-loaded 

tetramers and TCRβ mAb. Cells were fixed and permeabilized prior to intracellular IFN- staining and analyzed 

by FACS. b. Serum concentrations of IFN- in wild-type and α-Gal A
-/-

 mice were determined by ELISA 16 hr 

following i.p. injection with αGalCer in vehicle, or vehicle alone. c. Dot plots show the percentages of liver, 

spleen, and thymus tetramer
+
 TCRβ

+
 iNKT cells expressing Ly49A, Ly49C/I, or Ly49G2 in wild-type and α-Gal A

-/-
 

mice. Numbers in dot plots represent percentages of positive iNKT cells in the respective quadrant. Results are 

representative of at least three independent experiments. Error bars depicted in graphs represent mean values ± 

SEM. Three mice were used per group. 
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5.5 Deficiency of α-Gal A induces iNKT-cell tolerance 

In mice, chronic administration of αGalCer results in a long term depletion of peripheral iNKT 

cells by apoptosis, and residual iNKT cells show compromised effector functions (Hayakawa, 

et al., 2004; Parekh, et al., 2005). In contrast, thymic iNKT cells do neither disappear from 

the thymus, nor do they die through apoptosis. Instead, they adapt to antigen stimulation by 

actively shaping the repertoire of innate receptors for self MHC-I molecules that antagonize 

activating signals mediated through the TCR signaling complex. These receptors that belong 

to the family of lectin-related Ly49 molecules are subsequently highly expressed by 

peripheral iNKT cells generated from antigen-exposed thymic precursors. Consequently, 

peripheral Ly49+ iNKT cells do not produce cytokines upon antigen challenge (Parekh, et al., 

2005). Consistent with these findings and our previous results, we examined whether 

residual iNKT cells could display signs of tolerance in α-Gal A-/- mice. For this purpose, we 

analyzed the responses of iNKT cells upon stimulation with αGalCer in vivo. Intravenous 

administration of αGalCer to wild-type mice activated liver iNKT cells within 3 hr, as 

demonstrated by TCR down-regulation and robust intracellular expression of IFN- (Fig. 

24a). In contrast, IFN- production by iNKT cells was severely impaired in α-Gal A-deficient 

mice challenged with αGalCer (Fig. 24a). This was not due to a failure of recognizing 

αGalCer, as iNKT cells effectively responded by down-regulating their TCR expression (Fig. 

24a). To exclude the possibility that iNKT cells might have responded with delayed kinetics 

in α-Gal A-/- mice, serum IFN- concentrations were measured 16 hr after αGalCer 

challenge. Accordingly, wild-type mice showed robust increase in serum IFN- with 

concentrations of 15 ng/ml. In contrast, αGalCer-challenged enzyme-deficient mice 

produced <3 ng/ml of IFN- (Fig. 24b). Hence, α-Gal A deficiency not only compromised the 

homeostasis, but also the effector functions of iNKT cells. Since iNKT cells presented 

features reminiscent of cells chronically exposed to αGalCer, we analyzed the repertoire of 

inhibitory Ly49A, Ly49C/I, and Ly49G2 receptors expressed by iNKT cells in α-Gal A-/- mice. 

Compared to wild-type mice, a three-fold increase of the subset of Ly49C/I+ iNKT cells could 

be demonstrated in the spleen and liver (Fig. 24c). However, iNKT cells did not show major 

variations in Ly49A and Ly49G2 expression, and the repertoire of Ly49 receptors expressed 

by thymic iNKT cells was not altered in α-Gal A-/- mice (Fig. 24c). Remarkably, most thymic 

iNKT cells expressed Ly49C/I receptors in contrast to peripheral iNKT cells. Since the 

majority of thymocytes expresses CD1d, it is tempting to postulate that high expression of 

Ly49C/I is required to dampen reactivity of maturing iNKT cells to self antigens that could 

otherwise lead to autoimmune responses.  
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Figure 25. DCs deficient for α-Gal A amplify the antimicrobial response by iNKT cells. 

DCs from wild-type, MyD88
-/-

, α-Gal A
-/-

,
 
or α-Gal A

-/-
/CD1d

-/-
 mice were incubated with (a) heat-killed Listeria 

monocytogenes (MOI 2), (b) LPS (1 μg/ml), CpG ODN (2 μg/ml), or left untreated for 16 hr, washed and co-

cultured with liver iNKT cells. After 72 hr, cytokines released in the culture supernatants were quantified by 

ELISA. c, d. Wild-type or α-Gal A-deficient DCs were treated with LPS (1 μg/ml), or CpG ODN (2 μg/ml) for 16 hr, 

washed and co-cultured with liver iNKT cells in the presence 500 ng/ml of an IL-12-blocking antibody (Left). 

Alternatively, DCs were treated with NB-DGJ (50 μM) for 24 hr, or bafilomycin A1 (50 μM) for 1 hr, prior to LPS 

stimulation and iNKT-cell co-culture experiments (Right). After 72 hr, IFN- produced was quantified by ELISA. 

Results are representative of at least three independent experiments. Error bars depicted in graphs represent 

mean values ± SEM. 
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Conversely, weak expression of Ly49C/I by peripheral iNKT cells might reflect a low 

abundance of cells capable of presenting self antigens through CD1d. Ultimately, this 

mechanism could render peripheral iNKT cells more sensitive to stimulation with self 

antigens. Taken together, our results strongly suggest that α-Gal A deficiency induces iNKT 

cell-tolerance in the face of chronic exposure to self antigens. 

 

5.6 TLR engagement of DCs stimulates iNKT-cell responses 

Next, we examined the capacity of DCs to induce auto-reactive responses by iNKT cells in 

the pathophysiological context of infection. Mice infected with the Gram-negative, LPS-

positive bacterium Salmonella typhimurium rapidly develop microbicidal pro-inflammatory 

responses by iNKT cells recognizing self antigens in the presence of IL-12 (Brigl, et al., 

2003). Similarly, production of protective IFN- by activated iNKT cells highly depends on IL-

12 availability in the mouse model of infection with Listeria monocytogenes (L.m.). The 

relevance of self antigens in this model has not been investigated yet (Arrunategui-Correa 

and Kim, 2004; Emoto, et al., 2008). To address this question, we used a co-culture system 

combining liver iNKT cells and DCs that were exposed to L.m. Heat-killed bacteria were 

used to determine whether microbe recognition by DCs is sufficient to induce iNKT-cell 

activation. L.m.-sensitized DCs activated iNKT cells to produce IFN- and scant amounts of 

IL-4 (Fig. 25a). Concentrations of cytokines released in the culture supernatants were similar 

to iNKT cells stimulated with unsensitized DCs lacking α-Gal A. In contrast, L.m.-exposed 

DCs lacking the adaptor molecule MyD88, a signaling molecule downstream of most TLRs, 

failed to stimulate iNKT cells (Fig. 25a). Therefore, iNKT-cell activation by DCs depended on 

TLR agonists expressed by L.m. rather than L.m.-produced antigens presented in the 

context of CD1d. Remarkably, α-Gal A-deficient DCs exposed to L.m. further amplified the 

basal production of IFN- by iNKT cells (Fig. 25a). Moreover, CD1d expression was strictly 

required, as shown with enzyme-deficient DCs lacking CD1d that failed to activate iNKT cells 

(Fig. 25a). Hence, IFN-γ production by iNKT cells depended on both self antigens presented 

through CD1d and MyD88 signaling in DCs. To corroborate the requirement for TLR 

engagement of DCs in activating iNKT cells, similar experiments were performed using 

bacterial LPS-exposed DCs, or DCs stimulated with bacterial DNA containing unmethylated 

CG dinucleotides (CpG ODN). LPS is the ligand for surface-expressed TLR4, whereas CpG 

ODNs are specifically recognized by endosomal TLR9. In agreement with previous studies, 

LPS- and CpG ODN-sensitized DCs stimulated iNKT cells to produce high amounts of IFN- 

but only weak amounts of IL-4 (Fig. 25b) (Paget, et al., 2007; Salio, et al., 2007).  
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Similar to our previous experiments with L.m.-exposed DCs, IFN- production by iNKT cells 

depended on both MyD88 and CD1d, and was strongly amplified in the context of α-Gal A 

deficiency upon TLR engagement of DCs (Fig. 25b). Upon agonist ligation, TLR4 and TLR9 

recruit the cytosolic adaptor molecule MyD88 that initiates signaling cascades leading to the 

transcription of pro-inflammatory genes in the nucleus, including IL-12 (Hemmi, et al., 2003; 

Scanga, et al., 2002).  Hence, we reasoned that increased activation of iNKT cells shown 

with α-Gal A-deficient DCs reflects the contribution of soluble factors produced by DCs 

exposed to innate stimuli. Accordingly, antibody-mediated blocking of IL-12 in co-cultures 

combining LPS-stimulated DCs and iNKT cells reduced the amount of IFN- produced by 

iNKT cells (Fig. 25c, left). Moreover, blocking IL-12 availability for iNKT cells in co-cultures 

with untreated α-Gal A-deficient DCs significantly reduced basal activation, as indicated by 

diminished production of IFN- (Fig. 25c, left). These results demonstrate that activation of 

iNKT cells by self antigens is amplified by IL-12 produced by microbe-exposed DCs. 

Moreover, because iNKT-cell activation upon α-Gal A deficiency partially depended on IL-12 

in the absence of infectious stimuli, it is tempting to speculate that strong auto-reactive 

activation of iNKT cells by self antigens can mimic infection or external insults, ultimately 

leading to production of IL-12 and amplification of iNKT-cell responses in a DC-autonomous 

manner. Finally, we examined the importance of de novo synthesis of GSLs in TLR-

stimulated DCs for iNKT-cell activation. For this purpose, DCs were treated with N-

butyldeoxygalactonojirimycin (NB-DGJ), a specific inhibitor of GSL biosynthesis, exposed to 

LPS, and co-cultured with liver iNKT cells for three days. NB-DGJ treatment only mildly 

reduced the capacity of LPS-stimulated DCs to activate iNKT cells, whereas it had no effect 

on α-Gal A-deficient DCs (Fig. 25d). In contrast, treatment of DCs with bafilomycin A1, an 

inhibitor of endo-lysosomal acidification, completely abolished iNKT-cell responses. Thus, 

catabolic rather than metabolic functions in the GSL pathway were required by DCs to 

activate iNKT cells (Fig. 25d). Taken together, our results demonstrate an important function 

of TLRs in promoting CD1d-presentation of lysosomal self GSL antigens to iNKT cells. 

 

5.7 Infection inhibits α-Gal A activity downstream of TLRs in DCs 

TLR engagement and α-Gal A deficiency promoting auto-reactive iNKT-cell activation 

suggested that they might function in concert within DCs. Accordingly, we hypothesized that 

TLR signaling could negatively regulate α-Gal A activity as a physiological mechanism to 

induce self antigens in infection. To examine whether TLR signaling influences α-Gal A 

activity, DCs were exposed to heat-killed L.m. or cultured in the presence of TLR agonists, 

and subsequently the activity of α-Gal A was specifically measured in DC lysates at different 
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time points, using the fluorescent substrate 4-methylumbelliferyl-α-D-galactopyranoside. 

Accordingly, exposure to heat-killed L.m. induced a time-dependent diminution of α-Gal A 

activity in DCs with a maximum of 50% of inhibition reached already 2 hr after challenge, 

and maintained for at least 20 hr (Fig. 26, left). In contrast, negative regulation of α-Gal A 

activity was compromised in L.m.-exposed DCs deficient for MyD88 (Fig. 26, left). To further 

delineate the TLR-adaptor molecule requirements, DCs were exposed to bacterial LPS 

inducing MyD88- and TRIF-dependent signaling cascades upon binding of TLR-4, or to a 

synthetic analogue of viral double-stranded RNA (poly I:C) inducing the TRIF-restricted 

signaling cascade upon binding to TLR-3. While LPS triggered a similar but more transient 

reduction in α-Gal A activity compared to L.m.-exposed DCs, poly I:C was inactive (Fig. 26, 

middle and right). Taken together, these results indicate that α-Gal A activity is a target for 

negative regulation by TLR-MyD88 signaling in DCs. 

 

 

 

 

 

 

 

Figure 26. Innate stimuli relayed by TLRs through MyD88 inhibit α-Gal A activity in DCs. 

Wild-type or MyD88
-/-

 DCs were incubated with heat-killed Listeria monocytogenes (MOI 2), or exposed to LPS 

(1μg/ml), or polyI:C (10 μg/ml), for the indicated period of time (in hr). After extensive washing, DC pellets were 

disrupted by freeze-thaw cycles, and α-Gal A activity was measured in the lysates using a fluorogenic substrate 

specific for α-Gal A. Data represent the mean ± SEM of three independent experiments performed in triplicates. 
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Figure 27. α-Gal A is a central regulator of TLR-induced GSL accumulation. 

a. DCs from wild-type or α-Gal A
-/-

 mice were incubated with Alexa 488-coupled STxB (5 µg/ml) for 30 min at 

37°C, washed, and analyzed by flow cytometry. b. DCs from wild-type or MyD88
-/-

 mice were incubated with 

Alexa 488-coupled STxB (5 µg/ml) for 30 min, then LPS (1μg/ml), poly I:C (10 μg/ml), CpG ODN (2 μg/ml), or 

beads (10:1 ratio) were added for 12 hr. In parallel, DCs were treated with bafilomycin A1 (1μM) for 1 hr prior to 

incubation with STxB. After extensive washing, DCs were analyzed by flow cytometry. Histograms represent 

STxB fluorescence measured in untreated or treated CD11c
+
 DCs. Shown is a representative experiment out of 

three performed with similar results. 

 

5.8 α-Gal A is a central regulator of TLR-induced GSL accumulation 

Intralysosomal storage of globotriaosylceramide (Gb3) and galabiaosylceramide (Gal2Cer) 

occurs upon deficit of α-Gal A activity in mice and human Fabry disease(Ohshima, et al., 

1997). To test whether TLR-mediated inhibition of α-Gal A activity has a direct impact on 

lysosomal GSL substrate availability in DCs, we measured the abundance of Gb3 in TLR-

stimulated DCs using fluorochrome-conjugated recombinant Shiga toxin B-subunit (STxB). 

Of note, Gb3 is the cellular receptor for STxB, and is normally exploited by Shiga toxin to 

enter target cells via endocytosis to ultimately promote host cell death through apoptosis 
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(Jacewicz, et al., 1986). Using this method, Gb3 abundance could be measured in wild-type 

DCs (Fig. 27a) (Adotevi, et al., 2007; Haicheur, et al., 2000). Considering the role of α-Gal A 

in Gb3 degradation, α-Gal A-deficient DCs displayed strong binding of STxB, thus revealing 

intracellular accumulation of Gb3 (Fig. 27a). When DCs were exposed to LPS or CpG 

ODNs, we found that Gb3 availability was increased within 12 hours following stimulation 

(Fig. 27b). Expression of MyD88 downstream of TLR-4 and TLR-9 was critically required for 

increasing the cellular Gb3 content, as STxB-staining of MyD88-deficient DCs stimulated 

with LPS or CpG ODN did not show increased Gb3 abundance (Fig. 27b). In contrast, TLR-

3 engagement by DCs failed to induce robust up-regulation of Gb3 due to the strict 

independence of TLR3 on MyD88 for signaling (Fig. 27b). Moreover, because bead uptake 

by DCs did not modify the intracellular availability of Gb3, endocytosis of exogenous 

material, including TLR agonists used in this experiment, did not influence α-Gal A activity 

(Fig. 27b). As expected from the intracellular localization of α-Gal A, Gb3 regulation 

occurred at the acidic pH of lysosomes as demonstrated by bafilomycin-treated DCs that 

failed to bind STxB upon inhibition of lysosomal acidification through H+-ATPase block (Fig. 

27b). Taken together, our results demonstrate that TLR-MyD88 signaling up-regulates the 

production of self GSLs by inhibiting the activity of α-Gal A in DCs. 

 

5.9 Invariant NKT cells react with TLR-inducible galabiaosylceramide 

In lysosomes, α-Gal A functions to remove the terminal α-branched galactose residues 

contained in the oligosaccharide headgroup of globotriaosylceramide (Gb3), 

galabiaosylceramide (Gal2Cer), and isoglogobtriaosylceramide (iGb3). Intralysosomal 

accumulation of Gb3 and Gal2Cer can be detected using separation methods, such as thin 

layer chromatography. In one study, iGb3 detection has only been achieved in the dorsal 

root ganglions of mice, where it represents less than 1% compared to Gb3 (Speak, et al., 

2007). More recently, the presence of iGb3 has been shown in mouse DCs using highly 

sensitive mass spectrometry techniques (Li, et al., 2009). Importantly, iGb3 has been 

described as an iNKT-cell antigen (Zhou, et al., 2004). Based on our data showing Gb3 

accumulation upon α-Gal A inhibition, we intended to compare the amounts of Gal2Cer 

present in wild-type DCs and α-Gal A-deficient DCs. Moreover, we examined whether 

Gal2Cer cellular amounts vary after TLR stimulation with LPS, or pharmacological inhibition 

of α-Gal A activity in DCs. Analysis of the GSL content of DCs was performed using thin 

layer chromatography (TLC) using synthetic GSL standards and Gal2Cer.  
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Figure 28. Galabiaosylceramide is induced upon α-Gal A inhibition by TLRs to activate iNKT cells. 

a. DCs were treated with DGJ (1 mM) for 24 hr, or LPS (1μg/ml) for 16 hr. After extensive washing, DCs were 

lysed, and the GSL content was analyzed by TLC. SM: Sphingomyelin, LacCer: Lactosylceramide, Gal2Cer: 

Galabiaosylceramide. b. Structure of GSLs degraded by α-Gal A and accumulated in α-Gal A
-/-

 mice. c. DCs 

were pulsed with 1 µg/ml (+), or 10 µg/ml (++) of Gb3, Gal2Cer, iGb3, or αGalCer, washed and cultured with liver 

NKT cells from Vα14-transgenic mice, or Jα18
-/-

 mice lacking iNKT cells (white bars). After two days, proliferation 

was measured by [
3
H]-thymidine incorporation (left). In addition, cytokines released in the culture supernatants 

were determined after 3 days (right). Shown is a representative experiment out of three performed. Error bars 

represent mean ± SEM. 
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As shown in Fig. 28a, while Gal2Cer could not be detected in wild-type DCs, its abundance 

was increased in α-Gal A-deficient DCs. However, overnight treatment with DGJ or LPS 

strongly up-regulated Gal2Cer, suggesting that TLR or drug-mediated lysosomal inhibition of 

α-Gal A was sufficient to induce Gal2Cer in DCs. Next, we examined whether liver iNKT cells 

can be activated upon co-culture with DCs pulsed with Gb3, Gal2Cer, or iGb3 (Fig. 28b). For 

this purpose, liver MNCs from Vα14-Jα18 transgenic, or Jα18-/- mice specifically lacking 

iNKT cells were used as responders. Accordingly, Gal2Cer-pulsed DCs induced the 

proliferation of iNKT cells in a dose-dependent manner and in the same range than iGb3-

pulsed DCs (Fig. 28c). In agreement with previous studies, Gb3-pulsed DCs failed to induce 

iNKT-cell proliferation (Zhou, et al., 2004). However, analysis of cytokines produced by iNKT 

cells shown in Fig. 28c revealed that in contrast to iGb3, Gal2Cer failed to stimulate the 

production of IFN- by iNKT cells. Since α-Gal A-deficient DCs accumulating Gal2Cer 

strongly promoted the production of IFN- by iNKT cells, we expected that exogenous 

administration of the GSL to wild-type DCs would lead to the release of similar cytokine 

amounts by iNKT cells. Because synthetic Gal2Cer used in our experiments contains a 

shorter fatty acid chain length than synthetic iGb3, it is conceivable that it might not fit the 

specifications required for adequate loading into the lipid groove of CD1d molecules. 

Moreover, most mammalian GSLs, including natural iGb3, contain fatty acid chains with 

generally more than 22 carbon atoms (Fig. 28b). Hence, longer versions of natural Gal2Cer 

purified from mouse DCs might therefore show increased antigenicity compared to synthetic 

Gal2Cer in order to stimulate the production of IFN- by iNKT cells. Nevertheless, Gal2Cer-

pulsed DCs stimulated the production of IL-4 by iNKT cells, although pulsing concentrations 

required were ten-fold higher compared to iGb3 (Fig. 28c, right). These features are 

reminiscent of OCH, a tail-truncated version of αGalCer that biases iNKT cells towards IL-4 

production. Importantly, only liver MNCs comprising iNKT cells responded to Gal2Cer-pulsed 

DCs (Fig. 28c). Thus, in contrast to iGb3 whose presence in APCs is barely detectable, 

Gal2Cer can be considered as a predominant TLR-inducible self GSL antigen for iNKT cells.   
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6 Discussion 

The reason why iNKT cells have been extensively studied over the last decade is that they 

have the unique capacity to rapidly secrete copious amounts of IFN- and IL-4 following 

activation with αGalCer. Notably, IFN- is a pro-inflammatory cytokine crucial in immunity 

against viruses, intracellular bacteria, and tumors (Brigl, et al., 2003; Cui, et al., 1997; 

Ilyinskii, et al., 2006). IFN- promotes the development of TH1 responses, as well as the 

activation of microbicidal mechanisms in macrophages, and anti-tumor activity of NK cells. In 

contrast, IL-4 promotes TH2 responses, supports B cell functions and has strong effects in 

allergic reactions (Galli, et al., 2003; Lisbonne, et al., 2003). In mice, generation of iNKT cells 

in the thymus depends on successful interactions between their TCR and CD1d molecules 

loaded with self GSL antigens (Zhou, et al., 2004). In contrast, the fate of iNKT cells residing 

in peripheral organs does not depend on CD1d (Matsuda, et al., 2002). However, activation 

of iNKT cells in infection requires CD1d, and in the majority of cases, TCR recognition of 

CD1d-presented self antigens (Brigl, et al., 2003). Demonstration of iNKT cells reacting with 

the endogenous GSL antigen iGb3 produced in the lysosomes of DCs led us to search for 

mechanisms avoiding permanent activation of iNKT cells (Zhou, et al., 2004). Here, we 

found that lysosomal activity of α-Gal A was pivotal for constitutive degradation of self GSL 

antigens in DCs, thereby preventing permanent activation of iNKT cells under normal 

conditions. Conversely, α-Gal A activity in DCs was subjected to negative regulation by TLR-

MyD88-induced signaling in the pathophysiological condition of infection. Consequently, self 

antigen abundance was increased in lysosomes to levels sufficient for CD1d loading and 

subsequent activation of iNKT cells. In the following, the implications of our findings with 

regard to the current understanding of the biology of iNKT cells are discussed. 

 

6.1 Lysosomal α-Gal A deficiency in DCs promotes iNKT-cell activation 

The concept that iNKT cells react with cellular GSLs originates from an early report wherein 

CD1d-expressing APCs that could not produce β-glucosylceramide (βGlcCer) failed to 

promote iNKT-cell auto-reactivity (Stanic, et al., 2003). GSLs are found in the cell 

membranes of organisms ranging from bacteria to man, and structurally resemble αGalCer 

(Hakomori, 2008). However, the ceramide backbone is branched to the proximal sugar in a 

β-anomeric configuration in mammals, and βGalCer does not stimulate iNKT cells (Stanic, et 

al., 2003). Among several mouse strains deficient for enzymes involved in the metabolism of 

GSLs, Zhou and coworkers observed that deficit of lysosomal β-hexosaminidases A and B in 

Hexb-/- mice abrogated the generation of iNKT cells (Zhou, et al., 2004). This deficit was 
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expected to result from the lack of self antigen production required for selecting iNKT-cell 

precursors in the thymus. By testing the potential antigenicity of several GSL species 

produced upon the action of hexosaminidases, solely iGb3 induced activation of iNKT cells 

(Zhou, et al., 2004). Moreover, DCs from Hexb-/- mice failed to elicit iNKT-cell responses 

upon infection with Salmonella, a bacterium against which iNKT cells respond in the 

exclusive context of self antigen recognition (Mattner, et al., 2005). Hence, iGb3 could be an 

important physiological ligand supporting iNKT-cell development as well as iNKT-cell 

functions under pathophysiological conditions. In the meantime, these findings left open the 

critical question as to how iGb3 availability could be regulated under normal conditions, in 

order to prevent potentially harmful permanent activation of iNKT cells. 

In addition to the function of hexosaminidase B (Hex B) to generate iGb3 by removing the 

terminal N-acetyl-galactosamine (GalNac) residue of iGb4, early reports identified critical 

antigen processing functions of lysosomal α-Gal A in DCs that permitted the presentation of 

exogenous GSL antigens to iNKT cells. Accordingly, α-Gal A removed the terminal 

galactose residue in CD1d-bound galactosyl-αGalCer, a synthetic precursor of αGalCer, to 

permit its recognition by iNKT cells (Prigozy, et al., 2001).  

However, α-Gal A primarily functions to degrade cellular GSLs in lysosomes, especially Gb3, 

by removing its terminal α(1→4)-branched galactose residue to produce lactosylceramide 

(LacCer). Interestingly, α-Gal A showed a broader substrate specificity than previously 

expected, as it also removed terminal α(1→2)- and α(1→3)-linked galactose residues 

contained in various synthetic GSLs (Prigozy, et al., 2001). Therefore, we reasoned that 

iGb3 containing a terminal α(1→3)-branched galactose residue could represent a 

physiological substrate for α-Gal A. Consequently, we hypothesized that constitutive 

degradation of iGb3 to LacCer could represent a mechanism in DCs to prevent its availability 

for CD1d presentation to iNKT cells under normal conditions. Conversely, abrogation of α-

Gal A activity in DCs might allow iGb3 accumulation in amounts sufficient for loading of 

CD1d molecules and subsequent activation of iNKT cells (Fig. 16). 

We first addressed this hypothesis in co-culture experiments combining freshly isolated liver 

iNKT cells and DCs generated from the bone marrow of α-Gal A-/- mice. By measuring 

cytokine production as well as proliferation, we could demonstrate that iNKT cells underwent 

spontaneous activation and expansion stimulated by α-Gal A-deficient DCs in contrast to 

wild-type DCs. T-cell responses were comparable to that of iNKT cells exposed to iGb3-

pulsed DCs. Moreover, α-Gal A-/- DCs lacking CD1d molecules failed to induce the 

production of cytokines and proliferation by lymphocytes, showing that iNKT cells and CD1d-

presented self antigens were strictly required. Finally, treatment of enzyme-deficient DCs 

with recombinant α-Gal A prevented auto-reactive activation of iNKT cells, demonstrating 
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that α-Gal A expression was critically required to control the responses of iNKT cells towards 

self antigens.  

Importantly, α-Gal A deficiency did not affect general antigen-presenting functions of DCs, 

as the latter successfully processed ovalbumin, and presented peptide derivatives to 

antigen-specific T cells. Likewise, they efficiently presented exogenous αGalCer or iGb3 to 

iNKT cells. Hence, α-Gal A was strictly involved in the pathway of self GSL antigen 

presentation to iNKT cells.  

In agreement with previous reports, wild-type DCs failed to elicit responses by iNKT cells, 

suggesting that their activity of α-Gal A was sufficient to prevent the occurrence of iGb3. 

However, when α-Gal A enzymatic activity was blocked with the selective inhibitor DGJ, 

iNKT cells showed activation with a magnitude similar to α-Gal A-deficient DCs. Hence, 

modification of the rate-limiting activity of α-Gal A in DCs might constitute a physiological 

mechanism to allow self antigen recognition by iNKT cells.  

The impact of α-Gal A deficiency in DCs on iNKT cells was next evaluated in vivo. 

Accordingly, mice treated with α-Gal A-deficient DCs showed strong reductions in the 

percentage of liver iNKT cells, a typical sign of activation obtained upon recognition of 

αGalCer or iGb3. Moreover, remaining iNKT cells detectable with αGalCer-loaded CD1d-

tetramers demonstrated increased expression of the IL-2 receptor α chain and the early 

activation marker CD69, commonly up-regulated following activation. These phenotypic 

changes were not observed upon treatment with WT DCs or DCs lacking both α-Gal A and 

CD1d expression, stringently showing that loss of α-Gal A activity was necessary for DCs to 

present self antigens with iNKT-cell stimulatory properties. Furthermore, these results 

indicated that constitutive α-Gal A enzymatic activity levels in WT DCs are sufficient to limit 

the availability of iGb3 and/or additional self antigens for CD1d presentation, thereby 

preventing permanent activation of iNKT cells. Taken together, our results demonstrate that 

auto-reactive activation of iNKT cells occurs upon loss of α-Gal A activity in DCs. 

 

6.2 Expansion of iNKT cells in α-Gal A-deficient hosts 

Like for conventional T lymphocytes, the development of iNKT cells critically depends on 

TCR interactions with antigen-presenting molecules expressed in the thymus. Accordingly, 

the variable TCR rearrangement of mainstream T cells must be capable of binding to MHC 

molecules expressed by cortical epithelial cells for selection and survival, whereas the TCR 

of iNKT cells must recognize CD1d expressed by DP thymocytes (Coles and Raulet, 2000). 

In contrast to conventional T cells that are eliminated following recognition of self peptides 

with high affinity, evidence suggests that recognition of self GSLs associated with CD1d is 
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required for generating iNKT cells (Zhou, et al., 2004). Consequently, iNKT cells residing in 

peripheral organs display phenotypical traits of antigen-experienced effector/memory T cells, 

and do not require TCR interactions with CD1d for survival and homeostatic expansion 

(Gumperz, et al., 2000; Matsuda, et al., 2002).  

However, the pool of peripheral iNKT cells is strictly maintained by IL-15 and IL-7, for which 

iNKT cells compete with NK cells and CD8+ memory T cells (Matsuda, et al., 2002). In 

agreement with these findings, we found that iNKT cells displayed similar basal proliferation 

upon adoptive transfer in wild-type and CD1d-/- mice. Therefore, homeostasis of iNKT cells 

does not depend on CD1d and putative self antigens under normal conditions. However, 

both CD1d and self lipid antigens are required for iNKT-cell activation in infection (Mattner, 

et al., 2005). Because iNKT cells stimulated by α-Gal A-/- DCs underwent activation that 

strictly depended on CD1d, we proposed that self antigens constitutively produced in α-Gal 

A-/- hosts might promote permanent auto-reactive activation of iNKT cells. We addressed this 

issue using a similar adoptive transfer strategy, and found that in contrast to wild-type, 

CD1d-/- and α-Gal A-/-/CD1d-/- recipient mice, iNKT cells from naive donor hosts showed 

robust auto-reactive expansion upon transfer to mice deficient for α-Gal A.  

Taken together, these experiments allowed us to demonstrate that iNKT cells reacted with 

self antigens that were induced in the context of α-Gal A deficiency and presented through 

CD1d in vivo. Notably, these findings provide the first evidence that self antigen recognition 

is sufficient to elicit responses by iNKT cells in vivo.    

 

6.3 Deficiency of α-Gal A induces peripheral iNKT-cell tolerance  

In humans, deficient activity of α-Gal A causes Fabry disease, an X-linked storage disorder 

resulting in the intralysosomal accumulation of the GSLs Gb3 and Gal2Cer (Aerts, et al., 

2008; Brady, et al., 1967). Major clinical manifestations include chronic paresthesia of the 

extremities, corneal dystrophy, angiokeratoma, and occlusive vascular disease of the heart, 

kidney, and brain, leading to premature mortality. Fabry disease is part of a group of 

diseases termed lysosomal storage diseases (LSDs) comprising more than 40 genetically 

inherited diseases that result in functional defects of at least one of the proteins essential for 

degrading cellular macromolecules including nucleic acids, proteins, lipids, and especially 

glycolipids. Recent reports suggest that LSDs cause immune system irregularities due to 

compromised lysosomal functions in antigen processing and presentation, as well as 

phagocytosis (Castaneda, et al., 2008).  

Various murine models of LSDs involving deficiencies of lysosomal GSL-hydrolyzing 

enzymes or their cofactors were recently reported to show selective defects of iNKT cell 
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functions and/or development irrespective of the species of GSL stored (Gadola, et al., 2006; 

Schumann, et al., 2007). These studies included knock-out mouse models of Tay-Sachs 

disease in which hexosaminidase A is lacking (Hex A-/- mice), Sandhoff disease in which the 

β subunit of β-hexosaminidase A and β-hexosaminidase B is missing (Hexb-/- mice), and 

GM1 gangliosidosis in which β-galactosidase is deficient. Tay-Sachs patients and Hex A-/- 

mice accumulate disialotetraosylganglioside (GM2) and asialoGM2 (GA2) (Platt, et al., 

2003). Sandhoff patients and Hexb-/- mice accumulate GM2, GA2, and 

globotetraosylceramide (Gb4) (Sandhoff and Christomanou, 1979). Finally, patients suffering 

from GM1 gangliosidosis and β-Gal-/- mice accumulate monosialotetraosylganglioside 

(GM1), and asialoGM1 (GA1) (Neufeld, 1991). The pathways through which major classes of 

GSLs are degraded are depicted in Fig. 29. Since defects of iNKT cells were shown among 

all these LSD mice, irrespective of the lipid species involved, it has been proposed that GSL 

storage could exert a non-specific negative effect on thymic selection of iNKT-cell precursors 

by competing with self antigens for CD1d binding (Gadola, et al., 2006). Analysis of α-Gal A-

/- mice revealed severe iNKT-cell deficits, mainly in the spleen and the liver, with up to five-

fold reduction in the absolute number of iNKT cells. However, compared to other LSD mice, 

α-Gal A-/- mice did not demonstrate altered generation of iNKT cells shown by normal 

percentages and proliferative capacity of iNKT-cell precursors in the thymus. Importantly, 

Hex A/B and β-Gal represent critical degradation crossroads for the majority of GSL series, 

whereas α-Gal A specifically functions to degrade minor GSL species of the globo-series 

and Gal2Cer (Fig. 29). Therefore, it is important to differentiate α-Gal A-/- mice from other 

LSD mice in which critical enzymes involved in the breakdown of major GSL species are 

lacking. Indeed, we found that α-Gal A-deficient thymocytes were competent at stimulating 

iNKT cells, whereas β-Gal-deficient thymocytes failed to stimulate auto-reactive responses 

by human iNKT-cell clones (Schumann, et al., 2007). Thus, in contrast to other GSL storage 

models, α-Gal A deficiency promotes CD1d presentation of self GSL antigens to iNKT cells.  

Upon analysis of α-Gal A-/- mice, we found that specific reductions in percentages and 

frequencies of iNKT cells in the liver and the spleen resulted from defects in homeostasis 

and survival. Residual iNKT cells expressing the MHC-I-specific inhibitory receptor Ly49C/I 

were selectively enriched in peripheral organs, and barely responded to strong TCR 

stimulation with αGalCer. Therefore, iNKT cells showed clear signs of tolerance in the face 

of chronic antigenic stimulation in α-Gal A-/- mice.  

Furthermore, Ly49C/I+ iNKT cells were generated in the thymus of mice chronically exposed 

to αGalCer, and production of IL-10 by this subset was critical for suppressed immune 

responses in the anterior chamber of the eye (Hayakawa, et al., 2004; Watte, et al., 2008). 
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Figure 29. Lysosomal degradation pathways of the major classes of mammalian GSLs. 

Enzymes involved in the degradation of the various GSLs are indicated. Physiological substrates of 

hexosaminidases A and B are depicted in red. Physiological substrates of α-Gal A are depicted in green. 
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Hence, the predominance of Ly49C/I+ iNKT cells in α-Gal A-/- mice reflects adaptation to 

pathophysiological conditions wherein self antigens are chronically expressed. Such 

mechanism might function to silence auto-reactively activated iNKT cells, thereby reducing 

the risk of generating harmful autoimmune responses.  

Nevertheless, naive donor-derived iNKT cells underwent antigen-specific proliferation when 

transferred to the immunogenic milieu provided by α-Gal A-/- mice. Moreover, donor-derived 

iNKT cells did not show induction of Ly49C/I inhibitory receptors over time, indicating that 

adaptation to antigen stimulation did not occur (data not shown). Compromised long term 

survival of iNKT cells upon adoptive transfer to α-Gal A-/- recipient mice remains to be 

evaluated. In agreement with previous reports, tolerance induction of iNKT cells might 

represent a thymus-restricted mechanism (Hayakawa, et al., 2004). Following this principle, 

self antigen persistence under pathophysiological conditions promotes deletion of mature 

peripheral iNKT cells to prevent autoimmunity, while it induces tolerance in developing iNKT 

cells.  

 

6.4 Infection inhibits α-Gal A activity in DCs through TLR engagement 

How infection promotes self lipid recognition by iNKT cells remains largely unknown. 

Although recent reports indicate that DC-released IL-12 strongly potentiates this process, 

molecular aspects of self GSL antigen induction are poorly understood.  

Our findings that α-Gal A-deficient DCs activate iNKT cells without prior sensitization by 

external stimuli led us to hypothesize that α-Gal A activity might be subject to negative 

regulation in infectious conditions. Accordingly, α-Gal A constitutively degrades self antigens 

in DCs, thus restricting antigen availability for CD1d presentation, and preventing aberrant 

activation of iNKT cells. However, upon DC maturation to fully competent APCs in infection, 

α-Gal A activity is targeted for negative regulation, and self antigens become available for 

recognition by iNKT cells.  

When DCs exposed to heat-killed L.m. were co-cultured with liver lymphocytes, massive 

amounts of IFN- were produced. This immune reaction required iNKT cells, as well as 

expression of CD1d and the TLR-adaptor MyD88 by DCs, suggesting that signals mediated 

through TLR/MyD88 could influence the pathway of self GSL presentation to iNKT cells. The 

dependency of this mechanism on TLR agonists could be further demonstrated using 

purified LPS from bacteria and CpG ODN mimicking bacterial DNA, which bind to TLR4 and 

TLR9, respectively. Of note, TLR3-matured DCs do not elicit iNKT-cell responses (Paget, et 

al., 2007). 
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Because TLR3 is required for detecting dsRNA synthesized by viruses, this suggests that 

auto-reactive activation of iNKT cells induced by virus-infected DCs requires other receptors 

than TLR3. 

TLR-activation of α-Gal A-deficient DCs promoted superior production of IFN- by iNKT cells 

compared to unstimulated α-Gal A-/- DCs, which could be prevented by blocking IL-12. 

Whether IFN- produced by iNKT cells activated in the context of α-Gal A-dependent self 

antigens elicited the production of IL-12 by DCs to amplify their own pro-inflammatory 

responses remains to be clarified.  

We next reasoned that if signals relayed through MyD88 control self antigen induction in a 

manner depending on α-Gal A, DCs exposed to TLR agonists should show diminished 

enzymatic activity and increased GSL content.  

Using biochemical assays in which the fluorescence of degradation products was measured 

upon substrate cleavage by α-Gal A, we showed that within 12 hr, α-Gal A activity was 

reduced by half in L.m.- and LPS-stimulated DCs. Enzyme inhibition strictly depended on 

MyD88 expressed in DCs. Since poly I:C-stimulated DCs did not show variations in enzyme 

activity, we concluded that maturation signals generated by TLR3 through TRIF failed to 

target α-Gal A activity. Of note, α-Gal A inhibition was transient, as shown with LPS-exposed 

DCs recovering enzyme activity within 20 hr. In contrast, α-Gal A activity in DCs exposed to 

L.m. did not recover. Whether sustained loss of α-Gal A activity in DCs requires strong 

signaling generated by combinations of TLR ligands expressed by L.m. needs further 

examination. Taken together, our results demonstrate that TLR engagement of DCs potently 

inhibits α-Gal A activity, thereby highlighting a novel mechanism that prevents catabolic 

degradation of GSLs to activate iNKT cells.  

How α-Gal A activity is targeted by specific TLRs remains unclear. Firstly, we expected that 

reduced enzyme activity measured in DCs could reflect a loss of α-Gal A proteins. However, 

experiments performed in the laboratory revealed that LPS-induced maturation of DCs led to 

an increase rather than a diminution in α-Gal A expression measured at the messenger RNA 

(mRNA) level (data not shown). Alternatively, we proposed that apparent loss of α-Gal A 

activity could result from its secretion into the extracellular milieu. Indeed, the majority of 

newly synthesized lysosomal hydrolases, including α-Gal A, are directly sorted to lysosomes 

without reaching the extracellular milieu. This trafficking pattern involves the addition of 

mannose-6-phosphate (M6P) residues to the enzyme in the Golgi apparatus and 

subsequent mannose-6-phosphate receptor (M6PR)-mediated transport to the lysosome 

(Sakuraba, et al., 2006). In contrast, precursors to lysosomal enzymes are mainly secreted 

upon synthesis and become active when reaching lysosomes upon re-uptake by 

endocytosis. This is the case for prosaposin that is cleaved by lysosomal cathepsins into 
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four active enzyme cofactor products, namely saposin A, B, C, and D (Hiraiwa, et al., 1997; 

O'Brien, et al., 1988). Subsequently, saposins facilitate enzyme-mediated GSL degradation 

as well as GSL loading onto CD1 molecules (Kang and Cresswell, 2004; Winau, et al., 2004; 

Zhou, et al., 2004). Likewise, the IFN--inducible lysosomal thiol reductase (GILT) is a 

crucial enzyme involved in processing peptide antigens in acidic compartments for MHC-II 

presentation to T cells (Maric, et al., 2001). Exposure of macrophages to LPS causes 

induction of GILT expression, in which the majority of precursor GILT is secreted as active 

enzyme (Lackman, et al., 2007). Finally, lysosomal secretion of β-hexosaminidases was 

reported to participate in macrophage antimicrobial defense mechanisms through digesting 

cell wall peptidoglycans expressed by mycobacteria in the extracellular space (Koo, et al., 

2008). Therefore, secretion of α-Gal A to the extracellular milieu might provide an 

explanation for the rapid loss of enzyme activity in TLR-stimulated DCs.  

Moreover, pH is a critical factor for enzyme activity, and maximal activity of α-Gal A is 

obtained at pH 4.6, which is typical for lysosomes. In contrast, phagosomes, early 

endosomes, and late endosomes show higher pH values between 5.5 and 6.5. Since TLR 

signaling regulates phagocytosis at multiple steps, including internalization and phagosome 

maturation in APCs, an alternative hypothesis could be that fusion between early 

compartments and lysosomes exposes lysosomal α-Gal A to higher pH values, thus 

reducing its steady-state activity (Blander and Medzhitov, 2004).  

 

6.5 Lysosomal α-Gal A is a central effector of TLR-induced GSL induction 

A hallmark of Fabry disease in patients and α-Gal A-/- mice is the intralysosomal 

accumulation of the neutral GSLs Gb3 and Gal2Cer in the liver, heart, spleen, kidney, 

vascular endothelial cells, and in plasma. Determination of plasma and urinary 

concentrations of Gb3 by thin layer chromatography (TLC), as well as measurement of α-Gal 

A activity in blood samples are methods commonly used to establish diagnosis of Fabry 

disease (Zarate and Hopkin, 2008). An alternative method is the use of fluorescently-labeled 

recombinant Shiga toxin B subunit (STxB) to reveal Gb3 presence in tissue sections or by 

FACS (Falguieres, et al., 2001).  
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Figure 30. Mechanism of iNKT-cell activation in infection. 

Under normal conditions, the endogenous ligand Gal2Cer is a catabolic intermediate extensively degraded in 

lysosomes by the action of α-Gal A, therefore restricting its availability for CD1d presentation by DCs. As a 

consequence, iNKT cells interacting with DCs show weak auto-reactivity. In contrast, DCs exposed to microbes 

expressing agonists for TLRs, especially lipopolysaccharide, show robust inhibition of the lysosomal activity of α-

Gal A. Consequently, catabolic degradation of GSLs by α-Gal A is transiently abolished, and Gal2Cer becomes 

available for CD1d loading by saposins and subsequent iNKT-cell activation.  
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STxB and the closely related verotoxins are produced as holoenzymes of two subunits by 

Shigella dysenteriae and enterohemorrhagic strains of Escherichia coli, respectively. While 

the A subunit is the actual toxin, whose rRNA N-glycosidase activity inhibits protein 

synthesis in target cells and subsequently induces their death, the B subunit specifically 

binds Gb3 present in the plasma membrane, thereby providing the toxin with an entry site to 

the cellular endocytic compartments. Although Gb3 is expressed in a number of cell types, it 

is particularly enriched in monocyte-derived macrophages and DCs, as well as in germinal 

center B cells (Bailey, et al., 2005). 

To validate our observations that α-Gal A regulates the availability of lysosomal GSL 

species, we exploited the binding properties of STxB to examine whether physiological 

inhibition of α-Gal A has an impact on the GSL content in DCs.  

We found that TLR4 and TLR9 stimulation of DCs led to a strong induction of Gb3 within 12 

hr of stimulation, whereas TLR engagement by MyD88-deficient DCs failed to induce Gb3. 

Likewise, DCs showed no induction of Gb3 upon TLR3 stimulation. Thus, TRIF-induced 

signaling did not mediate adequate signals for GSL induction.  

Considering the subcellular localization of α-Gal A, Gb3 induction occurred in late endocytic 

compartments rather than through neo-synthesis, as DCs treated with bafilomycin to block 

endosomal maturation failed to bind STxB.  

Finally, since uptake of latex beads by DCs did not lead to GSL induction, the contribution of 

endo-lysosome formation potentially leading to pH-mediated enzyme inhibition could be 

excluded.  

Direct detection of GSL antigens associated with CD1d molecules on TLR-stimulated DCs 

might provide the ultimate evidence for our proposed mechanism. Addressing this issue 

could be realized by generating fluorochrome-labeled recombinant soluble iNKT-cell TCR 

tetramers for measuring its fluorescence intensity upon binding of CD1d-GSL complexes 

expressed by TLR-activated DCs. Accordingly, α-Gal A-deficient and LPS-stimulated DCs 

should strongly bind these tetramers. 

In conclusion, we propose a novel mechanism of iNKT-cell activation in infection, wherein 

microbe-induced TLR signaling in DCs promotes the induction of Gal2Cer by negative 

regulation of α-Gal A activity (Fig. 30). 

 

6.6 DC-inducible iNKT-cell self GSL antigen(s) 

Invariant NKT cells were initially characterized on the basis of their auto-reactivity to CD1d 

molecules expressed by APCs, and subsequent studies demonstrated that TCR-mediated 

recognition of cellular lipids, especially GSLs, was critical to this process (Bendelac, et al., 
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1995; Brigl, et al., 2003; Stanic, et al., 2003; Zhou, et al., 2004). Upon infection with bacteria 

that do not synthesize lipid antigens, activation of iNKT cells occurs in an auto-reactive 

manner that highly depends on pro-inflammatory cytokines produced by microbe-exposed 

DCs (Brigl, et al., 2003). Likewise, CD1d presentation of lysosomal catabolic GSL 

intermediates produced by Hex A/B-mediated hydrolysis is strictly required for iNKT-cell 

activation (Zhou, et al., 2004). Since constitutive expression of self antigens might induce 

permanent iNKT-cell activation and potentially lead to autoimmune disorders, we initially 

proposed that under normal conditions, lysosomal GSL antigens are constitutively degraded 

by α-Gal A, the enzyme downstream of Hex B, and thus become unavailable for antigen 

presentation. In contrast, infectious conditions negatively regulate α-Gal A activity in order to 

allow CD1d-mediated presentation of GSL antigens to iNKT cells.  

Because α-Gal A-deficiency amplified iNKT-cell auto-reactivity to yield potent effector 

functions comparable to iNKT-cell activation in infection, we anticipated that GSLs containing 

a terminal galactose residue, removed upon the action of α-Gal A, could represent candidate 

antigens.  

Accordingly, we evaluated the capacity of DCs pulsed with signature GSLs accumulated in 

Fabry disease, namely Gb3 and Gal2Cer, to activate iNKT cells in comparison to the nominal 

antigens iGb3 and αGalCer. In Gb3, the terminal galactose residue is branched via an α1,4 

glycosidic bond that differs from that in iGb3 branched in an α1,3 configuration. Because of 

this minor difference between both GSLs and the established antigenicity of iGb3, we 

expected that Gb3 could therefore be recognized by iNKT cells. In contrast, Gal2Cer 

constitutes a minor GSL compared to Gb3, and there is no structural evidence that 

diglycosylceramide species could be recognized by iNKT cells.  

Initial experiments performed in the laboratory demonstrated that iNKT cells do not 

recognize Gb3. Therefore, the terminal Galα1,3 Gal epitope contained in iGb3 was required 

for recognition by the TCR of iNKT cells. Two major features of iGb3 set it apart from other 

characterized antigens; three sugars are required for stimulation, and the glycosidic bond 

between ceramide and the proximal sugar is in a β-conformation, whereas most microbial 

antigens contain one sugar residue that is linked in an α-configuration to the ceramide 

backbone. Synthetic α-anomers of iGb3 and Gb3 have been recently reported to stimulate 

the production of cytokines by iNKT cells (Yin, et al., 2009). Therefore, the α-configuration of 

the sugar chain in GSLs appears to be more critical for recognition by iNKT cells than the 

sugar content itself. Similar to iGb3 and Gb3, Gal2Cer is a mammalian GSL that is only 

found in a β-branched version (Coles and Gray, 1970). In contrast to iGb3, this GSL 

contains only two sugar residues, and the proximal sugar branched to the ceramide 

backbone is galactose, whereas iGb3 harbors glucose. Unlike Gb3 and iGb3, Gal2Cer does 

not belong to the globo-series of GSLs, because its synthesis does not depend on the action 
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of ceramide glucosyltransferase (CGT), but ceramide galactosyltransferase (Fig. 31). Of 

note, another mammalian βGalCer-based GSL, namely 3’-sulfated galactosylceramide 

(sulphatide), was recently reported to stimulate CD1d-restricted non-invariant NKT cells 

(Jahng, et al., 2001). 

In co-culture experiments, we found that Gal2Cer-pulsed DCs were capable of inducing liver 

iNKT-cell proliferation in a dose-dependent manner and similar to iGb3-pulsed DCs. In 

addition, Gal2Cer stimulated thymic iNKT cells. However, Gal2Cer did not elicit the 

production of IFN- by iNKT cells, and IL-4 concentrations measured in the culture 

supernatants were inferior to iNKT cells activated by iGb3. Both GSLs were of synthetic 

origin and more than 95% pure as determined by nuclear magnetic resonance spectrometry, 

but concentrations of Gal2Cer required for eliciting iNKT-cell responses were ten-fold higher 

compared to iGb3.  

It is important to note that while iGb3 used in our experiments had a C25 fatty acid chain, 

Gal2Cer had a shorter C18 fatty acid chain. Recently, a sphingosine-truncated version of 

αGalCer (OCH) was reported to bias iNKT-cell cytokine production towards IL-4, which 

provided mice with protection against experimental autoimmune encephalomyelitis 

(Miyamoto, et al., 2001). This suggests that GSL antigens with shorter sphingosine or fatty 

acid chains might fail to engage the iNKT-cell TCR for sustained periods of time to induce 

IFN-. Since the majority of mammalian GSLs contain C24 fatty acid chains, natural Gal2Cer 

might be longer than its synthetic version. Hence, it potentially shows increased antigenicity 

resulting in the production of IFN- by iNKT cells. In a recent report, uncharacterized 

charged GSLs containing a glucosylceramide (GlcCer) backbone isolated from TLR9-

activated DCs were shown to elicit the production of IFN- by iNKT cells (Paget, et al., 

2007). Although these responses were CD1d-restricted, charged βGlcCer-based GSLs only 

activated iNKT cells in the presence of exogenous IFN-β. Moreover, iNKT-cell responses to 

these GSLs depended on the capacity of DCs to produce GSLs de novo. In our experiments, 

pre-treatment with an inhibitor of GSL biosynthesis (NB-DGJ) did not abrogate the capacity 

of LPS-stimulated DCs to activate iNKT cells, suggesting that TLR4-mediated induction of 

GSLs occurs in lysosomes. These differences might be explained by the fact that in the 

study of Paget and colleagues, the duration of pre-treatment with NB-DGJ was longer 

(Paget, et al., 2007). Accordingly, treatment would not only block GSL neo-synthesis, but 

also allow the extensive degradation of potential GSL agonists in lysosomes, due to a lack of 

GSL substrate input. This is further supported by our data showing that α-Gal A-/- DCs pre-

treated with NB-DGJ did not show a reduced capacity to activate iNKT cells. Therefore, 

charged βGlcCer GSLs could primarily favor interactions between DCs and iNKT cells 
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through weak CD1d-TCR contacts amplified by type I interferons, rather than to function as 

genuine antigens. 

 

 

 

 

 

 

 

 

 

Figure 31. Biosynthesis of the major classes of mammalian GSLs. 

Beginning with the formation of ceramide, GSLs are synthesized by the stepwise addition of monosaccharides, 

leading to the production of β-galactosylceramide (β-GalCer), or β-glucosylceramide (β-GlcCer). The 

lactosylceramide (LacCer) common precursor is formed by the action of LacCer synthase, which transfers a 

galactose from UDP-galactose to glucosylceramide. LacCer (Galα1,4Glcβ1,1Cer) structure is subsequently 

elongated by different glycosyltransferases in the ER, thereby defining the classes of GSLs. Enzymes involved in 

the synthesis of the various GSLs are indicated. NB-DGJ is a selective inhibitor of ceramide glucosyl transferase. 
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6.7 Pathways of galabiaosylceramide synthesis and degradation 

Our findings that TLR4 stimulation negatively regulates α-Gal A activity for lysosomal 

induction of Gal2Cer and subsequent iNKT-cell activation, has profound implications for 

infections, especially with Gram-negative, LPS-positive bacteria. Similar demonstrations with 

TLR9 agonists might extend this mechanism to a broader range of microbes containing 

unmethylated CpG dinucleotide sequences in their DNA, such as adenoviruses and various 

bacteria.  

As for the major classes of mammalian GSLs, Gal2Cer is generated in the ER through 

stepwise addition of monosaccharide units to ceramide. However, its biosynthesis is not well 

documented, and has been mainly deduced from studies using mice devoid of enzymes 

involved in GSL biosynthesis in which Gal2Cer was not produced.  

Accordingly, UDP-galactose:ceramide galactosyltransferase (βGalCer synthase)-null mice 

showed selective lack of β-GalCer, 3’-sulfated β-GalCer (sulphatide) and Gal2Cer synthesis, 

suggesting that the action of β-GalCer synthase on ceramide represents the first step in 

Gal2Cer biosynthesis (Tadano-Aritomi, et al., 2000).  

In contrast, it is not clear which enzyme catalyzes the addition of the second galactose 

residue to β-GalCer to form Gal2Cer. Although α1,4 galactosyltransferase (Gb3 synthase) 

transfected in a cell line could use β-GalCer as a substrate to produce Gal2Cer, the 

physiological significance of this pathway remains to be demonstrated (Kojima, et al., 2000). 

Furthermore, Gal2Cer abundance in the tissues of mice lacking Gb3 synthase activity was 

similar to wild-type mice (Okuda, et al., 2006).  

In addition, whether Gal2Cer represents a substrate for higher species of GSLs remains to 

be clarified. Although its accumulation upon α-Gal A deficiency promotes the activation of 

iNKT cells, it is not known whether Gal2Cer production in lysosomes depends on the action 

of Hex A/B on a trigalactosylated ceramide precursor.  

If Gb3 synthase activity transfers galactose to βGalCer leading to Gal2Cer production in 

physiological settings, one could expect that Gb4 synthase activity might also use Gal2Cer 

as a substrate to produce higher galactosphingolipids containing a terminal N-acetyl 

galactosamine residue.  

This question could be addressed by analyzing the production of Gal2Cer in Hexb-/- mice.  

Accordingly, deficit in abundance could provide evidence that lysosomal production of 

Gal2Cer requires the action of Hex A/B, which would argue in favor of its physiological 

relevance for activating iNKT cells.  

 

 



Discussion 

 

94 
 

6.8 Potential regulation of α-Gal A in tumor cells 

Similar to T cells, iNKT cells are decreased and functionally hypo-reactive in cancer-bearing 

mice and neoplastic conditions in humans (Dhodapkar, et al., 2003; Tahir, et al., 2001). 

GSLs shed by tumor cells were shown to inhibit the stimulation of NKT cells in vitro (Sriram, 

et al., 2002). However, the structures of tumor-associated GSL agonists have not been 

identified yet.  

In mice, activation of iNKT cells with αGalCer-pulsed syngeneic DCs could inhibit 

established liver metastasis of the B16 melanoma (Toura, et al., 1999). The protective 

mechanism was shown to be dependent on IFN- provided by effector iNKT cells for 

activating NK cell cytotoxic functions, and facilitating CTL responses through maturation of 

tissue-resident APCs. Moreover, in the absence of exogenous stimulation with αGalCer, 

iNKT cells naturally protected mice against spontaneous methylcholanthrene (MCA)-induced 

sarcoma (Smyth, et al., 2000). In contrast, Jα18-/- mice that specifically lack iNKT cells 

showed increased metastasis and early death upon transplantation with MCA-induced tumor 

cells, whereas adoptive transfer of purified liver iNKT cells provided protection (Crowe, et al., 

2002). Whether CD1d-presentation of tumor lipids or self lipids was involved could not be 

determined. However, MCA-induced tumors did not express CD1d molecules, suggesting 

that iNKT cells were activated following recognition of tumor-derived lipids cross-presented 

by APCs. Of note, TLR9-stimulated DCs injected in B16 tumor-bearing mice prevented lung 

metastasis in an iNKT cell-dependent manner (Paget, et al., 2007). Therefore, recognition by 

iNKT cells of adjuvant-induced self antigens in DCs might be sufficient to protect mice 

against transplanted tumors.  

Accordingly, it might be worthwhile to test whether adoptive transfer of α-Gal A-deficient 

DCs, or DCs in which α-Gal A activity is pharmacologically blocked, protects mice against 

transplanted tumors. Alternatively, α-Gal A-specific inhibitors directly administered to tumor-

bearing mice could promote iNKT-cell activation to treat established metastasis. 

 

6.9 Potential involvement of iNKT cells in Fabry disease 

Clinical manifestations of Fabry disease include the onset of neuropathic pain and 

paresthesia in the extremities, particularly during the first three decades of life. The pain is 

associated with a small-fiber neuropathy that also causes a selective deficiency in cold 

perception (Zarate and Hopkin, 2008). Cold exposure often accentuates the pain and 

worsens thermal perception.  

Enzyme replacement therapy is currently used for patients suffering from Fabry disease 

(Desnick and Schuchman, 2002). However, proper targeting of recombinant α-Gal A to 
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affected organs is crucial. Although treatment proved to be effective in ameliorating disease 

symptoms, improvement of renal function, and reduction of strokes and heart attacks have 

not been consistent.  

The mechanisms by which α-Gal A deficiency causes these pathophysiological 

abnormalities are poorly understood. It was proposed that GSL storage may interfere with 

the function of cellular membrane proteins, such as ion channels, or may lead to cytotoxicity.  

Examination of α-Gal A-/- mice demonstrated extensive Gb3 accumulation in the dorsal root 

ganglions (DRG), suggesting that neuropathy might result from the destruction of DRG cells 

(Hozumi, et al., 1989). Of note, among 15 organs tested in C57BL/6 mice, only DRG 

demonstrated detectable presence of iGb3 using highly sensitive high performance liquid 

chromatography (HPLC) (Speak, et al., 2007). In contrast, iGb3 could not be identified in any 

human organs tested, which was in striking contrast to rats in which iGb3 was detected in a 

variety of organs, including the thymus. In the same report, DRGs from α-Gal A-/- mice were 

reported to contain ten-fold increased levels of iGb3 compared to littermate controls.  

In sharp contrast, a recent study combining ESI-LIT-MS methodologies with mass 

spectrometry (MS), demonstrated extremely low amounts of iGb3 and iGb4 in mouse 

thymus and DCs (Li, et al., 2009).  

Lysosomal α-Gal A being a rate-limiting enzyme for Gal2Cer raises important issues in 

human Fabry disease. Accordingly, high GSL abundance might favor autoimmune 

responses by iNKT cells or cause functional deficits in iNKT cells.  

Since CD1d is expressed in the central nervous system, and its expression can be further 

up-regulated on microglial cells and astrocytes during the inflammatory episodes in multiple 

sclerosis, it is tempting to speculate that progressive destruction of DRG cells in Fabry 

disease could result from chronic inflammation triggered by auto-reactively activated iNKT 

cells.  

In an early report, mice treated with a tail-truncated version of αGalCer (OCH) were 

protected against autoimmune encephalomyelitis (EAE), an experimental model of human 

multiple sclerosis (Miyamoto, et al., 2001). This effect depended on the production of IL-4 by 

activated iNKT cells.  

In another study, TCR Vα14-Jα18 transgenic mice enriched in iNKT cells were protected 

against EAE (Mars, et al., 2008). The protection was associated with the inhibition of 

antigen-specific IFN- production in the spleen, and was independent of IL-4.  

Accordingly, iNKT cells could play a role in the onset and maintenance of neuropathology in 

Fabry disease.  

Ongoing experiments using α-Gal A-/-/CD1d-/- mice might provide answers to this question in 

the future.  
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