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Summary 
 

Lysosomal storage diseases comprise a group of genetic diseases characterized 

by the accumulation of nondegraded substrates in the lysosome. Fabry disease, 

Gaucher disease and GM2 gangliosidosis are three lysosomal storage diseases 

that accumulate different glycosphingolipids, thus being designated 

sphingolipidoses. 

Glycosphingolipids have been described as antigens for lipid-specific T cells and 

lysosomal function was shown to play an important role in lipid antigen 

presentation. Mouse models of several sphingolipidoses, including GM1 and GM2 

gangliosidosis and Fabry disease, were shown to have defects in lipid antigen 

presentation. However, while in mice this process is mediated by CD1d molecules, 

in humans there are 4 CD1 isoforms (CD1a-CD1d) capable to present lipid 

antigens to T cells.  Therefore, in this thesis, it was explored whether lipid antigen 

presentation by the different CD1 molecules is altered in sphingolipidoses patients 

accumulating different substrates.  

It was shown that monocyte-derived dendritic cells (Mo-DCs) from Fabry and 

Gaucher disease patients have a normal capacity to present lipid antigens by 

CD1b and CD1d. Unexpectedly, a high degree of variation in the capacity of Mo-

DCs to activate certain T cell clones was found, even among control subjects. 

Thus, to ensure that small differences were not hidden by individual variability, 

these results were confirmed by using two in vitro models that mimic the lipid 

accumulation observed in Fabry and Gaucher diseases. Also in these 

experimental conditions, no differences were observed between treated and 

untreated cells. Thus, here it is shown that contrarily to what was observed in 

some sphingolipidoses mouse models for CD1d, human Fabry or Gaucher 

disease antigen-presenting cells are capable to present lipid antigens by CD1b 

and CD1d.    

Having established the competency of antigen-presenting cells, we analyzed a 

population of lipid-specific T cells that are restricted to CD1d and that can be 

easily identified due to their semi-invariant T cell receptor: invariant Natural Killer T 

(iNKT) cells. Despite a normal percentage of iNKT cells in the peripheral blood of 

Fabry disease, Gaucher disease and GM2 gangliosidosis patients, disease-
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specific alterations in the iNKT cell subsets were found. Importantly, the functional 

analysis of iNKT cells in Fabry and Gaucher diseases revealed disease-specific 

alterations that are consistent with an anti-inflammatory bias in Gaucher disease 

and a pro-inflammatory bias in Fabry disease. These results strongly suggested 

that the accumulated material might have a specific impact on iNKT cell activation. 

Thus, we tested the influence of two glycosphingolipids on iNKT cell activation: 

Globotriaosylceramide (Gb3), which accumulates in Fabry disease; and GM2, 

which accumulates in GM2 gangliosidosis. We found that both lipids inhibit iNKT 

cell activation. This effect was mediated by direct competition with antigens for 

CD1d binding. 

Overall, this thesis describes glycosphingolipids as more than iNKT cell antigens: 

they are immune modulators acting directly on iNKT cell activation and can be 

explored as potential targets for immunotherapy. It is further shown that the 

accumulation of different glycosphingolipids has distinct impacts on the 

homeostasis of the iNKT cell subsets, and this might have implications in the 

health of sphingolipidoses patients. Finally, this thesis unveils important 

differences in the impact of lysosomal storage in lipid antigen presentation 

between humans and mice. 
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Resumo 
 

As doenças de sobrecarga lisossomal são um grupo de doenças genéticas 

caracterizadas pela acumulação de substâncias não degradadas no lisossoma. A 

Doença de Fabry, Doença de Gaucher e a Gangliosidose GM2 são três doenças 

lisossomais de sobrecarga que acumulam diferentes glicoesfingolípidos, sendo 

designadas esfingolipidoses. 

Os glicoesfingolípidos têm sido descritos como antigénios para células T 

específicas para lípidos e mostrou-se que a função do lisossoma é importante 

para a apresentação deste tipo de antigénios. Modelos de ratinho de várias 

esfingolipidoses, incluindo Gangliosidoses GM1 e GM2 e Doença de Fabry, 

possuem defeitos na apresentação de antigénios lipídicos. No entanto, nos 

ratinhos este processo é mediado pelas moléculas CD1d, enquanto nos humanos 

existem 4 isoformas de CD1 (CD1a-CD1d) capazes de apresentar antigénios às 

células T. Assim, nesta tese, explorou-se se a apresentação de antigénios 

lipídicos através das diferentes moléculas de CD1 se encontra alterada em 

doentes com esfingolipidoses em que se acumulam diferentes substratos.  

Foi demonstrado que células dendríticas derivadas de monócitos (Mo-DCs) de 

indivíduos com doença de Fabry e doença de Gaucher têm uma capacidade 

normal de apresentar antigénios lipídicos através do CD1b e CD1d. 

Inesperadamente, verificou-se um alto grau de variação na capacidade das Mo-

DCs de ativar certos clones de células T, mesmo entre os indivíduos do grupo 

controlo. Assim, para assegurar que pequenas diferenças não foram escondidas 

pela variabilidade individual, estes resultados foram confirmados recorrendo a 

dois modelos in vitro que mimetizam a acumulação de lípidos observada nas 

doenças de Gaucher e de Fabry. Também nestas condições experimentais, não 

foram observadas diferenças entre as células tratadas e não tratadas. Assim, 

mostrou-se que ao contrário do que foi observado em alguns modelos animais de 

esfingolipidoses para o CD1d, células apresentadoras de antigénios humanas de 

doença de Fabry ou doença de Gaucher são capazes de apresentar antigénios 

lipídicos através do CD1b e CD1d. 

Tendo estabelecido a competência das células apresentadoras de antigénios, foi 

analisada uma população de células T específicas para lípidos que são restritas 

ao CD1d e que podem ser facilmente identificadas devido ao seu receptor de 
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células T semi-invariante: as células Natural Killer T invariantes (iNKT). Apesar de 

os indivíduos com doença de Fabry, Gaucher ou Gangliosidose GM2 

apresentarem uma percentagem normal de células iNKT no sangue periférico, 

foram encontradas alterações específicas de cada doença nas subpopulações de 

células iNKT. Da mesma forma, a análise funcional das células iNKT em 

indivíduos com doença de Fabry e doença de Gaucher revelou alterações 

específicas em cada doença, que são consistentes com um perfil anti-inflamatório 

na doença de Gaucher e pro-inflamatório na doença de Fabry. Estes resultados 

sugerem que o material acumulado tem um impacto específico na activação das 

células iNKT. 

Assim, testou-se a influência de dois lípidos na activação das células iNKT: a 

Globotriaosilceramida (Gb3), que se acumula na doença de Fabry; e o GM2, que 

se acumula nas gangliosidoses GM2. Verificou-se que ambos os lípidos inibem a 

activação das células iNKT. Este efeito é mediado pela competição directa com 

antigénios para a ligação CD1d. 

Em conclusão, esta tese descreve os glicoesfingolípidos como mais do que 

antigénios para células iNKT: são imunomoduladores que agem directamente 

sobre a activação de células iNKT e podem ser explorados como potenciais alvos 

para imunoterapia. É também demonstrado que a acumulação de diferentes 

glicoesfingolípidos tem impactos distintos na homeostasia das subpopulações de 

células iNKT, podendo ter implicações na saúde de doentes com esfingolipidoses. 

Por fim, desvendam-se diferenças importantes entre humanos e ratinhos, quanto 

ao impacto da sobrecarga lisossomal na apresentação de antigénios lipídicos. 
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1.1 The lysosome 

The lysosome, often referred as the recycling compartment of the cell, was initially 

described by Christian de Duve in 1955. It is a membrane-enclosed organelle, 

characterized by its acidic pH and the presence of a large number of hydrolases. 

Lysosomes can be distinguished from late endosomes because they lack the 

expression of the Mannose-6-phosphate receptor and have a membrane rich in 

carbohydrates [1], [2]. The lysosome membrane proteins are highly glycosylated, 

forming a glycocalyx that protects the membrane from degradation. The most 

abundant lysosomal membrane proteins are lysosomal associated membrane 

protein-1 and -2, lysosomal integral membrane protein-2 and CD63 [3]. 

The acidic pH of the lysosome, essential for the action of the lysosomal 

hydrolases, is maintained through the action of an H+-ATPase, which pumps 

protons to the lysosome. The presence of more than 60 hydrolases in the 

lysosome confers this organelle with the unique capacity to degrade 

macromolecules no longer needed by the cell, freeing monomeric units that are 

then exported to the cytoplasm and re-used for synthesis of new molecules [2]. 

Besides degradation, the lysosome is also involved in other important cellular 

processes, such as autophagy, cell death signaling, plasma membrane repair, 

cholesterol homeostasis, endocytosis, nutrient sensing, vesicle trafficking, cellular 

growth and bone remodeling [2], [3]. Importantly, the lysosome plays a pivotal role 

in antigen presentation (especially through antigen processing) and phagocytosis 

[2], [3].  

Both lysosomal hydrolases and membrane proteins were recently shown to be 

regulated by a common DNA motif present at the gene promoter, which was 

designated coordinated lysosomal expression and regulation (CLEAR) element 

[2], [3]. The transcription factor EB (TFEB) binds the CLEAR element. When TFEB 

is inactive, it localizes in the lysosomal membrane. Upon activation, for example 

due to starvation, TFEB translocates to the nucleus and binds CLEAR elements, 

leading to the transcription of lysosomal enzymes and membrane proteins [2], [3]. 

This mechanism is seen as an important regulator of cellular metabolism, and 

more recently, it was described as a molecular switch that regulates the pathways 

of presentation of exogenous antigens [4]. 

 



4 
 

1.2 Lysosomal storage diseases 

The importance of the lysosome is highlighted by a group of inherited metabolic 

disorders that arise due to defects in its function, called lysosomal storage 

diseases (LSDs). More than 50 LSDs have been described and they can occur 

due to mutations in genes encoding lysosomal hydrolases, integral membrane 

proteins, activator proteins, transporter proteins or non-lysosomal proteins 

involved in lysosome function. These defects result in the storage of different types 

of macromolecules in the affected organelle, leading to a disturbance in lysosomal 

homeostasis that has important implications in autophagy, protein degradation and 

metabolic stress [2], [5]. LSDs are monogenic diseases and usually follow an 

autosomal recessive pattern of transmission. The most usual classification model 

of LSDs is based on the type of material that is accumulated. LSDs are divided in 

sphingolipidoses (accumulation of sphingolipids), mucopolysaccharidoses 

(accumulation of glycosaminoglycans), mucolipidoses (accumulation of glycolipids, 

glycosaminoglycans, and oligosaccharides) and glycoproteinoses (accumulation of 

glycoproteins) [6]. The clinical presentation of patients with LSDs is highly variable, 

but it often occurs as a multisystemic disease with special prominence of 

neurological involvement. 

Although individually rare, the incidence of LSDs as a group was estimated to 

range from 7.5 per 100,000 to 23.5 per 100,000 live births [7], [8]. The most 

common LSDs are sphingolipidoses, followed by mucopolysaccharidoses. These 

frequencies are probably underestimated, due to the high number of undiagnosed 

patients. 

There is no specific treatment for most of LSDs but efforts are being made to 

develop new therapeutic strategies. One case of success, for some LSDs, is 

enzyme replacement therapy (ERT). ERT consists in the infusion of recombinant 

enzyme that is targeted to the lysosomes, thus recovering the function of the 

defective enzyme. This treatment option is available for Gaucher disease, Fabry 

disease, Pompe disease, mucopolysaccharidosis (MPS)-I, MPS-II, MPS-IVa and 

MPS VI [9]. Other therapeutic options include substrate reduction therapy (SRT), 

available for two sphingolipidoses: Gaucher and Niemann-Pick type C diseases. 

This treatment is based on the action of small molecules that inhibit sphingolipid 

synthesis [9]. Chaperone therapy and gene therapy are currently under 
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investigation [9]. The main limitation of ERT is related to its inability to cross the 

blood-brain barrier and therefore it is ineffective in reducing neurological damage, 

one of the most debilitating conditions related to LSDs [10]. Therefore, SRT, 

pharmacological chaperones and gene therapy are more valuable options to treat 

LSDs with strong neurological involvement. Nevertheless, intrathecal enzyme 

delivery, the use of nanocarriers and fusion proteins that may cross de blood-brain 

barrier are being studied as alternatives to deliver the recombinant enzyme to the 

central nervous system [10]. 

Sphingolipidoses comprise the most frequent group of LSDs and are among the 

first described LSDs. They are usually characterized by the accumulation of 

glycosphingolipids (GSLs): ceramide molecules modified by the addition of sugar 

head groups. The simplest GSLs are galactosylceramide (GalCer) and 

glucosylceramide (GlcCer). GlcCer is the most common and the precursor of the 

more complex GSLs. A large number of diseases arise due to defects in GSL 

catabolism (Figure 1). 

 

Figure 1. Sphingolipid catabolism and associated sphingolipidoses. Sphingolipids are represented 
in grey boxes. The enzymes responsible for the degradation of each sphingolipid and the disease 
that results from that enzymatic deficiency are depicted in the clear boxes.  MLD – metachromatic 
leukodistrophy; ASA – arylsulphatase; GalCase – Galactoceramidase; NPA – Niemann-Pick type 
A; NPB – Niemann-Pick type B; SMase – sphingomyelinase; GCase – β-glucosidase; α-Gal A – α-
Galactosidase A; Hex – β-hexosaminidase; β-Gal – β-galactosidase. 
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1.2.1 Gaucher Disease 

Gaucher disease is one of the most prevalent LSDs [7]. It is caused by mutations 

in the GBA gene (localized in the region 1q21), which encodes the enzyme β-

glucosidase (GCase). To date, more than 300 mutations causing Gaucher disease 

are described in the Human Gene Mutation Database (HGMD®). GCase is 

responsible for the degradation of the simplest glycosphingolipid, GlcCer. GlcCer 

is synthesized from ceramide and uridine diphosphate glucose through the action 

of the glucosylceramide synthase and it is the precursor for ganglioside and 

globoside synthesis (Figure 1). Another important storage compound present in 

Gaucher disease is glucosylsphingosine (GlcSph), the deacylated form of GlcCer. 

Although rarely detected in healthy tissues, this lipid is strongly increased in 

Gaucher disease patients and can be used as a disease biomarker. This massive 

accumulation of GlcSph suggests that its generation might be a cellular 

mechanism to eliminate the excess of GlcCer [11]. GlcSph is more hydrophilic 

than GlcCer, which allows an easier elimination from the organism. The enzymes 

involved in this process are not clearly identified, but a role for acid ceramidase 

has been proposed [11]. 

The accumulation of GlcCer is more prominent in macrophages, leading to the 

formation of lipid-laden macrophages called “Gaucher cells”, a hallmark of 

Gaucher disease. This may be justified by the active role of macrophages in 

phagocytosis of senescent erythrocytes, rich in glycosphingolipids [12]. “Gaucher 

cells” resemble activated macrophages and release cytokines to the extracellular 

medium, inducing inflammation. Some of these substances, such as 

chitotriosidase and CCL18, can be used as biomarkers in Gaucher disease 

diagnosis. “Gaucher cells” are mainly localized in spleen, liver, bone marrow and 

lymph nodes, where they replace the normal macrophage population [12]. 

Clinically, Gaucher disease is classified in three types, according to the 

presence/absence of neurological involvement and disease severity. Type 1 

Gaucher disease represents the less severe phenotype and is considered non-

neuronopathic. The onset of type 1 Gaucher disease may occur in childhood or 

adulthood. As a result of the accumulation of “Gaucher cells”, these patients 

develop hepatosplenomegaly, bone fractures and infarctions and 

thrombocytopenia. A link between Type 1 Gaucher disease and Parkinson’s 

disease was also established. Both Gaucher disease patients and carriers have an 
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increased risk to develop Parkinson disease [13]. Gaucher disease patients also 

have an increased risk to develop neoplasic disorders, namely chronic lymphocytic 

leukemia, multiple myeloma, and Hodgkin and non-Hodgkin lymphoma. 

Monoclonal gammopathies are often described in these patients. Type 2 Gaucher 

disease, also called acute neuronopathic, is the most severe form, leading to 

death within the first two years of life. It is characterized by severe neurological 

involvement. Type 3 is described as a sub-acute neuronopathic form and it is 

distinguished from type 2 based on its later age of onset and lower severity. 

Nevertheless, the distinction between these types should not be interpreted as a 

strict classification, but rather as a continuum of phenotype severity [11].  

There is not a strong genotype-phenotype correlation in Gaucher disease, since 

patients with the same mutation can develop significantly different phenotypes. 

However, some genotypes have been linked to more mild disease and others to 

severe disease. Homozygous patients for the mutation N370S of GCase can be 

asymptomatic and when they develop disease, it often occurs in the third decade 

of life. On the contrary, homozygous patients for L444P develop type 3 Gaucher 

disease.  

ERT was firstly available for Gaucher disease patients in 1991, with Ceredase, a 

placental-derived macrophage-targeted enzyme developed by Genzyme [14]. This 

enzyme was replaced in 1994 by the recombinant enzyme Imiglucerase 

(Genzyme) [15]. Currently, there are three Food and Drug Administration (FDA)-

approved recombinant GCase: Imiglucerase, Velaglucerase alfa (Shire) and 

Taliglucerase alfa (Protalix BioTherapeutics) [2]. ERT successfully corrects 

hepatosplenomegaly and thrombocytopenia and is able to prevent bone 

complications [14]. Unfortunately, it is not efficient for the neuronopathic forms of 

the disease, since the recombinant enzyme is not able to cross the blood-brain 

barrier. In 2002, SRT with Miglustat (Actelion) become available. This small 

molecule inhibits glucosylceramide synthase, reducing the synthesis of GlcCer, 

thus preventing massive accumulation of this compound. Since it crosses the 

blood-brain barrier, SRT was initially used in the treatment of the neuronopathic 

forms [14]. However, it was shown to be ineffective in correcting the neurological 

damage and currently it is only used in type 1 Gaucher disease patients that 

cannot receive ERT [14]. Eliglustat (Genzyme) is another powerful inhibitor of 

glucosylceramide synthase that was recently approved by FDA for SRT of type 1 
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Gaucher disease. Eliglustat showed similar efficiency to ERT with intravenous 

Imiglucerase in maintaining disease stability [16]. This compound does not cross 

the blood-brain barrier and cannot be used to treat neuronopathic Gaucher 

disease, but it might arise as an alternative to ERT, especially due to the easier 

route of administration (oral vs intravenous) [15].   

 

1.2.2 Fabry Disease 

Fabry disease is caused by mutations in the GLA gene, localized in the Xq22 

region, which encodes the lysosomal hydrolase α-Galactosidase A (α-Gal A). 

Unlike most LSDs, Fabry disease has an X-linked recessive pattern of 

transmission. To date, more than 600 mutations causing Fabry disease are 

known, according to the HGMD®. α-Gal A catalyzes the removal of terminal α-

Galactosyl moieties from GSLs such as globosides [17]. α-Gal A deficiency leads 

to the progressive accumulation of mainly globotriaosylceramide (Gb3). In 

addition, Fabry disease patients display accumulation of the deacylated form of 

Gb3, lyso-Gb3. Lyso-Gb3 is increased approximately 250-fold in the plasma of 

Fabry disease patients [18]. 

Lipid accumulation occurs throughout the organism, but is more prominent in 

endothelial cells. It is also extensively detected in smooth muscle cells, 

reticuloendothelial, myocardial and connective tissue, epithelial cells of the cornea 

and kidney and ganglion and perineural cells of the autonomic nervous system 

[17]. In tissues, Gb3 accumulation might reach a 300-fold increase in Fabry 

disease, when compared with control subjects. 

The main symptoms of classical Fabry disease arise due to the accumulation of 

Gb3 in endothelial cells, causing vasculopathy [19]. Initially the disease manifests 

through the appearance of vascular skin lesions (angiokeratoma), crises of pain in 

the extremities (acroparesthesias), hypohidrosis and cornea opacities (cornea 

verticillata). Later in life, patients develop cardiac (cardiomyopathy, left ventricular 

hypertrophy, infarctions), brain (strokes) and kidney (renal failure) complications 

[17]. Lyso-Gb3 was shown to play an important role in the development of 

pathology, more specifically in acroparesthesias, through its action on voltage-

gated calcium channels in sensory neurons [20].  

Variants of Fabry disease with different severities and ages of onset have been 

described. In the cardiac variant, patients have residual α-Gal A activity and do not 
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present most of the symptoms described for the classical patients. The only 

manifestation is usually cardiomyopathy that can be accompanied by mild 

proteinuria [17]. A renal variant was also described, that affects essentially the 

kidney. In fact, a high frequency of undiagnosed Fabry disease patients was 

detected in a screening of hemodialysis patients [21]. Despite being an X-linked 

disease, heterozygous carriers can be symptomatic. In these cases, the most 

common symptom is corneal dystrophy, but cardiac complications may arise later 

in life [17]. 

Many mutations have single-family occurrences and therefore it is hard to use the 

genotype to predict the development of disease. Nevertheless, some more 

frequent mutations were associated with either classical or later-onset disease. In 

2008, a study established a correlation between genotype and Gb3 excretion in 

urine [22]. A better predictor of phenotype seems to be lyso-Gb3. A recent study 

found that the level of plasma lyso-Gb3 correlated with the clinical presentation of 

the patients, with classically affected patients displaying higher levels than those 

with atypical variants [23]. 

ERT with recombinant α-Gal A is available for Fabry disease since 2001. Two 

different infusions are available: agalsidase beta (Fabrazyme, Genzyme) and 

agalsidase alpha (Replagal, Shire). Both are successful in removing Gb3 storage 

from endothelial cells. Clinical trials have shown an improvement in pain and 

cardiac disease, however ERT does not prevent disease progression in advanced 

disease cases [15]. Chaperone therapy is currently being evaluated in a phase 3 

clinical trial [15]. The molecule 1-deoxygalactonojirimycin (migalastat 

hydrochloride, Amicus Therapeutics) inhibits α-Gal A at high doses, but at lower 

doses it improves the stability and lysosomal delivery of mutant α-Gal A, working 

as a pharmacological chaperone [24]. 

 

1.2.3 GM2 Gangliosidosis 

GM2 gangliosidosis is characterized by the accumulation of the GM2 ganglioside 

due to deficient activity of the enzyme β-hexosaminidase A (Hex A). The 

identification of the genetic and biochemical defect responsible for the disease 

allows its classification in three different subtypes: Tay-Sachs disease, Sandhoff 

disease and AB variant (Figure 2). These diseases arise due to mutations 



10 
 

occurring in different genes that are all required to establish the complex 

responsible for the degradation of the GM2 ganglioside (Figure 2).  

  

Figure 2. The molecular basis of GM2 gangliosidosis. Hex A – β-hexosaminidase A; Hex B – β-
hexosaminidase B and Hex S – β-hexosaminidase S. 

 

For proper GM2 degradation, Hex A requires an α-subunit encoded by the HEXA 

gene, a β-subunit encoded by the HEXB gene, and the GM2 activator protein, 

encoded by the GM2A gene, which is required to extract GM2 from membranes 

and expose them to the action of Hex A (Figure 2). Therefore, mutations in any of 

these genes lead to defects in Hex A function. Tay-Sachs, Sandhoff and AB 

variant patients can be distinguished biochemically through the measurement of 

the activities of the isoforms of Hex A. Hex A deficiency and Hex B (β-

hexosaminidase B) normal activity, describe Tay-Sachs disease. The absence of 

both Hex A and Hex B activity occurs in Sandhoff disease and normal activity of 

both proteins can be observed in the AB variant [25]. 

Despite the different genetic defects, patients with GM2 gangliosidosis present 

similar clinical manifestations and proper distinction can only be achieved through 

the combined use of biochemical and genetic studies [25].  

The accumulation of GM2 occurs mainly in the brain, leading to neurodegenerative 

disease. The infantile forms of GM2 gangliosidosis are characterized by rapidly 

progressive neurodegeneration and usually lead to death before 4 years of age 

[25]. The late-onset phenotypes are more variable and can result in total dementia 
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or in a slowly progressive disease. The subacute form is often caused by a 

specific mutation in HEXA that allows the formation of a fairly stable Hex A, that is 

able to degrade some substrates, but not GM2 [25]. This is called the B1 variant of 

Tay-Sachs disease. These patients start developing symptoms around 2-3 years 

of age and die within the second decade of life [25]. Chronic GM2 gangliosidosis is 

characterized by a residual activity of Hex A and has a phenotype with slow 

progression that can manifest at any age. The main symptoms occur at the motor 

level, but basic reflexes are preserved, allowing these patients to survive up to the 

fourth decade of life [25]. 

Currently, more than one hundred mutations were described for HEXA, most of 

them associated with the infantile phenotype. The missense substitution R178H is 

associated with the B1 variant and is especially common in Portugal [25]. 

Curiously, other mutations in the same codon lead to the same B1 variant. 

Similarly, mutations leading to the chronic phenotype were also described. Less 

than one hundred mutations have been described for the HEXB gene. As for 

HEXA mutations, a correlation between genotype and phenotype can be made 

[25]. Most HEXB mutations are associated with the infantile form. Contrasting with 

the high number of mutations in HEXA and HEXB, only 8 mutations were 

described in the GM2A gene. Importantly, they all lead to an infantile acute 

disease [25]. 

Currently, there is no treatment available for GM2 gangliosidosis. The main 

affected tissue is the grey matter in the brain, and the inability of recombinant 

enzymes to cross the blood brain barrier avoids the use of ERT as an effective 

treatment. SRT with Miglustat or other glucosylceramide synthase inhibitors was 

also tested in animal models and in patients [26]. However, SRT did not 

significantly prevent disease progression. A study of different chemical compounds 

revealed that an approved antimalarial drug works as a Hex A chaperone, capable 

of increasing enzyme activity in GM2 gangliosidosis cells [27]. This compound was 

tested in clinical trials, and led to a significant increase in Hex A activity in 

leukocytes [28]. However, due to the short duration of the assay, clinical efficacy 

could not be assessed. 
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1.3 Lipid antigen presentation 

 

Sphingolipids have been described as antigens for lipid-specific T cells and 

lysosomal function was shown to play an important role in lipid antigen 

presentation. Thus, a link between lysosomal storage and lipid antigen 

presentation has been explored in the last years. 

 

The adaptive immune response relies on the action of B and T cells. While B cells 

recognize antigens in the extracellular medium through membrane bound-

antibodies, T cells require the presence of antigen-presenting cells that internalize 

and process the antigens. These are then loaded in antigen presenting molecules 

and exposed at the cell surface, allowing T cell receptor (TCR) engagement and 

consequent T cell activation (Figure 3). This function was initially attributed to 

Major Histocompatibility Complex (MHC) class I and class II molecules, which 

were capable to bind antigenic peptides. However, it was later described that CD1 

molecules also presented antigens to T cells that were not peptides, but rather 

lipids. 

  

Figure 3. MHC and CD1-mediated antigen presentation to T cells. 

 

The first paper describing CD1-restricted T cells was published in 1989, but the 

nature of the antigen presented was not identified [29]. The emergence of lipids as 

T cell antigens presented by CD1 molecules was only established 5 years later by 

the discovery of the antigenic properties of mycolic acid [30]. Nowadays, a variety 
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of lipids, both from self- or non-self-origin, are known to bind CD1 molecules and 

to participate in lipid-specific T cell development and activation. 

 

1.2.1 CD1 molecules 

Expression 

Human CD1 molecules are encoded by 5 different genes localized to chromosome 

1. These genes encode 5 different CD1 isoforms: CD1a-CD1e. The functional 

CD1 molecules are heterodimers composed by association of CD1 with β2-

microglobulin. Based on sequence homology, CD1 isoforms can be classified in 

three groups. Group I is composed by CD1a, CD1b and CD1c isoforms. These 

isoforms are almost only expressed on thymocytes and professional antigen-

presenting cells (APCs) and are present in humans but not in mice. CD1a is also 

expressed on Langerhans cells and CD1c in a subset of B cells [31]. Group II 

includes CD1d, the only CD1 isoform shared between humans and mice. CD1d 

has a wide expression pattern and is present in both hematopoietic and non-

hematopoietic cells. CD1d is highly expressed on cortical thymocytes, but it gets 

downregulated in medullary thymocytes. In peripheral blood, B cells, monocytes, 

dendritic cells and activated T cells express CD1d. Non-hematopoietic cells 

expressing CD1d are present in the gut, liver, bile duct epithelium, pancreas, 

kidney, endometrium, testis, epididymis, conjunctiva, breast and skin. In the 

human gut, intestinal epithelial cells express and present antigens by CD1d. More 

recently, adipocytes were also found to express CD1d and a role in lipid antigen 

presentation has been suggested [32], [33]. Finally, CD1e composes group III. 

CD1e is expressed on dendritic cells, the only cells known to express all CD1 

molecules, and functions as a lipid transfer protein (LTP) and not as an antigen 

presenting molecule, since it is never present at the plasma membrane.  

The expression of CD1 molecules is modulated by infection. Infection of human 

monocyte-derived dendritic cells with HIV-1 and of CD1d-transfected HeLa cells 

with herpes virus type I alters CD1d trafficking leading to a reduction in CD1d 

expression at the cell surface and preventing lipid antigen presentation by CD1d 

[34], [35]. A similar mechanism was described for mouse CD1d and Vesicular 

Stomatitis Virus [36]. The expression of Group I CD1 isoforms in human dendritic 

cells was analyzed after Cytomegalovirus and Mycobacterium tuberculosis 

infection. In both cases, downregulation of Group I CD1 expression was observed 
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[37], [38]. However, other reports showed that infection of human monocytes with 

Mycobacterium tuberculosis or Borrelia burgdorferi  leads to an increase of Group 

I CD1 expression, but not of CD1d [39], [40]. 

 

Structural features 

CD1 shares many structural features with MHC class I molecules. All CD1 

isoforms are composed by a heavy chain that contains three extracellular domains 

(α1, α2, and α3), a transmembrane domain and an intracellular tail. The α1 and α2 

extracellular domains are composed by two anti-parallel α-helices on the top of 6 

β-strands. These are supported by the α3 domain that interacts with β2-

microglobulin (the light chain) creating a heterodimer [41]. The striking difference 

between CD1 and MHC class I molecules relies on the antigen binding pockets. 

Contrary to MHC class I, CD1 pockets are lined by hydrophobic residues that 

interact with the hydrophobic part of the lipids while leaving the polar moieties 

exposed for TCR recognition [41]. The size, shape and number of the pockets vary 

between CD1 isoforms, allowing the accommodation of lipids with variable fatty 

acid chain length (Figure 4) [42].  

 

Figure 4. Schematic representation of the binding pockets from the different CD1 molecules (cross-
sectional view). Dashed light colored area in CD1a represents the terminus of the A’ pocket. β2M – 
β2-microglobulin.  

 

Similarly to MHC class I, CD1 molecules possess two deep pockets: A’ and F’. 

CD1b has two additional pockets, C’ and T’ that allow the binding of lipids with 

larger hydrophobic chains [41]. CD1a has the smallest binding groove and, 
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contrarily to what is observed in the other CD1 isoforms, its A’ pocket is not 

directly connected to the other pockets, but instead it abruptly ends deep in the 

binding groove, functioning as a “molecular ruler” that prevents the binding of long 

hydrophobic chains (Figure 4) [41]. The F’ pocket is more permissive and allows 

binding of lipopeptides [43]. CD1a also has a semi-open conformation that 

facilitates the loading of lipids at neutral pH and without the action of LTP [42]. 

CD1b has the larger binding site, composed of four pockets, three of which are 

interconnected to form a large A’T’F’ super channel. This characteristic confers 

CD1b the unique ability to bind long-chain mycolyl lipids. Since long-chain 

endogenous lipids are scarce, it was hypothesized that spacer lipids might bind 

part of the CD1b pockets, stabilizing its structure and allowing the binding of 

smaller antigens [41]. The acidic pH of the lysosomes allows relaxation of CD1b, 

which improves lipid binding [42]. Similarly to CD1a, CD1c has an F’ pocket that is 

permissive to peptide binding and usually associates with antigens that only have 

one alkyl chain, suggesting that the A’ pocket might be occupied by spacer lipids. 

CD1d was crystallized in complex with several lipids. In all GSLs containing a 

ceramide backbone, the sphingosine chain binds the F’ pocket while the fatty acid 

occupies the A’ pocket, exposing the sugar head to the TCR. Despite its inability to 

present lipid antigens, the CD1e structure also contains A’ and F’ pockets, 

although they are not clearly separated, thus creating a larger groove [42]. Also, 

CD1e has a solvent exposed groove. These two characteristics together, allow 

quick binding and release of different types of lipids, compatible with CD1e 

function of LTP [42]. 

 

Synthesis and Trafficking 

After translation, CD1 molecules initiate their maturation process in the 

endoplasmic reticulum (ER). In the ER, glycosylation allows the binding of the 

chaperones calnexin, calreticulin and thiol oxidoreductase ERp57, that promote 

correct folding and assembly with β2-microglobulin [44]. Another ER protein with a 

pivotal role in CD1 assembly is microsomal triglyceride transfer protein (MTP). 

Absence of MTP results in severe defects in lipid antigen presentation by group I 

and group II CD1 isoforms [45]–[47]. The analysis of soluble CD1 molecules 

revealed that during assembly, they are associated with different lipids rather than 

having empty pockets. Thus, it was suggested that MTP could load ER lipids into 
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these pockets, stabilizing the molecules. However, another report showed that 

MTP absence does not alter the biosynthesis, glycosylation maturation or plasma 

membrane internalization of CD1 molecules, but it is important for the recycling 

from the lysosome to the cell surface, suggesting another function for MTP 

besides CD1 stabilization through lipid loading [48].  

The cellular trafficking of CD1 molecules is illustrated in Figure 5. CD1 molecules 

continue their maturation in the trans-Golgi network (TGN). The identification of 

some Golgi-synthesized lipids bound to CD1 suggests that they are loaded along 

the secretory pathway, after exiting the ER [49]. In the TGN, CD1 molecules also 

complete their glycosylation process before being exposed at the cell surface. 

When in the plasma membrane, CD1 molecules are recycled through the 

endosomal route, where they survey for lipid antigens. Internalization of CD1b, 

CD1c and CD1d is mediated by interaction of the cytoplasmic tail with the adaptor 

protein complex (AP)-2, which sorts cargo proteins into clathrin-coated pits. 

Contrarily, CD1a does not interact with AP-2 and is internalized using clathrin and 

dynamin-independent pathways [50]. After internalization into sorting endosomes, 

the different CD1 isoforms have distinct fates. CD1a and CD1c localize in the 

endocytic recycling compartment, which indicates that they follow the slow 

recycling pathway back to the plasma membrane. However, CD1c can also be 

found in late endosomes. CD1b and mouse CD1d (mCD1d) interact with AP-3, 

which sorts these molecules to the late endosomes and lysosomes. Curiously, 

human CD1d does not interact with AP-3 and can be found in late endosomes 

[50]. Studies with mouse mCD1d lacking the cytoplasmic tail (and therefore not 

internalized for recycling) revealed the presence of mCD1d molecules in 

lysosomes, suggesting the existence of an alternative pathway that directly sorts 

mCD1d to lysosomes [51]. This was explained by the association of mCD1d with 

the Invariant chain (Ii) and MHC-class II in the ER, which directly sends mCD1d to 

MHC class II compartments or lysosomes [52]. Later, Ii was also shown to 

associate with CD1a, suggesting that this might be applicable to all CD1 isoforms 

[53]. After reaching the endocytic compartments, CD1 molecules exchange the 

non-immunogenic lipids acquired during assembly with antigenic lipids, with the 

help of several LTP. The mechanisms responsible for the targeting of CD1 

molecules from the lysosome to the plasma membrane are not well understood, 

but it is known that localization of these molecules in lipid rafts improves antigen 
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presentation [49]. Recently, it was shown that lysosomal pH had an influence on 

CD1d localization at the plasma membrane [54]. 

 

Figure 5. The cellular trafficking of CD1 molecules. After synthesis, CD1 molecules associate with 
β2-microglobulin in the Endoplasmic Reticulum. Then, they traffic to the trans-Golgi network, where 
they are glycosylated and follow to the plasma membrane (solid arrows). There, CD1 molecules 
are internalized by the endocytic pathway, where most of the loading occurs. The different CD1 
isoforms localize in different endocytic compartments. The loaded CD1 molecules then traffic to the 
plasma membrane, where they activate T cells (dashed arrows). EE – early endosome; LE – late 
endosome; hCD1d – human CD1d; mCD1d – mouse CD1d.  

 

1.2.2 Lipid antigens 

Identification of exogenous and self-lipid antigens  

Lipid antigens include mostly phospholipids and sphingolipids (Table 1). 

Interestingly, this is the only class shown to be presented by all CD1 isoforms, so 

far. However, lipids from other classes were shown to bind some CD1 isoforms 

and activate CD1-restricted T cells (Table 1). Curiously, some antigens can be 

presented by more than one CD1 isoform. The most striking example is sulfatide, 

that has the unique property of binding and activating T cells restricted to all CD1 

isoforms [55]. 

Antigens for CD1a are typically small and lack bulky head groups. They were 

identified in cypress pollen and in Mycobacteria tuberculosis, but antigens of self-

origin have also been described [56]–[59]. Among CD1a antigens there are 

phospholipids, glycosphingolipids, lipopeptides and oils.  

CD1b usually accommodates larger lipids. The first lipid antigen to be identified 

was mycolic acid [30], a class of long-chain fatty acids found in the cell wall of 
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Mycobacteria tuberculosis. Indeed, most CD1b non-self antigens identified so far 

are of Mycobacteria tuberculosis origin (Table 1) [60], [61]. The identification of 

self-lipids as T cell antigens occurred later, with the discovery that CD1b-restricted 

GM1-specific cells were present among peripheral blood mononuclear cells 

(PBMCs) [62]. This work also uncovered the fine specificity of the T cell response, 

since GM2 ganglioside and asialo-GM1 were not able to stimulate the same cells 

as the GM1 ganglioside. More recently, CD1b was also shown to present 

phospholipids of either mammalian and bacterial origin [63]. 

 

Table 1. Naturally-occurring antigens for CD1-restricted T cells.  

Class Lipid Origin CD1 References 

Phospholipids PE Cypress; self CD1a; 

mCD1d 

[56], [64] 

 PC Cypress; self CD1a; 

hCD1d; 

CD1c 

[56], [65] 

 PG M. tuberculosis; L. 

monocytogenes; E. 

coli; C. glutamicum  

Self 

CD1b; 

mCD1d 

[63], [64], 

[66], [67] 

 PI M. tuberculosis; 

Self 

mCD1d [64], [67] 

 Cardiolipin Self mCD1d [68] 

 DPG M. tuberculosis; L. 

monocytogenes  

mCD1d [66], [67] 

 Lyso-PE Self m/hCD1d [69] 

 Lyso-PC Self m/hCD1d 

CD1a 

[57], [69], 

[70] 

Sphingolipids Lyso-Sph Self hCD1d [70] 

Glycosphingolipids Sulfatide Self CD1a; 

CD1b; 

CD1c; 

m/hCD1d 

[55], [71] 

 Lyso-sulfatide Self mCD1d [71] 

 GM1 Self CD1b [72] 

 GD3 Self mCD1d [73] 

 α-GalCer Self m/hCD1d [74] 

 β-GlcCer Self mCD1d [75] 
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Table 1 (cont.) 

Class Lipid Origin CD1 References 

Glycosphingolipids Lyso-GalCer Self mCD1d [75] 

 β-GlcSph Self m/hCD1d [75], [76] 

 β-GalCer Self mCD1d [75] 

 iGb3 Self mCD1d [77] 

 GSL-1 Sphingomonas spp. m/hCD1d [78] 

Plasmalogens pLPE Self m/hCD1d [79] 

 mLPA Self CD1c [80] 

 eLPA Self mCD1d [79] 

Oils Triacylglyceride Self CD1a [58] 

Terpenes Squalene Self CD1a [58] 

Diacylglycerolipids GalDAG B. burgdorferi m/hCD1d [81] 

Mycolates GMM M. tuberculosis CD1b [60] 

 Mycolic acid M. tuberculosis CD1b [30] 

Lipoglycans PIM M. tuberculosis CD1b [61] 

 LAM M. tuberculosis CD1b [61] 

 LPG L. donovani mCD1d [82] 

Lipopeptides Dideoximycobactin M. tuberculosis CD1a [59] 

Mycoketides MPM M. tuberculosis CD1c [83], [84] 

 PM M. tuberculosis CD1c [83] 

Abbreviations: PE – phosphoethanolamine; PC – phosphatidylcholine; PG – phosphatidylglycerol; PI – 
phosphatidylinositol; DPG – diphosphatidylglycerol; Sph – sphingomyelin; GalCer – Galactosylceramide; 
GlcCer – glucosylceramide; GlcSph – glucosylsphingosine; iGb3 – isoglobotriaosylceramide; GSL-1 – 
glycosphingolipid 1; pLPE – lysophosphatidylethanolamine; mLPA – methyl-lysophosphatidic acid; eLPA – 
lysophosphatidic acid; GalDag – Galactosyldiacylglycerol; GMM – Glucose monomycolate; PIM – 
phosphatidylinositol mannose; LAM – lipoarabinomannan; LPG – lipophosphoglycan; MPM – mannosyl 
phosphomycoketide; PM – phosphomycoketide.     
 

 

Both self-antigens and mycobacterial antigens are presented by CD1c molecules. 

The signature feature of mycobacterial lipids binding CD1c seems to be the 

methylation of the alkyl chains [83], [84]. Two lipids have been identified as self-

CD1c-restricted T cell antigens: the glycosphingolipid sulfatide and the 

plasmalogen methyl-lysophosphatidic acid [55], [80]. 

Antigens that bind CD1d are present in bacteria, parasites and plants (Table 1). 

However, the large majority of the identified antigens for CD1d-specific T cells are 

of self-origin and belong to the class of glycosphingolipids. These self-antigens are 

thought to have an important role in the selection of invariant Natural Killer T 

(iNKT) cells in the thymus [74], [77], [79]. 
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Lipid loading on CD1 molecules 

Lipids are hydrophobic and therefore need assistance for transport, uptake and 

processing. This role is played by LTPs. In the bloodstream, lipids travel in very-

low density or high density lipoprotein particles or associated with some 

monomeric proteins [43]. The uptake of the lipid antigens by the cells occurs by 

interaction with cellular receptors such as low-density lipoprotein receptors and 

scavenger receptors. The receptor usage seems to be dependent on the type of 

cell and influenced by the lipid structure [43], [49]. Lipid structure also influences 

intracellular trafficking. While lipid antigens with short unsaturated alkyl chains 

localize in the endocytic recycling compartment, lipids with long saturated tails 

travel to the late endocytic compartments [43]. This difference in trafficking allows 

the encounter of the different CD1 isoforms with their preferred ligands. 

In endocytic compartments, the presence of specialized LTPs assists lipid binding 

to CD1 (Table 2). Although some self-lipids are loaded into CD1 during folding in 

the ER, exogenous lipids need to be loaded from membranes or lipid-proteins 

complexes, once internalized. The lysosomal proteins that facilitate this process 

include saposins, GM2 activator protein, Niemann-Pick C2 (NPC2) protein and 

CD1e [85]–[94]. Saposins are a group of 4 proteins that arise due to cleavage of a 

common precursor: prosaposin. They were shown to be important for endogenous 

and exogenous lipid removal and loading into mouse and human CD1d, both in 

the steady-state and during infection [87]–[89], [94]. Saposin B greatly improves 

human CD1d-mediated lipid antigen presentation, but saposins A and C were also 

shown to efficiently perform lipid exchange in mouse CD1d molecules [87], [88], 

[94]. Saposin C binds both CD1b and CD1c, facilitating lipid loading in these 

molecules [85], [86]. Importantly, this function is restricted to lipid exchange, 

meaning that saposins are not capable of removing lipids from CD1 if they cannot 

be replaced by another. GM2 activator protein is a co-factor for β-hexosaminidase 

A but it also removes mCD1d bound-lipids, without the need of binding other lipids 

[94]. A similar function was found for the NPC2 protein [90]. CD1e was described 

as an isoform incapable of presenting lipid antigens, due to its absence from the 

plasma membrane. However, the endosomal localization and the similarities in the 

binding pocket shared by the different CD1 isoforms suggested that CD1e binds 

lipid antigens. In 2005, CD1e was identified as a co-factor for α-mannosidase, a 

lysosomal enzyme that in the presence of CD1e degrades complex non-



21 
 

immunogenic mycobacterial lipids to antigenic forms [92]. Later, CD1e was also 

shown to promote the loading of specific self- or exogenous lipids in CD1b, CD1c 

and human CD1d, indicating that this LTP tunes the CD1-mediated immune 

response by selecting ligands to load on CD1 molecules [93]. 

Besides LTP, CD1 lipid exchange in endosomal compartments is also facilitated 

by the low pH that induces relaxation of the CD1 structure, promoting a more 

dynamic binding and dissociation of lipids [49]. 

 

Table 2. Lysosomal LTPs involved in CD1 loading. 

LTP CD1 Mechanism 

Saposin A mCD1d Lipid exchange 

Saposin B m/hCD1d Lipid exchange 

Saposin C CD1b/c Lipid exchange 

GM2A mCD1d Lipid loading/unloading 

NPC2 mCD1d Lipid loading/unloading 

CD1e CD1b/c/d Lipid loading 

Abbreviations: GM2A – GM2 activator protein 

 

Lipid spacers  

CD1 isoforms typically bind lipids with hydrophobic chains that match the size of 

the binding groove, suggesting a 1:1 stoichiometry. However, CD1b was found to 

be associated with rather small lipids that do not fully occupy the binding pocket. 

This raised the question of whether CD1b was able to bind two lipids 

simultaneously. Studies with CD1b bound with GM2 ganglioside or 

phosphatidylinositol showed that the T’ and F’ pockets were not occupied by the 

lipids, but instead by detergent molecules used during protein refolding [41]. It was 

then hypothesized that natural lipids might display similar spacer functions in cells. 

Diacylglycerols and deoxyceramides were identified as natural spacer lipids that 

bind CD1b. Importantly, their addition was shown to improve T cell recognition of 

an antigen with a short alkyl chain, but not of a long-chain lipid that fully occupies 

the binding groove [95]. Additional spacer lipids have also been identified in crystal 

structures of CD1b bound to phosphatidylcholine [96]. Evidence from 

crystallographic studies also suggests the presence of spacer lipids in CD1a, 

CD1c and CD1d [83], [97], [98]. 
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1.2.3 CD1-restricted T cells 

The most studied CD1-restricted T cells are invariant natural killer T (iNKT) cells, a 

CD1d-restricted oligoclonal population that can be identified by specific markers. 

However, CD1a, CD1b and CD1c-restricted T cells are also abundant in human 

blood. A summary of the types of lipid specific T cells is depicted in Figure 6. 

 

Figure 6. Subpopulations of lipid-specific T cells. GEM – Germline encoded mycolyl-reactive T 
cells; iNKT – invariant Natural Killer T cells; NKT II – Type II Natural killer T cells. 

 

Group I CD1-restricted T cells 

Both autoreactive and Mycobacterium tuberculosis antigen-specific group I CD1-

restricted T cells have been identified [83], [99]–[103]. Upon activation, these cells 

display cytotoxic activity and usually present a Th0 or Th1 phenotype, producing 

large amounts of IFN-γ and TFN-α [100], [104]. They are also capable to kill 

intracellular mycobacteria [105].   

  

CD1a-restricted T cells 

CD1a-restricted T cells are among the most frequent self-reactive CD1-restricted T 

cells in peripheral blood [100], [101]. However, they are surprisingly common in 

the skin. Skin CD1a-restricted T cells become activated when in contact with 

CD1a expressed by Langerhans cells. Upon activation, they produce IFN-γ, IL-2 

and IL-22, a cytokine with suspected roles in skin immunity [101]. Interestingly, 

bee venom was shown to positively influence the activation of skin CD1a-restricted 

T cells, by the action of its phospholipase A2 in the lipid content of the skin [106], 

probably altering the availability of self-ligands for CD1a.  
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CD1a-restricted T cells are unique in the way that the CD1a molecule can be 

directly recognized by the TCR. Therefore, self-ligands for CD1a can be either 

permissive, such as lysophosphatidylcholine that allows activation of autoreactive 

T cells, or non-permissive, such as sphingomyelin that inhibits activation of CD1a-

restricted T cells [57]. Nevertheless, CD1a-restricted T cells were shown to 

recognize antigens protruding out of the CD1a pocket, such as sulfatide [55], 

[107], indicating that some TCRs require a lipid antigen for recognition.  

CD1a-restricted T cells were identified in the peripheral blood of tuberculosis 

patients or subjects with positive tuberculin tests using tetramers and dextamers 

loaded with the antigen dideoxymycobactin (Table 1) [103]. Clones isolated from 

the tetramer-positive cells were positive for either CD4 or CD8 [103]. 

 

CD1b-restricted T cells 

The number of CD1b-restricted self-reactive T cells in blood is estimated to be 

very low, contrary to what was observed for CD1a, CD1c and CD1d [100], [101]. 

Sulfatide, GM1 and diverse phospholipids were identified as CD1b-presented self-

antigens [55], [62], [63]. 

CD1b-restricted T cells seem to be especially important in mycobacterial immunity. 

The generation of CD1b tetramers loaded with a glucose ester of mycolic acid 

(GMM) allowed the identification of a conserved population of mycolyl-reactive T 

cells. These germline-encoded mycolyl-reactive (GEM) T cells, initially identified in 

the blood of tuberculosis patients, share a semi-invariant αβ TCR and are positive 

for the CD4 co-receptor [102]. Later, it was shown that these cells were also 

present in blood donors and that the semi-invariant TCR was associated with their 

high affinity to the GMM antigen [99]. A second population of CD1b-restricted T 

cells with a biased TCR was also identified and designated as LDN5-like T cells 

(as they express a similar TCR to LDN5, one of the first CD1b-reactive clones 

identified) [108]. Contrary to GEM T cells, these cells have an intermediate affinity 

to GMM and express different co-receptors including CD4, CD8α and CD8β [108]. 

These papers challenged the previous idea that the TCR repertoire of group I 

CD1-restricted T cells is so variable that it cannot be used to divide them into 

subsets. 

More recently, lipids from Staphylococcus aureus, Brucella melitensis, and 

Salmonella Typhimurium were shown to activate CD1b-restricted T cells [63]. 
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Interestingly, these cells also displayed autoreactivity, indicating that bacteria and 

mammalian cells share CD1b antigens.  

 

CD1c-restricted T cells 

CD1c-autoreactive T cells are rather frequent in peripheral blood [100], but are 

also perhaps the most unknown. Although CD1c is widely expressed in dendritic 

cells (DCs) and B cells from peripheral blood, only sulfatide and mLPA were 

identified as self-antigens presented by CD1c (Table 1) [55], [80]. Similarly to what 

was observed for other CD1-restricted T cells, mycobacterial lipids induce CD1c-

dependent polyclonal responses (Table 1) [83]. The generation of tetramers with 

MPM allowed the detection of CD1c-restricted phosphomycoketide specific T cells 

in the peripheral blood of subjects with latent Mycobacterium tuberculosis 

infection. This polyclonal population mainly expressed the co-receptor CD4 [83].  

 

CD1d-restricted T cells 

 

CD1d-restricted T cells are also common in peripheral blood. They are present in 

both humans and mice and they are the most studied CD1-restricted T cells. They 

are called natural killer T (NKT) cells because they express both a T cell receptor 

and markers of natural killer cells, such as CD161 and CD56 in humans and 

NK1.1 in mice [109]. Based on TCR usage, two different populations of NKT cells 

are distinguished. Type I NKT cells, or iNKT cells, are characterized by the 

expression of a semi-invariant TCR (Vα24Vβ11 in humans and Vα14 paired with a 

limited repertoire of Vβ-chains in mice) [110]. Type II NKT cells represent an 

oligoclonal population, that shows bias towards some Vα and Vβ chains [110]. 

iNKT cells are easily identified in tissues by antibodies against the semi-invariant 

TCR or by tetramers loaded with the antigen α-Galactosylceramide (α-GalCer) 

[111], [112]. However, there is not a reliable way to identify the complete group of 

type II NKT cells.  

Since CD1d is expressed in mice, this organism has been used to improve 

knowledge on NKT cells. The generation of both CD1d-/- (that lacks all NKT cells) 

and Jα18-/- (that lacks only iNKT cells) mice allowed a better study of the function 

of these two populations [113]–[115]. It is now known that the two NKT cell 

populations are cross-regulated and that they often play opposing roles in 
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inflammation and anti-tumor immunity [116]. The characteristics of each subset 

are described below. 

 

iNKT cells 

iNKT cell frequency varies between mice and humans. In mice, iNKT cells are 

more frequent in the liver and adipose tissue and are present at a lower 

percentage in thymus, spleen, bone marrow, peripheral blood and lymph nodes. In 

humans, iNKT cells are more frequent in the adipose tissue, followed by the liver 

and appear at lower percentages in spleen, peripheral blood, lymph nodes, bone 

marrow and thymus. After maturation in the thymus, iNKT cells home to different 

tissues in response to chemokines, creating organ-specific populations. It has 

been shown that the APCs present in the different organs help to shape iNKT cell 

function. For example, splenic APCs induce a stronger IFN-γ production by iNKT 

cells than thymic APCs [117].  

 

Development 

The development of iNKT cells starts in the thymus by interactions of CD1d:self-

antigen complexes, expressed in double-positive (DP) thymocytes, with DP 

thymocytes expressing the semi-invariant TCR (Figure 7) [43].  

 

Figure 7. iNKT cell development in the thymus. Cells expressing the invariant TCR interact with 
CD1d

+
 DP thymocytes. This interaction together with signaling through SLAM initiates the iNKT cell 

maturation program, which is characterized by 4 different stages. iTCR – invariant TCR. 
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The rearrangement of the semi-invariant TCR seems to be controlled by E protein 

and its negative regulators Id2 and Id3 [118]. The interaction of the invariant TCR 

with CD1d, together with signaling through the signaling lymphocyte activation 

molecule (SLAM), positively selects and initiates the iNKT cell maturation program, 

by inducing the expression of the transcription factor Erg2 that directly activates 

promyelocytic leukaemia zinc finger (PLZF) [43]. E protein also regulates PLZF 

expression during iNKT cell development, and the differential expression of Id2 

and Id3 proteins is essential for iNKT cell maturation and specialization [119].  

The maturation of iNKT cells occurs along 4 stages (Figure 7). At stage 0, iNKT 

cells express high amounts of CD24. The downregulation of this molecule 

establishes the transition to stage 1 and the initiation of the proliferative phase. As 

cells proceed to stage 2, CD44 is upregulated. Stage 3 is characterized by the 

expression of NK cell markers, such as NK1.1, usually acquired at the periphery 

[120].  

Interaction of iNKT cells with CD1d was shown to be essential for the expression 

of NK1.1; however, iNKT cell survival was not affected by the absence of NK1.1 

expression [121]. Indeed, a population of mature peripheral iNKT cells that do not 

express NK1.1 exists and is functionally similar to peripheral NK1.1-positive iNKT 

cells, presenting a Th0 phenotype [122]. On the contrary, thymic NK1.1 negative 

cells have a functional bias towards a Th2 phenotype [122]. 

More recently, a different view of iNKT cell maturation was developed based on 

the identification of functionally distinct subsets (Figure 8). At stage 2, cells start to 

express different types of transcription factors that can either lead to an NKT1, 

NKT2 or NKT17 phenotype. Therefore, according to this hypothesis, stage 3 does 

not represent the final step on iNKT cell maturation, but rather one of the possible 

mature iNKT cell subsets.  

Negative selection has been a matter of debate. The absence of CD8+ iNKT cells 

in mice suggested that these cells could be deleted in the thymus. However, it was 

later shown that CD8+ iNKT cells exist in mice, although at a very low percentage 

[123]. These cells showed a strong bias towards a Th1 phenotype, which justifies 

the need of their tight control [123]. This control is not mediated by thymic negative 

selection. Instead, the expression of ThPOK drives the downregulation of the CD8 

co-receptor [124]. Nevertheless, it was recently shown that negative selection 

does occur during iNKT cell maturation, but rather than being mediated by CD8, it 
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is mediated by TCR affinity. The generation of a transgenic mouse expressing a 

high-affinity TCR revealed that these mice deleted the high-affinity iNKT cells and 

sustained only a population of low-affinity iNKT cells [125]. 

 

 

Figure 8. iNKT cell development considering the different iNKT cell subsets. At stage 2, the 
differential expression of transcription factors leads to specialization. 

 

Subsets 

Despite their conserved TCR, iNKT cells represent a heterogeneous population. 

The study of iNKT cells led to the identification of functionally distinct subsets. 

Initially, iNKT cell subsets in mice were defined based on the expression of cell 

surface markers. In mice, iNKT cells can express CD4 or be negative for this 

molecule. On the contrary, the percentage of CD8+ cells is very small [123].The 

expression of NK1.1 was associated with an increase in the production of IFN-γ, 

while lack of this molecule represented a population of cells that produced mainly 

IL-4 [126]. However, the NK1.1 receptor is absent in Balb/c mice, questioning the 

utility of these subsets.  

More recently, iNKT cell subsets were redefined in mice, based on transcriptional 

program, cell surface markers and cytokine production (Table 3) [127]. Three 

major subsets were identified: NKT1, NKT2 and NKT17. 

NKT1 cells express mainly IFN-γ, high levels of T-bet and low levels of GATA3. 

They are also characterized by NK1.1 expression, absence of IL-17RB and 

dependence on IL-15 [127]. During differentiation, these cells downregulate PLZF 
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[128]. The NKT1 sublineage can be further divided in NKT1a and NKT1b subsets, 

based on the expression of CD27 [129]. While NKT1a cells express high amounts 

of CD27, NKT1b cells are negative for this molecule. NKT1 cells are the most 

abundant population in C57BL/6 mice, but are almost absent in BALB/c mice 

[128], [129]. The NKT1a subset is the most represented. Although NKT1b cells are 

rather rare in the thymus and spleen, they comprise a generous part of the liver 

iNKT cell population [129].  

 

Table 3. Main iNKT cell subsets in mice: transcriptional programs, surface markers, cytokine 
production and frequency. 

 

 
Transcriptional 

factors 

Surface 

markers 

Cytokine 

production 
Frequency* 

NKT1 

NKT1
a
 

 

T-bet
hi 

GATA-3
lo
 

PLZF
- 

Id2
+
 

NK1.1 

IL-17RB
- 

IL-15Rα
+
 

CD27
+
 

CD4
+/- 

IFN-γ 

IL-4 
Most frequent subset 

NKT1
b
 

T-bet
hi 

GATA-3
lo
 

PLZF
- 

Id2
+
 

NK1.1 

IL-17RB
-
 

CD27
- 

CD4
+/-

 

IFN-γ 

IL-4 

Rare in thymus and spleen; 

more frequent in the liver 

NKT2  

T-bet
lo 

GATA-3
hi
 

PLZF
high

 

Id3
+
 

NK1.1
-
 

IL-17RB
+ 

CD4
+
 

IL-4 

IL-13 
More common in the lung 

NKT17  
RORγt

+ 

PLZF
int 

NK1.1
- 

IL-17RB
+ 

CD4
-
 

IL-17 

IL-22 

Mainly present in the lung, 

lymph nodes and skin 

*In C57BL/6 mice. hi – high, lo – low. 

 

NKT2 cells produce mainly IL-4 and are characterized by the expression of the 

transcription factor GATA-3 [127], [128]. They are localized mainly in the lung and 

are more frequent in BALB/c mice. Contrary to NKT1 cells, NKT2 cells are 

dependent on IL-17RB expression for development and express high levels of 

PLZF [128]. In humans, the functional properties of CD4+ iNKT cells are highly 

associated with the NKT2 phenotype [112], [130], [131]. 
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The NKT17 subset is characterized by the preferential production of IL-17 and IL-

22, instead of IL-4 and IFN-γ [127]. They were identified within NK1.1- CD4- cells 

and are mainly present in the lung, lymph nodes and skin [132], [133]. Recently, 

they were shown to express syndecan-1 [134]. Despite the fact that some IL-17 

producing cells are committed to this fate in the thymus, iNKT cells can also 

acquire this ability in the periphery, under certain conditions [135]. At the 

transcriptional level, the development of NKT17 cells is repressed by ThPOK and 

driven by RORγt expression [136]–[138]. E protein was also shown to be important 

to drive subset commitment. Increased expression of this protein leads to a 

reduction in NKT1 cells with an increase in NKT2 and NKT17 cells [139].  

More recently, a regulatory NKT10 subset was proposed. This subset is 

characterized by the production of IL-10 and is abundant in adipose tissue, but 

also present in the spleen and peripheral blood [140], [141]. These cells are mainly 

negative for NK1.1 [141]. 

Despite the specialization observed in these subsets, the function of iNKT cells is 

modulated by the environment. Under inflammatory conditions, different iNKT cell 

subsets were shown to acquire the capacity to produce IL-9 [142]. 

So far, the existence of these subsets in humans was not clarified. Thus, in 

humans, iNKT cell subsets are still defined based on the expression of cell surface 

molecules (such as CD4 and CD8) and cytokine production. Contrarily to what is 

observed in mice, iNKT cells in humans can express only CD4, only CD8 or none 

of the molecules. Importantly, CD4 and CD8 expression defines functionally 

distinct subsets. CD4- iNKT cells (which include both CD8+ and double negative 

cells) are characterized by a Th0 phenotype, while CD4+ iNKT cells tend to 

produce larger amounts of Th2 cytokines [112], [130], [131], [143]. Among CD4- 

iNKT cells, those expressing CD8 present a Th1 bias, producing larger amounts of 

IFN-γ and almost no IL-4, when compared to double negative cells. [131]. They 

also display the highest cytotoxic activity [131]. Another subset is characterized by 

cells producing IL-17, that arise in response to pro-inflammatory conditions and 

express CD161 [144]. In some studies, the analysis of human iNKT cell subsets 

was extended by determining the expression of cell surface markers, such as 

CD16, CD25, CD27, CD28, CD38, CD45RA, CD45RO, CD56, CD62L and CD69 

[111], [145]. Chemokine analysis also revealed subset specialization of iNKT cells 

[112]. 
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iNKT cells in pathology  

iNKT cell can contribute to pathology in two different ways. First, iNKT cells can be 

reduced in number or present phenotypic and functional alterations, leading to an 

increased susceptibility to certain diseases. Second, iNKT cells can be intrinsically 

normal, but display an aberrant activation due to environmental alterations, that is 

detrimental for the organism (Figure 9).  

iNKT cell intrinsic defects have been linked to autoimmune diseases, cancer and 

infection. A reduction of iNKT cells and defective cytokine production was found in 

type I diabetes, multiple sclerosis, rheumatoid arthritis and systemic lupus 

erythematosus [146], indicating a protective role of these cells in autoimmunity. In 

fact, overexpression of iNKT cells in Vα14-Jα281 transgenic non-obese diabetic 

mice (type I diabetes model) prevented the development of type I diabetes [147].  

 

Figure 9. Examples of pathologies with described alterations in the iNKT cell compartment. 

 

iNKT cell involvement in cancer has also been well studied. Mice studies with 

methylcholanthrene-induced tumor model, a p53 deficiency model, and a 

transgenic adenocarcinoma of the mouse prostate model showed that iNKT cell 

presence delays the growth of tumors [148]. Importantly, this function could be 

attributed mainly to liver CD4- iNKT cells [149]. In humans, the role of iNKT cells in 

immunosurveillance has been suggested by a significant reduction of circulating 

iNKT cells in patients with solid tumors [148]. Furthermore, low numbers of iNKT 
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cells in patients with myeloid leukemia, head and neck squamous cell carcinoma 

and colorectal carcinoma were associated with a poor prognosis [150]–[152]. Due 

to these anti-tumoral properties, several clinical studies target iNKT cells for 

cancer therapy. Injection of iNKT cell antigens, either alone or loaded in APCs, 

has induced tumor regression, disease stabilization and prolonged patient survival 

[43].  

iNKT cell role in infection was mainly analyzed in mice. iNKT cells assist in the 

resolution of infection with Sphingomonas and Borrelia burgdorferi [153], [154]. 

The absence of iNKT cells was associated with higher burdens of Helicobacter 

pylori and Entamoeba histolytica [155], [156]. Importantly, it was recently shown 

that the clearance of infection with Pseudomonas aeruginosa from the lung, as 

mediated by iNKT cells, is dependent on the genetic background of the mice used. 

While iNKT cells are essential for clearance in BALB/c mice, they are not required 

in C57BL/6 mice [157]. In humans, iNKT cell defects were associated with active 

disease caused by Mycobacterium tuberculosis infection [158]. 

A large number of diseases are characterized by an aberrant activation of iNKT 

cells. In allergic asthma, iNKT cells can be activated by Th2 cells and produce IL-4 

and IL-13, leading to airway hyperreactivity and inflammation [159]. CD1d-

expressing cells and iNKT cells were detected in atherosclerotic lesions, together 

with some glycosphingolipids known to be antigenic for iNKT cells. These factors 

lead to iNKT cell activation, which further contributes to atherosclerosis [160]. In 

psoriasis, iNKT cell interaction with keratinocytes or CD1d-positive antigen-

presenting cells, induces pathology [161]. The role of iNKT cells in skin pathology 

is also exemplified by their role in contact hypersensitivity. The absence or 

inhibition of iNKT cells confers protection against this condition [162]. 

 

Type II NKT 

Type II NKT cells are the most frequent CD1d-restricted T cells in humans, but 

represent the minority in mice. Contrary to iNKT cells, type II NKT cells express 

diverse TCRs and respond to a variety of lipid antigens, either of self or non-self-

origin (Table 1).  

A population of polyclonal type II NKT cells has been recently characterized in 

Jα18−/−4get mice [163]. This population shares some developmental traits with 

iNKT cells. Deficiency of SAP and PLZF compromises the development of iNKT 
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cells, but also leads to decreases in type II NKT cell percentage [163]. 

Phenotypically, these polyclonal type II NKT cells are very similar to iNKT cells. 

They are characterized by an activated memory state, as determined by CD69 and 

CD44 expression. Regarding co-receptor expression, they can express only CD4 

or neither CD4 nor CD8 [163]. However, they are distinct from iNKT cells when 

considering cytokine production. They produce less IL-4 and less IFN-γ, but similar 

levels of IL-13 and GM-CSF [163]. Although polyclonal, type II NKT cells showed a 

bias towards the usage of TCR Vβ8.1/8.2 chains [163]. 

It was recently shown in mice that type II NKT cells convert to a T follicular-helper 

phenotype upon injection of antigen and induce antibody production, germinal 

center formation and the differentiation of B cells in plasmablasts, indicating a role 

in help to B cells, as previously described for iNKT cells [76].  

Type II NKT cells were described as protective in several pathologies, including 

inflammatory liver disease, type I diabetes, Graft-versus-host disease and 

Staphylococcus aureus sepsis [164]–[167]. On the other hand, they were shown to 

induce colitis and to prevent the anti-tumor activity of iNKT cells [116], [168]. 

Importantly, the existence of an immunoregulatory axis between iNKT and type II 

NKT cells was demonstrated. When activated by sulfatide, type II NKT cells 

suppress iNKT cell proliferation and cytokine production in response to α-GalCer 

[116]. This provides a protection mechanism against iNKT cell hyperactivation, but 

it can also be detrimental for the use of therapies that aim to boost iNKT cell 

function. 

In humans, most of the knowledge on human type II NKT cells arises from the 

study of clones or from the analysis of autoreactive CD1d-restricted Vα24- cells 

[167]. Co-receptor analysis revealed that these cells can express CD4, CD8 or 

none of the molecules. Although initial clones isolated from healthy subjects used 

αβ paired chains, it was later shown that the majority of sulfatide-reactive NKT 

cells possess γδ TCRs, expressing the Vδ1 segment [169]. Studies suggest that 

human type II NKT cells are more frequent than iNKT cells in bone marrow and 

liver, emphasizing their importance in the human immune system. 

Similarly to what was observed in mice, human type II NKT cells were also shown 

to provide help to B cells [76]. In pathology, the role of human type II NKT cells is 

not well defined. However, alterations in this population were described in multiple 
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myeloma and multiple sclerosis. They were also shown to provide protection in 

graft-versus-host disease [167]. 

 

1.4 The link between lysosomal storage diseases and lipid 

antigen presentation 

 

The lysosome is an important organelle in lipid antigen presentation, not only due 

to its acidic properties that facilitate lipid loading on CD1 molecules, but also due 

to its content of hydrolases that are essential for the correct metabolism of 

glycosphingolipids. Furthermore, most antigens for iNKT cells are 

glycosphingolipids. Therefore, it is expected that defects in lysosomal function lead 

to abnormalities in the presentation of lipid antigens and consequently in lipid-

specific T cells. 

iNKT cell defects in mouse models of lysosomal storage diseases were described 

for Fabry disease, GM1 gangliosidosis, Niemann-Pick C type 1 and type 2 

diseases, Sandhoff disease and Tay-Sachs and late-onset Tay-Sachs diseases 

[90], [170]–[174]. The cause of this reduction was attributed to a defect in antigen 

presentation encountered in GM1 gangliosidosis, Fabry, Niemann-Pick C type 1 

and type 2 and Sandhoff cells [170], [175] [90], [173]. Importantly, the mechanisms 

responsible for the alterations in lipid antigen presentation differed between GM1 

gangliosidosis and Niemann-Pick C type 2 deficient mice [173].  Furthermore, a 

few years later, a report observed normal iNKT cell percentages in mouse models 

of metachromatic leukodistrophy, mucopolysaccharidosis type I and Krabbe 

disease. Altogether, these results raised the hypothesis that the iNKT cell defects 

encountered in lysosomal storage diseases were not merely caused by lysosomal 

storage, but related to the accumulation/absence of a specific group of 

lipids/enzymes [176]. 

Nowadays, the existence of iNKT cell and lipid antigen presentation defects in 

some mouse models of lysosomal storage diseases is well established. More 

scarce are the results in patients with lysosomal storage diseases. Two earlier 

studies analyzed the percentage of iNKT cells in the peripheral blood of Fabry and 

Gaucher disease patients, with an antibody against the Vα24 chain of the TCR 

[172], [177], [178]. Contrasting with the results obtained in mice, iNKT cell 
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percentage was not altered in these patients, when compared with control subjects 

[170]–[172], [174], [177], [178]. During the course of this thesis, the percentage of 

iNKT cells in peripheral blood and the capacity of APCs (EBV-transformed B cells 

transduced with CD1d) to present lipid antigens by CD1d were analyzed in 

Niemann-Pick type C patients [179]. No alterations were described, when 

compared with control subjects, once again contrasting with what was observed in 

mice [170], [179]. 
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The aim of this thesis was to characterize human lipid antigen presentation and 

lipid-specific T cells in three sphingolipidoses: Gaucher disease, Fabry disease 

and GM2 gangliosidosis. 

By comparing the results obtained among the three diseases, we aimed to 

determine whether lysosomal storage had an impact on lipid antigen presentation 

and invariant Natural Killer T (iNKT) cell response and if this could be attributed to 

a specific effect of the lipid accumulated. 

 

To achieve these goals we: 

 

1. Analyzed the capacity of cells from Fabry and Gaucher disease patients to 

present lipid antigens to lipid-specific T cells, in comparison with control 

cells and through the CD1b and CD1d isoforms. 

2. Used Fabry disease and Gaucher disease human in vitro models as 

antigen-presenting cells to stimulate CD1b and CD1d-restricted T cell 

clones, thus confirming the results obtained in patients in a system that 

eliminates individual variation. 

3. Determined the percentage and phenotype of iNKT cells in the peripheral 

blood of Fabry disease, Gaucher disease and GM2 gangliosidosis patients. 

4. Evaluated the function of iNKT cells in Gaucher disease patients and in 

Fabry disease patients and mice. 

5. Analyzed the direct effect of the main substrates accumulated in Fabry 

disease and GM2 gangliosidosis in lipid antigen presentation by CD1d and 

consequently, in iNKT cell activation.  





 
 

 
 
 
 
 
 

 

Human CD1b and CD1d-mediated lipid 

antigen presentation is not affected by 

lysosomal storage in Fabry and Gaucher 

diseases 
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Abstract 

In mice, the lysosome has a key role in the presentation of lipid antigens by CD1 

molecules. This has been highlighted by the defects in lipid antigen presentation 

and in iNKT cells detected in several mouse models of lysosomal storage 

diseases. However, the impact of lysosomal engulfment in human lipid antigen 

presentation is poorly characterized.  

We analyzed the capacity of monocyte-derived dendritic cells (Mo-DCs) from 

Fabry and Gaucher disease patients to present antigens to CD1b- or CD1d-

restricted T cells. We found an unexpected high degree of variability in the 

response of some T cell clones to lipid antigens presented by Mo-DCs from 

different healthy subjects. Nevertheless, Mo-DCs from Fabry and Gaucher disease 

patients were capable of presenting antigens through CD1b and CD1d within the 

control range. To overcome the issue of individual variability, we developed in vitro 

models of both diseases by inducing the accumulation of the main storage lipid in 

CD1 transfected C1R cells. The in vitro models of both diseases revealed a 

normal capacity to present antigens by both CD1 molecules. 

Concluding, our results show that contrarily to what was observed in mouse 

models of lysosomal storage diseases, Fabry and Gaucher disease patients do 

not present major defects in lipid antigen presentation. This underscores the 

importance of studying the CD1 system in the human context. Furthermore, we 

draw attention to the existence of a high degree of variability in lipid antigen 

presentation capacity among healthy subjects, which may have an important 

impact on susceptibility to disease.  
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Introduction 

The lysosome is a recycling organelle that contains a large array of enzymes 

capable of breaking down proteins, nucleic acids, carbohydrates and lipids. More 

recently, the lysosome was implicated in the processing of lipid antigens that 

activate lipid-specific T cells [49]. Lipid antigen presentation is mediated by the 

major histocompatibility complex (MHC)-class I like CD1 molecules. In humans, 

there are 5 CD1 (CD1a-CD1e) isoforms, 4 (CD1a-CD1d) of which are capable to 

present lipid antigens to T cells. These isoforms are not redundant, since each one 

has a different intracellular trafficking pathway and distinct binding grooves that 

allow the association with diverse lipids [49]. Lipids bind to CD1 molecules by their 

hydrophobic chains, whose size was shown to correlate well with the size of the 

CD1 isoform binding groove [41]. CD1a molecules preferentially localize in early 

endosomes and possess the smallest binding groove, binding smaller lipids. CD1b 

traffics to the lysosome and is the CD1 isoform capable of binding larger lipids. 

CD1c and CD1d have intermediate binding grooves and follow similar trafficking 

pathways, being mainly localized in the late endosomes [180]. In mice, the only 

CD1 isoform present is CD1d. Mouse CD1d has a trafficking pathway similar to 

human CD1b. Therefore, caution should be taken when transposing CD1d findings 

in mice to the human context [180]. 

Lysosomal storage diseases (LSD) are a group of individually rare inherited 

metabolic disorders, characterized by the accumulation of different types of 

substrates in the lysosome. Fabry and Gaucher diseases arise due to defects in α-

Galactosidase A (α-Gal A) or β-Glucosidase (GCase), respectively. The main 

storage material in Fabry disease is globotriaosylceramide (Gb3), while Gaucher 

disease is characterized by the accumulation of glucosylceramide (GlcCer). Due to 

the important role of the lysosome in CD1 trafficking and in the processing and 

transfer of lipids [77], [92], [94], lipid antigen presentation was analyzed in several 

mouse models of lysosomal storage diseases. Sandhoff mice [77], [170], 

Niemann-Pick C (NPC)1 mice [170], [175], GM1 gangliosidosis mice [170], [173], 

NPC2 mice [90], [173], and Fabry mice [170], [181] were all shown to have defects 

in lipid antigen presentation. 

Importantly, all these experiments were performed in mouse models that are not 

representative of the human CD1 system. To understand the impact of lysosomal 
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accumulation of glycosphingolipids in lipid antigen presentation, we used 

monocyte-derived dendritic cells (Mo-DCs) from Fabry and Gaucher disease 

patients to present exogenous antigens to lipid-specific T cells and compared their 

activation capacity with that from control subjects. We analyzed lipid antigen 

presentation by CD1b, the human CD1 isoform that mainly localizes in the 

lysosome, and by CD1d, which is shared by mice and humans.   

 

Materials and Methods 

Biological samples 

This study included 8 Fabry disease patients and 9 Gaucher disease patients, 

whose characteristics are described in Table 1.  

 

Table 1. Patients enrolled in the lipid antigen presentation study and their characteristics. 

Disease 
 

Code Age at study Sex ERT Genotype 

Fabry 

 1F 55 M Yes F113L 

 2F 40 M Yes F113L 

 3F 61 M Yes F113L 

 4F 52 M Yes F113L 

 5F 47 M No F113L 

 6F 36 M No N228S 

 7F 18 M No F113L 

 8F 24 M No F113L 

Gaucher 

 1G 3 F Yes N370S/L444P 

 2G 14 M Yes N370S/L444P 

 3G 27 F Yes N370S/L444P 

 4G 14 F Yes - 

 5G 52 F No L444P+E326K/? 

 6G 50 M Yes - 

 7G 76 F Yes N370S 

 8G 68 F Yes N370S 

 9G 29 F No - 

ERT – enzyme replacement therapy 
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Informed consent was obtained from all patients in accordance with the Helsinki 

declaration. The study was approved by the local ethical committees and from the 

national commission of data protection. Patients were recruited from São João 

Hospital, Porto; Santa Maria Hospital, Lisbon and Guimarães Hospital, 

Guimarães. Most of the Fabry and Gaucher disease patients analyzed were under 

enzyme replacement therapy (ERT) (Table 1). Since Fabry disease is an X-linked 

genetic disease, only male Fabry disease patients were included in the study, to 

avoid variation due to random X-chromosome inactivation. 

The control subject population was composed by 31 healthy blood donors from the 

Instituto Português do Sangue or from the Immuno-haemotherapy department of 

Hospital de São João, Porto, Portugal. This group included both males and 

females with an age range of 24-65 years-old. 

 

Peripheral blood mononuclear cells isolation (PBMCs) and Mo-DCs generation 

PBMCs were isolated by Histopaque-1077® (Sigma-Aldrich, St. Louis, MO, USA) 

density centrifugation, following the manufacturer’s instructions. Monocytes were 

isolated by positive selection with anti-CD14 beads, using MACS magnetic cell 

separation system (Miltenyi Biotec, Cologne, Germany). 

To promote differentiation in dendritic cells, CD14+ cells were plated at a 

concentration of 1x106 cells/mL, in RPMI 10%iFBS supplemented with 50ng/mL of 

IL-4 and GM-CSF (ImmunoTools, Friesoythe, Germany). After 5-7 days, cells 

were collected and used for lipid antigen presentation assays. 

   

Flow cytometry 

Proper dendritic cell differentiation was assessed by flow cytometry using the 

following monoclonal antibodies: anti-human CD1a (HI149, eBioscience, San 

Diego, CA, USA), anti-human CD1b (SN13, Biolegend, San Diego, CA, USA), 

anti-human CD1c (L161, Biolegend, San Diego, CA, USA), anti-human CD11c 

(3.9, eBioscience, San Diego, CA, USA), anti-human CD80 (2D10, Biolegend, San 

Diego, CA, USA), anti-human HLA-ABC (W6/32, eBioscience, San Diego, CA, 

USA) and anti-human HLA-DR (LN3, eBioscience, San Diego, CA, USA). 

After staining for 20min at 4oC, cells were washed and fixed with phosphate-

buffered saline (PBS) 1% formaldehyde. Cells were acquired in FACS Canto II 
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(BD Biosciences, San Diego, CA, USA). Data analysis was performed with FlowJo 

(FlowJo LLC, Ashland, OR, USA). 

 

Generation of in vitro models 

Generation of the in vitro models was adapted from previously described protocols 

[182], [183]. CD1b and CD1d-transfected C1R cells were used to generate Fabry 

and Gaucher disease in vitro models. To induce Gb3 accumulation, CD1-

transfected C1R cells were cultured for 72h in the presence of 1mM of 

deoxynojirimycin (DGJ, Sigma-Aldrich, St. Louis, MO, USA) alone or together with 

10µM Gb3 (Matreya, LLC, Pleasant Gap, PA, USA) in complex with fatty acid-free 

bovine serum albumin (BSA) (Sigma-Aldrich, St. Louis, MO, USA). The Gb3:BSA 

complexes were prepared by heating Gb3 dissolved in methanol at 50oC for 5min, 

with agitation at 500rpm. Then, fatty acid-free BSA dissolved in PBS was added to 

have a 1:1 molar ratio of Gb3:BSA and the mixture was sonicated for 5min in a 

water bath sonicator. Treated and untreated cells were collected and used for lipid 

antigen presentation assays or pelletized. The pellets were used for thin-layer 

chromatography (TLC). 

GlcCer accumulation in CD1-transfected C1R cells was achieved by a 72h culture 

with 1mM conduritol B epoxide (Sigma-Aldrich, St. Louis, MO, USA). Treated and 

untreated cells were collected and used for lipid antigen presentation assays or 

pelletized. The pellets were used for TLC. 

 

T cell clone culture and re-stimulation 

The following T cell clones were used in the assays: DS1C9b (CD1b-restricted, 

sulfatide-specific) [55]; GG33A (CD1b-restricted, GM1-specific) [62]; JS63 (iNKT 

cell clone); VM-D5 (iNKT cell clone) and s33d (CD1d-restricted, sulfatide-specific). 

An iNKT cell line (iNKT-e) was also generated as described elsewhere [184] and 

used in the assays.  

T cell clones and the iNKT cell line were maintained in culture in RPMI 

supplemented with 5% human serum and 100U/mL of recombinant human IL-2. 

When cells stopped proliferating (day 17-19), 1µg/mL of phytohaemagglutinin 

(PHA, Remel, Lenexa, Kansas, USA) was added together with irradiated PBMCs, 

to promote proliferation. Cells were used for assays at day 13-15 after 

restimulation. 



47 
 

Lipid antigen presentation assays and enzyme-linked immunosorbent assay 

(ELISA) 

Mo-DCs or CD1-transfected C1R cells were cultured for 4h with graded doses of 

Sulfatide (30-0.04µg/mL, Sigma-Aldrich, St. Louis, MO, USA), GM1 (50-

0.07µg/mL, Sigma-Aldrich, St. Louis, MO, USA) or 50ng/mL of α-

Galactosylceramide (α-GalCer, Avanti polar lipids, Alabaster, AL, USA). The lipids 

were first dissolved in methanol or PBS 0.5%Tween 20 and then diluted in non-

supplemented RPMI to have a maximum of 2% vehicle in culture. T cell clones 

were added and 40h later, cytokine production was determined by ELISA. The 

following antibody pairs from Biolegend (San Diego, CA, USA) were used: Purified 

anti-human GM-CSF (BVD2-23B6) and biotinylated anti-human GM-CSF (BVD2-

21C11); Purified anti-human IL-4 (8D4-8) and biotinylated anti-human IL-4 (MP4-

25D2). Detection was performed using Streptavidin conjugated with horseradish 

peroxidase (Life technologies) and o-Phenylenediamine dihydrochloride tablet 

(Sigma-Aldrich, St. Louis, MO, USA). Absorbance was read at 490nm in a 

Synergy 2 or Synergy Mx plate-reader. Cytokine concentration was determined by 

regression analysis with a standard-curve. Recombinant human GM-CSF and IL-4 

were obtained from Immunotools (Friesoythe, Germany). In a preliminary set of 

experiments, we obtained similar results when detecting GM-CSF or IL-4 cytokine 

production, indicating that both could be used as a read-out of activation of the T 

cell clones used. 

  

Thin-layer chromatography 

CD1-transfected C1R cell pellets were dissolved in methanol and sonicated. Total 

lipids were extracted by vortexing for 1 min with 4.5 mL chloroform/methanol (1:2, 

v/v) and centrifuging at 10min at 3000rpm. The supernatant was collected and 

pellet was re-extracted. The extract was dried under nitrogen gas, at 40ºC. Total 

lipids were dissolved in chloroform/methanol/water (2:8:4, v/v) and fractionated 

into acidic and neutral lipids using prepacked reverse-phase C18 columns 

(Chromabond, Macherey-Nagel, Düren, Germany). Acidic lipids were eluted from 

the column with methanol/water (12:1, v/v) and neutral lipids with 

chloroform/methanol (1:2, v/v). The neutral fraction was dried under nitrogen gas 

at 40ºC. Phosphoglycerides were removed from the neutral fraction by alkaline 
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hydrolysis with 0.1M NaOH in methanol at 37ºC, for 30 min. The hydrolyzed 

fraction was then dried under nitrogen gas, at 40ºC. The dried fraction was 

dissolved in chloroform/methanol (1:2, v/v) and applied to TLC plates (Merck, 

Darmstadt, Germany). A mixture of the following lipid standards was also applied: 

Glucosylceramide (GlcCer); phosphatidylethanolamine (PE); lactosylceramide 

(LacCer) and sphingomyelin (Sph) from Sigma-Aldrich (St. Louis, MO, USA); 

globotriaosylceramide (Gb3) from Nacalai Tesque Inc. (Kyoto, Japan) and 

ganglioside GM1 (Cer4) from Calbiochem (La Jolla, CA, USA). Plates were 

developed in chloroform/methanol/water (70:30:5, v/v) and then dried under a flow 

of air. Lipids were visualized with anisaldehyde in 80% (v/v) sulfuric acid, followed 

by heating at 120 ºC until the appearance of the bands. Plates were digitalized and 

bands quantified by UN-SCAN-IT gel™ software (Silk Scientific Inc, Utah, USA). 

To overcome plate loading differences, the intensity of GlcCer and Gb3 bands 

were divided by the intensity of the Sph/Gb4 band. 

 

Results 

CD1b-mediated lipid antigen presentation is not altered in Fabry disease  

We initially analyzed the capacity of Mo-DCs from Fabry disease patients to 

present lipid antigens by CD1b. Flow cytometry analysis revealed that Mo-DCs 

from Fabry disease patients had a similar phenotype to those of control subjects 

and equivalent levels of CD1b cell surface expression (data not shown). CD1b-

mediated lipid antigen presentation was analyzed using two CD1b-restricted T cell 

clones: the sulfatide-specific T cell clone DS1C9b [55] was used to study 7 

patients and the GM1-specific T cell clone GG33A [62] was used to study 6 

patients. 

Mo-DCs were loaded with graded doses of lipid antigen and co-cultured with the T 

cell clones. The efficiency of lipid antigen presentation was evaluated by the 

amount of cytokine released by the activated T cells to the supernatant. We found 

that Mo-DCs from Fabry disease patients were capable of presenting the 

exogenously added antigens sulfatide (Figure 1A) and GM1 (Figure 1B) to CD1b-

restricted T cell clones (as observed by the dose-response). However, and in 

contrast to what was observed for sulfatide, GM1 presentation displayed a high 

degree of variation, even among control subjects (Figure 1B). Thus, although this 
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approach allows us to show that CD1b-mediated presentation is not completely 

abrogated, it is not sensitive enough to detect small defects. 

  

Figure 1. Lipid antigen presentation by CD1b in Fabry disease. A,B – Mo-DCs from Fabry disease 
patients (empty symbols) or control subjects (filled symbols) were loaded with graded doses of 
sulfatide (A) or GM1 (B) and co-cultured with the CD1b-restricted T cell clones DS1C9b (A) or 
GG33A (B). C – CD1b-transfected C1R cells with (empty symbols) or without (filled symbols) Gb3 
accumulation were loaded with graded doses of sulfatide or GM1 and co-cultured with the CD1b-
restricted T cell clones DS1C9b or GG33A, respectively. A-C – T cell response was analyzed by 
measuring GM-CSF release to the supernatant by ELISA. Values represent mean±SD of 
duplicates. 

 

Therefore, we decided to use a cellular model of Fabry disease, based on a model 

previously described [182]. We treated CD1-transfected C1R cells with 
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deoxynojirimycin (DGJ), an inhibitor of α-Galactosidase A (the enzyme deficient in 

Fabry disease) alone or together with Gb3:BSA, to induce Gb3 accumulation (the 

main storage material of Fabry disease). We confirmed by thin-layer 

chromatography (TLC) that simultaneous treatment with DGJ and Gb3:BSA was 

necessary to induce Gb3 accumulation (Figure 2).  

 

Figure 2. Simultaneous treatment of C1R cells with DGJ and Gb3:BSA induces Gb3 accumulation. 
A – C1R cells treated with DGJ 1mM, DGJ 1mM + Gb3:BSA or untreated cells were lysed by 
sonication. Lipids were extracted and fractioned. The neutral fraction was analyzed by TLC. B – 
Gb3 band intensity was quantified and divided by Sph/Gb4 intensity. GlcCer – glucosylceramide; 
PE – phosphatidylethanolamine; Gb3 – globotriaosylceramide; Sph – sphingomyelin; Gb4 - 
Globotetraosylceramide; Cer4 – ganglioside GM1. 

 

These cells were then used in antigen presentation assays. In accordance with the 

results obtained in patients, no differences were observed when cells 

accumulating Gb3 (C1R cells treated with DGJ + Gb3:BSA) were compared with 

untreated cells for their capacity to present the antigens sulfatide and GM1 by 

CD1b (Figure 1C). 

In conclusion, no differences were found in CD1b-mediated lipid antigen 

presentation in Fabry disease. 

 

Fabry disease human cells normally present antigens by CD1d 

Defects in CD1d-mediated lipid antigen presentation to iNKT cells were described 

in the Fabry disease mouse model [170], [181]. Therefore, we analyzed the 

capacity of Mo-DCs from Fabry disease patients to activate two different iNKT cell 

clones, JS63 (4 patients) (Figure 3A) and VM-D5 (2 patients) (Figure 3B).  



51 
 

 

Figure 3. Lipid antigen presentation by CD1d in Fabry disease. A,B – Mo-DCs from Fabry disease 
patients (filled columns) or control subjects (empty columns) were loaded with α-GalCer and co-
cultured with the iNKT cell clones JS63 (A) or VM-D5 (B). C – CD1d-transfected C1R cells with 

(filled columns) or without (empty columns) Gb3 accumulation were loaded with α-GalCer and co-

cultured with the iNKT cell clones JS63 or VM-D5. D – Mo-DCs from Fabry disease patients (empty 
symbols) or control subjects (filled symbols) were loaded with graded doses of sulfatide and co-
cultured with the type II NKT cell clone s33d. A-D – T cell response was analyzed by measuring 
GM-CSF or IL-4 release to the supernatant by ELISA. Values represent mean±SD of duplicates. 

 

Similarly to the results obtained for CD1b, α-Galactosylceramide (α-GalCer) 

presentation to iNKT cell clones by Fabry disease Mo-DCs was successful, but 

some variation in the degree of activation could be observed among subjects, 

independently of the disease status (Figure 3A and 3B). 

We then tested the capacity of the Gb3-loaded CD1d-transfected C1R cells to 

present antigens by CD1d. We found that Gb3-loaded cells had a similar ability to 
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induce the activation of iNKT cell clones, in comparison with unloaded cells 

(Figure 3C).  

Diverse NKT cells, or type II NKT cells, constitute an important part of CD1d-

restricted T cells in humans. Therefore, we also analyzed the efficacy of Fabry 

disease Mo-DCs to present antigens to the sulfatide-specific type II NKT cell clone 

s33d (6 patients). Mo-DCs from all patients were capable of activating the s33d 

clone, although at different levels (Figure 3D). 

Thus, CD1d-mediated lipid antigen presentation is functional in Fabry disease 

patients. 

 

CD1b-mediated lipid antigen presentation is not altered in Gaucher disease  

Using the same approach followed for Fabry disease patients, we compared 

Gaucher disease patients and control subjects cells in their ability to present lipid 

antigens by CD1b. 

 

Figure 4. Lipid antigen presentation by CD1b in Gaucher disease. A – Mo-DCs from Gaucher 
disease patients (empty symbols) or control subjects (filled symbols) were loaded with graded 
doses of GM1 and co-cultured with the CD1b-restricted T cell clone GG33A. B – CD1b-transfected 
C1R cells with (empty symbols) or without (filled symbols) CBE treatment were loaded with graded 
doses of sulfatide or GM1 and co-cultured with the CD1b-restricted T cell clones DS1C9b or 
GG33A, respectively. A,B – T cell response was analyzed by measuring GM-CSF release to the 
supernatant by ELISA. Values represent mean±SD of duplicates. 

 

The analysis of the Mo-DCs phenotype and CD1b expression revealed no 

significant differences between control subjects and Gaucher disease patients 

(data not shown). 
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Antigen presentation by CD1b was assessed using the GM1-specific CD1b-

restricted T cell clone GG33A (6 patients). All patients tested induced T cell clone 

activation within the range obtained for control subjects (Figure 4A).  

Cellular models of Gaucher disease have been created using Conduritol B 

Epoxide (CBE), an inhibitor of the enzyme GCase (deficient in Gaucher disease) 

[183]. We confirmed by TLC that culture C1R cells with CBE induced 

glucosylceramide (GlcCer) accumulation (the main storage material in Gaucher 

disease) and therefore could be used as a proper Gaucher disease model (Figure 

5). 

 

Figure 5. CBE treatment of C1R cells induces GlcCer accumulation. A – C1R cells treated with 
CBE 1mM or untreated cells were lysed by sonication. Lipids were extracted and fractioned. The 
neutral fraction was analyzed by TLC. B – GlcCer band intensity was quantified and divided by 
Sph/Gb4 intensity.  GlcCer – glucosylceramide; PE – phosphatidylethanolamine; LacCer – 
lactosylceramide; Gb3 – globotriaosylceramide; Sph – sphingomyelin; Gb4 - 
Globotetraosylceramide; Cer4 – ganglioside GM1. 

 

CD1b-transfected C1R cells accumulating GlcCer were loaded with graded doses 

of sulfatide or GM1 and co-cultured with the CD1b-restricted T cell clones DS1C9b 

or GG33A, respectively. When compared with untreated cells, GlcCer-loaded cells 

induced a normal response of the CD1b-restricted T cell clones (Figure 4B). 

Altogether, these results indicate that Gaucher disease patients do not have major 

alterations in their ability to present antigens by CD1b. 

 

Gaucher disease patients do not show major defects in antigen presentation by 

CD1d 

CD1d-restricted presentation of lipid antigens to both iNKT and NKT type II cells 

was also analyzed in Gaucher disease patients. In these assays, we used both an 
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iNKT cell clone (JS63, 4 patients) and an iNKT cell line (3 patients), which is 

representative of a more diverse population.  

 

Figure 6. Lipid antigen presentation by CD1d in Gaucher disease. A,B – Mo-DCs from Gaucher 
disease patients (filled columns) or control subjects (empty columns) were loaded with α-GalCer 
and co-cultured with the iNKT cell clone JS63 (A) or an iNKT cell line (B). C – CD1d-transfected 

C1R cells with (filled columns) or without (empty columns) CBE treatment were loaded with α-

GalCer and co-cultured with the iNKT cell clones JS63 or VM-D5. D – Mo-DCs from Gaucher 
disease patients (empty symbols) or control subjects (filled symbols) were loaded with graded 
doses of sulfatide and co-cultured with the type II NKT cell clone s33d.  A-D – T cell response was 
analyzed by measuring GM-CSF or IL-4 release to the supernatant by ELISA. Values represent 
mean±SD of duplicates. 

 

The response of the iNKT cell clone to Mo-DCs from Gaucher disease patients 

was similar to the response obtained with control Mo-DCs (Figure 6A). Similarly, 

when an iNKT cell line was used, no significant differences were detected between 

Mo-DCs from control subjects and Gaucher disease patients (Figure 6B). 
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We next used CD1d-transfected C1R cells accumulating GlcCer (Gaucher disease 

in vitro model) to analyze lipid antigen presentation to iNKT cells. In accordance 

with the results obtained with the Mo-DCs of Gaucher disease patients, no defects 

were detected in the capacity of GlcCer-loaded cells to activate iNKT cells, when 

compared with unloaded cells (Figure 6C).  

Finally, we analyzed the capacity of Mo-DCs from Gaucher disease patients to 

present the antigen sulfatide to the type II NKT cell clone s33d (3 patients). We 

uncovered a large variation among control subjects (Figure 6D). Nevertheless, 

Mo-DCs from Gaucher disease patients induced a T cell response within the 

control range (Figure 6D). 

In conclusion, no differences were found in CD1d-mediated lipid antigen 

presentation in Gaucher disease. 

 

Discussion 

We analyzed lipid antigen presentation by CD1b and CD1d isoforms in two 

lysosomal storage diseases, Fabry disease and Gaucher disease. We found that 

cells from Fabry and Gaucher disease patients do not have major alterations in 

lipid antigen presentation by CD1b and CD1d. These results were confirmed in 

C1R cells, using two in vitro models that mimic the lipid accumulation observed in 

Fabry and Gaucher diseases. This is in contrast with what was observed for 

CD1d-mediated lipid antigen presentation in several mouse models of LSDs, 

including Sandhoff disease [77], [170], NPC1 disease [170], [175], GM1 

gangliosidosis [170], [173], NPC2 disease [90], [173], and Fabry disease [170], 

[181]. Lipid antigen presentation in the context of Gaucher disease was never 

addressed, although it is known that Gaucher disease mice present alterations in 

the iNKT cell compartment [76]. Differences between patients and mouse models 

of LSDs regarding lipid antigen presentation have already been described [179]. 

NPC patients have a normal capacity to present lipid antigens to iNKT cells, 

despite the defects found in mice [170], [175], [179]. 

These apparent discrepancies could be related to the differences in intracellular 

trafficking between human and mouse CD1d. Mouse CD1d mainly localizes in the 

lysosome, contrarily to human CD1d which is usually found in late endocytic 

compartments [185]. Thus, we tested antigen presentation by CD1b, which is 
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known to localize mainly in the lysosome [185]. However, lipid antigen 

presentation by this molecule was also normal. 

Another possible explanation for the absence of significant alterations in lipid 

antigen presentation by Mo-DCs from LSD patients or by our in vitro models 

resides on the fact that lipid antigen presentation defects seem to be confined to 

certain types of antigen-presenting cells (APCs). While splenocytes from GM1 

gangliosidosis and Sandhoff mice showed defects in α-GalCer presentation, bone-

marrow derived dendritic cells had a completely normal capacity to activate an 

iNKT cell hybridoma [170]. This was also observed in the context of Fabry 

disease. The presentation of exogenous antigens was normal when bone marrow-

derived dendritic cells (BM-DCs) were used as APCs, but was reduced if splenic 

dendritic cells (DCs) were used instead [181], [186]. These differences could be 

related with the different degree of lipid storage in the different APCs or to 

biological differences in enzyme expression, antigen uptake and processing. 

Another possibility is that the short-term culture of BM-DCs and Mo-DCs induces 

metabolic alterations that camouflage the defects in lipid antigen presentation. The 

fetal bovine serum used in culture has a deficit in essential fatty acids which 

results in an increased lipogenesis by cells [187], which leads to lipidomic 

alterations. 

The lack of major lipid antigen abnormalities in human Fabry disease can also be 

explained by the double effect of α-Galactosidase A, the enzyme deficient in Fabry 

disease. α-Galactosidase A is known for its role in the degradation of Gb3, a lipid 

that we recently proved to be inhibitory for iNKT cells [184]. Recently, α-

Galactosidase A was also implicated in the degradation of α-GalCer, an antigen 

formerly known as a non-self-antigen for iNKT cells, that was shown to be present 

in mammalian tissues [74]. Thus, this enzyme is responsible for the degradation of 

both antigenic (α-GalCer) and inhibitory (Gb3) lipids for iNKT cells [74], [184]. 

Therefore, it is plausible that α-Galactosidase A deficiency leads to an increase in 

the cellular content of both lipids, thus maintaining their ratio and preventing major 

alterations in iNKT cell activation.  

In our study, we also found a surprisingly variable response of T cell clones to Mo-

DCs from different subjects, which does not seem to be related with age or sex. 

Interestingly, a previous report has also shown a high degree of variation in the 

response of a T cell hybridoma to peptide presentation by HLA-DR1.01+ control 
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subjects [188]. However, the origin of this variation was not addressed. The 

variation observed in both CD1 and MHC class II-restricted responses can be 

related to functional differences between cells of control subjects. However, for 

CD1-restricted responses, it is tempting to speculate that genetic factors may also 

play an important role. Unlike MHC class I and MHC class II molecules, CD1 has 

limited polymorphism [189]. Some substitutions have been described for CD1b 

and human CD1d genes, namely at exon 2, but the impact of these substitutions in 

lipid antigen presentation is not clear [189]. Nevertheless, studies in mice have 

revealed that CD1d polymorphisms affect antigen presentation and activation of 

CD1d-restricted T cells [190], suggesting that the same may happen in humans 

These results highlight the importance of studying a substantial number of control 

subjects to determine a control range, before taking definitive conclusions. 

Furthermore, these results encourage the study of a possible relationship between 

lipid antigen presentation capacity and disease susceptibility. 

 

Conclusion 

We analyzed lipid antigen presentation in Fabry and Gaucher disease patients. 

We found that Mo-DCs from these patients were able to present lipid antigens by 

CD1b and CD1d. These results were corroborated using in vitro models of both 

Fabry and Gaucher diseases, thus showing that enzyme deficiency and lipid 

accumulation characteristic of Fabry and Gaucher diseases does not provoke 

defects in lipid antigen presentation. 

We also found a high degree of variation between control subjects, which alerts for 

the need to establish a normal range for T cell response before taking definitive 

conclusions with patients. 
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Abstract 

Invariant Natural Killer T (iNKT) cells are a subset of lipid-specific T lymphocytes 

characterized by the expression of a semi-invariant T cell receptor (TCR) and by 

the recognition of antigens bound to CD1d. iNKT cells can be divided in 

functionally distinct subsets, according to the expression of several surface 

molecules, including CD4, CD8 and CD161. These cells have been associated 

with auto-immune diseases, infection and oncologic diseases. Importantly, iNKT 

cell defects were also identified in mouse models of several lysosomal storage 

diseases (LSDs). LSDs are characterized by the accumulation of undigested 

macromolecules in the lysosome, an organelle involved in antigen presentation to 

iNKT cells. 

We analyzed the percentage and phenotype of iNKT cells in three LSDs 

characterized by the accumulation of sphingolipids (sphingolipidoses): Gaucher 

disease, Fabry disease and GM2 gangliosidosis. We found that iNKT cell 

percentage was not significantly altered in these diseases, but GM2 gangliosidosis 

patients displayed a tendency to have a reduction in this population. Strikingly, all 

three diseases presented alterations in iNKT cell subsets. Importantly, these 

alterations were disease-specific. We also analyzed the function of iNKT cells in 

Gaucher disease patients and in Fabry disease patients and mice. Consistent with 

what was observed for the iNKT cell phenotype, iNKT cell function was altered in a 

disease-specific manner. 

Altogether, we show that LSDs patients present phenotypical and functional 

alterations that vary according to the genetic and biochemical defect. These 

results strongly suggest a specific effect of certain lipids in iNKT cell selection and 

activation, instead of a general defect caused by lysosomal engulfment per se. 
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Introduction 

Natural Killer T (NKT) cells are a conserved population of lipid-specific T 

lymphocytes that can express NK cell markers and recognize endogenous and 

exogenous antigens bound to CD1d. They often are designated innate-like T cells, 

due to their ability to rapidly produce large amounts of cytokines upon stimulation. 

NKT cells are further classified in type I or invariant NKT (iNKT) cells and type II 

NKT cells. The distinction of the two subsets is based on T cell receptor (TCR) 

usage. While iNKT cells express a semi-invariant TCR composed by the 

Vα24Vβ11 chains (Vα14 paired with a limited repertoire of β chains in mice), type 

II NKT cells express variable TCRs. The invariant TCR of iNKT cells allows their 

identification either by using antibodies against the TCR or CD1d tetramers loaded 

with α-Galactosylceramide or analogs. α-Galactosylceramide (α-GalCer) is an 

iNKT cell antigen first isolated from a marine sponge. Recently, it was shown to be 

present in mouse thymus where it potentially works as a selecting ligand for iNKT 

cells [74]. 

Although iNKT cells share a similar TCR, functionally distinct iNKT cell subsets 

have been identified. Some of these subsets are based on the expression of CD4 

and CD8 molecules. While in mice iNKT cells are either CD4+CD8- or CD4-CD8-, 

in humans they can also express only CD8. The expression of these molecules 

has important functional repercussions. CD4+ iNKT cells were associated with 

Th0-type immune responses, producing both IL-4 and IFN-γ cytokines, while CD4- 

iNKT cells have a Th1-like phenotype and produce mostly IFN-γ [112], [130], 

[131]. Another iNKT cell marker that correlates with function is CD161. This 

molecule is associated with the production of IL-17 under pro-inflammatory 

conditions [144]. 

The lysosome is an important compartment for iNKT cell function, since it contains 

lipid-transfer proteins and hydrolases that were shown to play a role in CD1d-

mediated lipid antigen presentation [77], [87], [91], [92], [94], [186], [191]. The 

importance of this compartment is reinforced by the identification of iNKT cell 

defects in mouse models of several lysosomal storage diseases (LSDs). LSDs are 

a group of inherited metabolic defects that arise mainly due to abnormalities in 

lysosomal hydrolases being characterized by the accumulation of different types of 

undegraded substrates in the lysosome. iNKT cells are reduced in Sandhoff 
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disease [170], Tay-Sachs disease [170], Fabry disease [170]–[172], [174], 

Gaucher disease [76], Niemann-Pick C (NPC)1 deficiency [170], [175], NPC2 

deficiency [90], [173], GM1 gangliosidosis [170], [173] and multiple sulfatase 

deficiency [176]. The phenotype of iNKT cells in terms of CD4 expression was 

analyzed in GM1 gangliosidosis, NPC2 deficiency and Fabry disease mouse 

models. GM1 gangliosidosis mice presented no alterations in iNKT cell subsets, 

while Fabry disease mice exhibited a decrease in splenic iNKT CD4+ cells and 

NPC2 deficient mice displayed a reduction in the hepatic iNKT CD4+ subset [173], 

[174].  

Although iNKT cells have been extensively studied in mouse models of LSDs, 

studies in humans are scarce. iNKT cell percentage was analyzed in patients with 

Gaucher, Fabry and Niemman-Pick C diseases, but no reduction was found in 

these diseases [76], [172], [179], contrary to what was observed in the mouse 

models.  

Here, we analyzed the percentage and phenotype of iNKT cells in Fabry disease, 

Gaucher disease and GM2 gangliosidosis patients. In addition, we studied iNKT 

cell function in Fabry disease mice and patients and in Gaucher disease patients. 

 

Materials and Methods 

Human biological samples 

This study included 15 Fabry disease patients (8 males and 7 females), previously 

diagnosed in our laboratory and regularly followed up at the Cardiology 

departments of Centro Hospitalar do Alto Ave, Guimarães, Portugal and Hospital 

de São Teotónio, Viseu, Portugal. They were all adult Caucasian patients (age 

range 18-68). At the beginning of this study, 4 of the patients had begun enzyme 

replacement therapy (ERT) 4 months before with agalsidase alfa - Replagal  

(Shire Human Genetic Therapies). The others were untreated.  

A total of 19 Gaucher disease patients (8 males and 11 females) were analyzed: 

17 under ERT and 2 untreated Gaucher disease patients. Patients were recruited 

at Hospital de S. João and Hospital de Santo António, Porto, Portugal, Hospital de 

Santa Maria, Lisbon, Portugal, Centro Hospitalar de Gaia, V. N. de Gaia, Portugal 

and Hospital Clinicas de Porto Alegre, Brazil. The group of patients included 4 

children (age range: 3-15) and 15 adults (age range: 27-76).  
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Five GM2 gangliosidosis (3 females and 2 males) patients were included in this 

study. They were all children (age range 2-14). Patients were recruited at Hospital 

de S. João, Porto, Portugal, University Hospital Federico II, Napoli, Italy and 

Hospital de Santa Maria, Lisbon, Portugal. All patients were untreated, since 

currently there is no specific treatment available for this disease. 

The control group was composed by adults and children. 59 blood donors (27 

females and 32 males) from the Instituto Português do Sangue or from the 

Immuno-haemotherapy department of Hospital de São João, Porto, Portugal were 

studied as adult controls. The age of these controls ranged from 18-65 years old. 

The children’s control group (n=15, 3 Females and 12 Males) consisted of children 

undergoing orthopedic surgery, without infections, underlying chronic illness or 

taking medication. The ages varied between 6-17 years-old. 

Informed consent was obtained from all patients or their legal representatives, in 

accordance with the Helsinki declaration. The study was approved by the 

hospitals’ and IBMC’s ethical committees and by the national commission for data 

protection.  

 

Mononuclear cells isolation from human peripheral blood, iNKT cell expansion and 

analysis of their cytokine production profile 

PBMCs were isolated by Histopaque-1077® (Sigma-Aldrich, St. Louis, MO, USA) 

density centrifugation, following the manufacturer’s instructions. PBMCs were then 

used immediately or frozen in liquid nitrogen for posterior use.  

iNKT cells were expanded by culturing PBMCs in RPMI 10% iFBS medium, at a 

concentration of 0.5 x 106 cells/ml, with 100 ng/mL of α-GalCer (Avanti polar lipids, 

Alabaster, AL, USA) in a 24 well plate. At day 1 of culture, 100 U/mL of 

recombinant human IL-2 (kindly provided by the National Cancer Institute) were 

added. After 11-14 days, cells were collected, counted and stimulated with 25 

ng/mL Phorbol 12-myristate 13-acetate (PMA, Sigma-Aldrich, St. Louis, MO, 

USA), 1 µg/mL ionomycin (Sigma-Aldrich, St. Louis, MO, USA) and 10 µg/mL 

brefeldin A (Sigma-Aldrich, St. Louis, MO, USA) for 5h before staining with 

cytokine-specific monoclonal antibodies.  
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Analyzes of cytokine production by mouse iNKT cells  

Fabry disease mice (GLA-/-) with C57BL/6 background were provided by the 

National Institutes of Health (Bethesda, MD, USA) and maintained at the IBMC-

INEB animal facility (IBMC, Porto, Portugal). C57BL/6J mice were used as wild 

type controls. Permission of the national authorities was granted to the laboratory 

(accreditation no. 011766) and investigator (accreditation no. 014916) to conduct 

the experiments using mice (8-12 weeks). 

The animals were analyzed at 12-15 weeks of age. The control and the Fabry 

disease mice were injected with 2µg of α-GalCer, intra-peritoneal (i.p.), diluted at 

10µg/mL in saline solution or with saline solution alone. Two hours after injection, 

the mice were sacrificed, the spleen was removed and the liver perfused and 

harvested as previously described [24].  

Single-cell suspensions of hepatic mononuclear cells and splenocytes were 

prepared as previously described [24]. After cell suspension preparation, cells 

were counted and resuspended in RPMI supplemented with 10% iFBS and 

10µg/mL of Brefeldin A (Sigma-Aldrich, St. Louis, MO, USA), at a concentration of 

5x106 cells/mL. Cells were then plated in 96-round bottomed well plates (1x106 

cells/well) and incubated for 2h, at 37ºC, 5%CO2. After the end of the incubation 

period, cells were stained for determination of cytokine production by flow 

cytometry.   

 

Flow cytometry  

Human PBMCs were stained with antibody/CD1d tetramer cocktails diluted in 

PBS/2%iFBS/0.01%NaN3 (flow cytometry solution) for 20min, at 4oC, in the dark. 

For PBMCs, the staining mixture was composed by anti-human CD3 (SK7), anti-

human CD4 (RPA-T4), anti-human CD8 (RPA-T8) and anti-human CD161 (HP-

3G10) antibodies (all from eBioscience, San Diego, CA, USA) and the human 

CD1d tetramer loaded with PBS57 (from the National Institute of Health tetramer 

core facility). After staining, cells were washed with flow cytometry solution and 

then fixed with PBS 1% formaldehyde. 

For cytokine detection studies, human in vitro expanded iNKT cells or mice 

splenocytes and hepatic mononuclear cells were first stained with 

antibody/tetramer cocktail diluted in flow cytometry solution. For splenocytes and 

hepatic mononuclear cells the following antibodies were used together with the 



67 
 

mouse CD1d tetramer loaded with PBS57: anti-mouse CD3 (17A2, Biolegend, 

San Diego, CA, USA); anti-mouse CD4 (RM4-5, BD Biosciences, San Diego, CA, 

USA). After extracellular staining, cells were washed, and then fixed by incubating 

with PBS 2% formaldehyde for 10min, at room temperature, in the dark. Cells 

were permeabilized by incubating with 0.5% saponin (Sigma-Aldrich, St. Louis, 

MO, USA) diluted in flow cytometry solution, for 5min and washed again. Cells 

were then stained for 30min, at room temperature. For human cells the following 

antibodies were used: anti-human IFN-γ (4S.B3) and anti-human IL-4 (8D4-8) 

antibodies or the corresponding isotype controls (all from eBioscience, San Diego, 

CA, USA). For mice cells, anti-mouse IFN-γ (XMG1.2) and anti-mouse IL-4 

(11B11) antibodies (both from Biolegend, San Diego, CA, USA) were used. After 

incubation, cells were washed and resuspended in PBS. Samples were acquired 

on a 3-laser BD FACS Canto™ II flow cytometer using BD FACSDiva™ software 

(BD Biosciences, San Diego, CA, USA). All flow cytometry analyses were 

performed using the FlowJo software (FlowJo LLC, Ashland, OR, USA). 

 

Statistical analysis 

All statistical analyses were performed using GraphPad Prism 5 (GraphPad 

Software, La Jolla, CA, USA). Normality was analyzed by the D'Agostino & 

Pearson omnibus normality test. Student’s t-test was applied to parameters with a 

Gaussian distribution (with Welch’s for unequal variances when necessary) and 

Mann Whitney test was applied when a normal distribution was not present. A p-

value below 0.05 was considered significant.  

Fabry disease patients and Gaucher disease patients were age-matched to the 

adult control group. GM2 patients were age-matched with children controls.  

All the parameters analyzed were initially tested for significant differences between 

the adult and children control subjects. When values did not differ significantly 

between these two groups, adult and children populations were pooled together 

and analyzed as one control group. When there were differences, patients were 

compared against age-matched controls. 
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Results 

iNKT cell subsets are altered in sphingolipidoses patients, in a disease-specific 

manner 

We analyzed iNKT cell percentage and phenotype in the peripheral blood of Fabry 

disease, Gaucher disease and GM2 gangliosidosis patients, by flow cytometry. 

To specifically identify these cells, we combined the use of an anti-human CD3 

antibody with the PBS57-loaded CD1d tetramer (Figure 1).  

 

Figure 1. Gating strategy used for the analysis of the percentage of iNKT cells and iNKT cell 
subsets. iNKT cells were identified among peripheral T cells by binding to the CD1d tetramer 
loaded with PBS57. Subsets were defined based on the expression of CD4 and CD8 or CD161. 

 

As expected, we found a high variation in the percentage of iNKT cells in 

peripheral blood (Table 1).  

When compared with control subjects, iNKT cell percentage was normal in Fabry 

and Gaucher disease patients (Figure 2A and 2B). Patients with GM2 

gangliosidosis presented a tendency for a reduction in iNKT cell percentage when 

compared with control subjects, but this does not reach statistical significance 

(p=0.0588) (Figure 2C). 
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Table 1. Percentage of T lymphocyte and iNKT cell subsets in sphingolipidoses patients and adult 
or children control subjects. 

% Adult Controls 

(n=59) 

Children 

(n=15) 

Fabry 

(n=15)  

Gaucher 

(n=19)  

GM2  

(n=5) 

iNKT
a
 0.14±0.17 0.24±0.39 0.15±0.17 0.18±0.22 0.047±0.043 

iNKT CD4+
b 

35±20 30±21 21±13 59±30 67±7 

iNKT CD8+
b 

17±12 22±18 20±13 4.8±4.6 10±5.3 

iNKT DN
b 

45±17 47±16 58±12 34±27 20±11 

iNKT CD161+
b 

89±13 82±12 95±4 79±20 55±24 

CD4+
a 

50±8.6 37±7.6 49±11 47±11 42±11 

CD8+
a 

23±8.5 24±4.7 20±6.4 23±7 22±6.1 

Values represent Mean±SD. 
a
Percentage among lymphocytes. 

b
Percentage among iNKT cells. 

 

 

Figure 2. Percentage of iNKT cells among T cells in the peripheral blood of Fabry disease (A), 
Gaucher disease (B) and GM2 gangliosidosis (C) patients. iNKT cells were identified by flow 
cytometry among T cells (CD3+) through the binding to the PBS57-loaded CD1d tetramer. Bars 
represent mean. Mann Whitney test was applied to compare controls and patients. 

 

It has been shown that iNKT cells are a heterogeneous population composed by 

functionally distinct subsets. We analyzed the expression of CD4, CD8 and CD161 

in iNKT cells from patients (Figure 1). Similarly to what was observed for total 

iNKT cells, the percentage of the iNKT cell subsets has a wide distribution among 

subjects (Table 1). Despite the absence of alterations in the percentage of 

peripheral blood iNKT cells from Fabry and Gaucher disease patients, iNKT cell 

phenotype was altered in a disease-specific manner. iNKT CD4+ cells were more 

frequent in Gaucher disease and GM2 gangliosidosis patients than in control 

subjects, but were reduced in Fabry disease patients (Figure 3).  
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Figure 3. Percentage of CD4+ cells among iNKT cells in the peripheral blood of Fabry disease (A), 
Gaucher disease (B) and GM2 gangliosidosis (C) patients. Bars represent mean. Student’s t-test 
(A and B) or Mann Whitney test (C) were used to determine statistical significance. *p<0.05; 
**p<0.01; ***p<0.001. 

 

Only Gaucher disease patients presented alterations in the percentage of iNKT 

CD8+ cells, displaying a reduction in this subset when compared to control 

subjects (Figure 4). Curiously, the variation encountered in the sample of Gaucher 

disease patients was much lower than that of the control group (Figure 4, Table 1). 

 

Figure 4. Percentage of CD8+ cells among iNKT cells in the peripheral blood of Fabry disease (A), 
Gaucher disease (B) and GM2 gangliosidosis (C) patients. Bars represent mean. Mann Whitney 
test (C) were used to determine statistical significance. *p<0.05; **p<0.01; ***p<0.001. 

 

Disease-specific alterations were also found in the iNKT DN subset. These cells 

were increased in Fabry disease and decreased in GM2 gangliosidosis, while no 

alterations were found in Gaucher disease patients (Figure 5).  
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Figure 5. Percentage of cells negative for both CD4 and CD8 (DN) among iNKT cells in the 
peripheral blood of Fabry disease (A), Gaucher disease (B) and GM2 gangliosidosis (C) patients. 
Bars represent mean. Student’s t-test (A and B) or Mann Whitney test (C) were used to determine 
statistical significance. *p<0.05; **p<0.01; ***p<0.001. 

 

To determine whether these alterations were restricted to the iNKT cell 

compartment or also present in conventional T cells, we analyzed the percentage 

of total CD4+ and CD8+ T cells. No significant alterations were observed in CD8+ 

T cells when patients were compared to controls (Figure 6).  

 

Figure 6. Percentage of CD8+ T cells in the peripheral blood of Fabry disease (A), Gaucher 
disease (B) and GM2 gangliosidosis (C) patients. CD8+ T cells were identified in the lymphocyte 
gate by the expression of CD3 and CD8. Bars represent mean. Student’s t-test (A and B) or Mann 
Whitney test (C) were used to determine statistical significance. 

 

For CD4+ T cells, we found significant differences between our children and adult 

control groups (Figure 7A). Therefore, we compared patients against age-matched 

controls and we found that there were no significant alterations in the percentage 

of these cells, confirming that the defects were restricted to the iNKT cell 

compartment (Figure 7B-7C). 
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Figure 7. Percentage of CD4+ T cells in the peripheral blood of children (A), Fabry disease (B), 
Gaucher disease (C) and GM2 gangliosidosis (D) patients. CD4+ T cells were identified in the 
lymphocyte gate by the expression of CD3 and CD8. Bars represent mean. Student’s t-test (A and 
B) or Mann Whitney test (C and D) were used to determine statistical significance. ***p<0.001. 

 

We also analyzed the percentage of iNKT cells expressing CD161 (Figure 1). The 

iNKT CD161+ subset was significantly reduced in children controls (Figure 8A), so 

patients were compared against age-matched controls. We found that these cells 

are decreased in Gaucher disease and in GM2 gangliosidosis patients, while no 

alterations were found in Fabry disease patients (Figure 8B-8D). 
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Figure 8. Percentage of iNKT cells expressing CD161 among total iNKT cells, in the peripheral 
blood of children (A), Fabry disease (B), Gaucher disease (C) and GM2 gangliosidosis (D) patients. 
iNKT CD161+ cells were identified by flow cytometry among iNKT cells by the expression of 
CD161. Bars represent mean. Mann Whitney test was used to determine statistical significance 
*p<0.05; **p<0.01. 

 

Gaucher and Fabry disease patients show a shift in iNKT cell function  

The alterations in the iNKT cell subsets made us hypothesize that iNKT cell 

function might be altered as well. Due to the low number of iNKT cells in peripheral 

blood, testing cytokine production ex vivo would require a large amount of blood. 

Therefore we expanded iNKT cells from fresh (Fabry disease) or thawed (Gaucher 

disease) PBMCs, by culturing them for 11-14 days in the presence of α-GalCer 

and IL-2. The expanded cells were then stimulated with PMA/ionomycin and the 

amount of IFN-γ or IL-4 producing cells was determined by flow cytometry (Figure 

9).  
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Figure 9. Gating strategy used to determine the percentage of iNKT cells producing cytokines after 
stimulation with PMA/Ionomycin. Isotype control excludes unspecific staining.  

 

Fabry disease patients presented no significant alterations in the percentage of 

iNKT cells producing cytokines, although a tendency for a reduction of IL-4 

production is present (Figure 10A). On the other hand, Gaucher disease patients 

had an increase in IL-4 production by stimulated iNKT cells (Figure 10B).  

 

Figure 10. Response of iNKT cells from Fabry disease and Gaucher disease patients to 
PMA/Ionomycin stimulation. Expanded iNKT cells were stimulated with PMA+Ionomycin in the 
presence of Brefeldin A for 5h. The percentage of cells expressing IL-4 or IFN-γ was determined by 
flow cytometry. (A) Percentage of iNKT cells producing cytokines in Fabry disease and patients 
and control subjects. Experiments performed with fresh PBMCs. Results are represented as 
mean+SD of 12 Fabry disease patients and 12 control subjects. (B) Percentage of iNKT cells 
producing cytokines in Gaucher disease patients and control subjects. Experiments performed with 
thawed PBMCs. Results are represented as mean+SD of 8 Gaucher disease patients and 8 control 
subjects. **p<0.01. 
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The alterations observed could be explained by the changes in the percentages of 

the iNKT cell subsets. Since Gaucher disease patients have more iNKT CD4+ 

cells, which are the main IL-4 producers [131], an increase in IL-4 producing-cells 

was expected. The opposite was true for Fabry disease patients. To individualize 

the contribution of the different subsets, we analyzed cytokine production by iNKT 

CD4+ or iNKT CD4- cells. We found that Fabry disease patients had a lower 

percentage of both iNKT CD4+ and iNKT CD4- cells producing IL-4 when 

compared to control subjects (Figure 11A and B). On the contrary, Gaucher 

disease patients showed an increase in the percentage of iNKT CD4+ cells 

producing IL-4, in comparison with control subjects, but no alterations in the iNKT 

CD4- subset (Figure 11C and D).  

 

Figure 11. Response of iNKT cell subsets from Fabry disease and Gaucher disease patients to 
PMA/Ionomycin stimulation. Expanded iNKT cells were stimulated with PMA+Ionomycin in the 
presence of Brefeldin A for 5h. iNKT cell subsets were identified based on the expression of CD4 
and the percentage of cells expressing IL-4 or IFN-γ was determined by flow cytometry. (A and B) 
– Percentage of CD4+ (A) or CD4- (B) iNKT cells producing cytokines in Fabry disease and 
patients and control subjects. Experiments performed with fresh PBMCs. Results are represented 
as mean+SD of 12 Fabry disease patients and 12 control subjects. (C and D) Percentage of CD4+ 
(C) or CD4- (D) iNKT cells producing cytokines in Gaucher disease patients and control subjects. 
Experiments performed with thawed PBMCs. Results are represented as mean+SD of 8 Gaucher 
disease patients and 8 control subjects. *p<0.05, **p<0.01. 



76 
 

These results demonstrate that the defects observed in total iNKT cells were not 

only attributable to an imbalance in the frequency of the subsets, but also to an 

intrinsic increase in the capacity of cells to produce IL-4. 

To assess the relevance of these findings in vivo, we injected Fabry and control 

mice with the lipid antigen α-GalCer or the corresponding volume of saline 

solution. After two hours, mice were sacrificed and the liver and spleen were 

collected for analysis. iNKT cell cytokine production was analyzed by flow 

cytometry (Figure 12).  

Mice injected with saline displayed no IL-4 or IFN-γ production by iNKT cells, 

confirming that these cells were responding to α-GalCer stimulus (Figure 12A). We 

found a significant reduction in the percentage of IL-4 producing iNKT cells in the 

spleen of Fabry disease mice when compared to control mice (Figure 12B). 

Interestingly, when we analyzed cytokine production by the splenic iNKT cell 

subsets, we found that the reduction in IL-4 production was present in both iNKT 

cell subsets, but was more pronounced in the iNKT CD4- subset, which is in 

accordance with the results observed in Fabry disease patients (Figure 11A and 

11B, Figure 12D and 12F). In the liver, no significant differences were found 

regarding IL-4 production (Figure 12B-12G). For IFN-γ no significant differences 

were found in both organs tested; however, there was a tendency towards a lower 

production of this cytokine by both splenic and hepatic iNKT cells (Figure 12B-

12G). 

 

Discussion 

We analyzed iNKT cell percentage and phenotype in three lysosomal storage 

diseases: Gaucher, Fabry and GM2 gangliosidosis. We found that iNKT cell 

phenotype was affected in a disease-specific manner. Furthermore, functional 

analysis of iNKT cells from Gaucher and Fabry disease patients revealed a 

disease-specific bias in cytokine production. This suggests that the type of 

sphingolipids accumulated in these diseases have a specific effect on lipid antigen 

presentation to iNKT cells, rather than the hypothesis that lipid accumulation per 

se induced iNKT cell alterations. This is also supported by a study that describes a 

reduction in the iNKT CD4+ cells in the mouse model of NPC2 deficiency, but not 

of GM1 gangliosidosis [173].  
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Figure 12. IL-4 and IFN-γ production 
by splenic and hepatic iNKT cells in 
Fabry and control mice. Control or 
Fabry disease mice were injected with 
2µg of α-GalCer or the equivalent 
volume of saline solution. A - 
Representative example of cytokine 
production in mice injected with α-
GalCer versus saline solution. B – IL-4 
expression by splenic and hepatic 
iNKT cells. C – IFN-γ expression by 
splenic and hepatic iNKT cells. D – IL-
4 expression by the iNKT CD4+ cell 
subset. E – IFN-γ expression by iNKT 
CD4+ cell subset. F – IL-4 expression 
by the iNKT CD4- cell subset. G – 
IFN-γ expression by the iNKT CD4- 
cell subset. n (control) = 5; n (Fabry) = 
5. *p<0.05; **p<0.01; ***p<0.001.    
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In Fabry disease, the accumulation of both stimulatory (α-GalCer) and inhibitory 

(Gb3) lipids for iNKT cells has been documented [74], [184]. iNKT cells from Fabry 

disease mice display an activated phenotype and an increased apoptosis, 

consistent with chronic exposure to self-antigens [186]. Since CD4 engagement by 

CD1d potentiates iNKT CD4+ cell activation [192], it is possible that this subset is 

more affected by α-GalCer overstimulation, leading to an increased apoptotic rate 

and a decrease in their percentage. Similarly, the alterations in iNKT cell subsets 

in Gaucher disease and GM2 gangliosidosis might be related to a specific effect of 

the accumulated material on iNKT cell subsets. 

Nevertheless, it is possible that secondary cellular problems that arise in LSDs 

contribute to iNKT cell defects. For example, autophagy, which is known to be 

compromised in many LSDs, including Fabry disease [193], is also essential for 

iNKT cell development [5], [194], [195]. 

The absence of alterations in the percentage of iNKT cells might seem 

contradictory when compared to the results obtained in mice [76], [77], [170]–

[172], [174]. However, in our study, 4 out of 15 Fabry disease and 17 out of 19 

Gaucher disease patients were under enzyme replacement therapy (ERT). In the 

case of Fabry disease, ERT was shown to prevent the iNKT cell decrease 

described in mice [174]. Therefore, it is possible that the absence of numerical 

iNKT cell alterations in these diseases is related to the efficiency of treatment. On 

the other hand, iNKT cell subset alterations seem to persist. Moreover, the 

analysis performed in patients is restricted to the use of peripheral blood. Our 

unpublished observations show that iNKT cell percentage is normal in the 

peripheral blood of Fabry disease mice. Thus, in patients, we cannot exclude the 

presence of numerical iNKT cell defects in other organs. 

The human iNKT cell subsets produce different amounts of pro-inflammatory and 

anti-inflammatory cytokines: iNKT CD4+ cells present a Th0 bias, while iNKT CD4- 

cells present a shift towards a Th1 phenotype [112], [130], [131]. Here, we 

demonstrated that iNKT cell cytokine production is altered Gaucher and Fabry 

disease patients and in Fabry disease mice. It was arguable that the differences in 

the percentage of iNKT cells producing cytokines could be driven by the 

alterations in the subsets. Therefore, we analyzed IL-4 and IFN-γ production by 

CD4+ or CD4- iNKT cells. In Fabry disease patients, we found a reduction in the 

percentage of cells producing IL-4 in both the iNKT CD4- and iNKT CD4+ subsets, 
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when compared to control subjects. These results were reproduced in Fabry 

disease mice, in which injection of α-GalCer resulted in a lower percentage of 

splenic iNKT CD4- and iNKT CD4+ cells expressing IL-4, when compared to 

control mice. Interestingly, in both humans and mice, the reduction was more 

pronounced in the iNKT CD4- subset. In Gaucher disease patients, we found an 

increase in IL-4 production in the CD4+ iNKT cell subset. These experiments 

reveal an intrinsic alteration of iNKT cells in Fabry and Gaucher disease patients, 

since they were stimulated in an antigen-presenting cell independent way with 

PMA/ionomycin. It is known that some iNKT cell ligands induce a bias towards Th1 

or Th2 responses [196]. The chronic exposure to lipids with different biasing 

capacities in Gaucher and Fabry diseases could prime iNKT cells to produce 

different amounts of cytokines, leading to the differences observed. 

Our findings might also be relevant for disease pathology. The reduction in IL-4 

producing cells and simultaneously in the iNKT subset responsible for most of its 

production (iNKT CD4+) strongly suggests a bias towards a Th1 phenotype in 

Fabry disease iNKT cells, which could result in a pro-inflammatory environment. 

Inflammation has been reported in several lysosomal storage disorders and its 

impact on disease pathology has been discussed [197], [198]. Fabry disease 

patients present an overexpression of major histocompatibility complex (MHC) 

class II in monocytes [172], [178], which is in accordance with a pro-inflammatory 

state. Furthermore, a recent study analyzing Fabry disease patients under ERT, 

showed that the plasma level of the pro-inflammatory cytokine TNF-α is increased 

in patients compared to control subjects [199]. Several studies have described a 

high incidence of cancers in Gaucher disease, specially multiple myeloma [200]. 

The antitumor activity of iNKT cells is associated with the iNKT CD4- subset and 

secretion of Th1 cytokines. Moreover, the release of Th2 cytokines by iNKT cells 

may impair antitumor immunity [201], [202]. Therefore, it possible that the iNKT 

cell Th2 bias observed in Gaucher disease patients is associated with their 

increased susceptibility to cancer.  
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Conclusion 

We found that iNKT cells are phenotypically altered in Fabry disease, Gaucher 

disease and GM2 gangliosidosis. The analysis of iNKT cell function in Gaucher 

and Fabry diseases also revealed disease-specific alterations. Altogether, our 

results suggest that the nature of the accumulated substrates in LSDs influences 

iNKT cell development and function. 
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Abstract 

Globotriaosylceramide (Gb3) is a glycosphingolipid present in cellular membranes 

that progressively accumulates in Fabry disease. Invariant Natural Killer T (iNKT) 

cells are a population of lipid-specific T cells that are phenotypically and 

functionally altered in Fabry disease. The mechanisms responsible for the iNKT 

cell alterations in Fabry disease are not well understood. Here, we analyzed the 

effect of Gb3 on CD1d-mediated iNKT cell activation in vitro using human cells 

and in vivo in the mouse model. We found that Gb3 competes with endogenous 

and exogenous antigens for CD1d binding, thereby reducing the activation of iNKT 

cells. This effect was exerted by a reduction in the amount of stimulatory CD1d:α-

Galactosylceramide (α-GalCer) complexes in the presence of Gb3 as 

demonstrated by using a monoclonal antibody (mAb) specific for the complex. We 

also found that administration of Gb3 delivered to the same antigen-presenting cell 

as α-GalCer, induces reduced iNKT cell activation in vivo. This work highlights the 

complexity of iNKT cell activation and the importance of non-antigenic 

glycosphingolipids in the modulation of this process. 
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Introduction 

Globotriaosylceramide (Gb3) is a glycosphingolipid present in cellular membranes. 

This lipid is degraded in the lysosome through the action of the lysosomal enzyme 

α-Galactosidase A (EC 3.2.1.22, α-Gal A). Deficient activity of this enzyme leads 

to Fabry disease, a lysosomal storage disease characterized by the accumulation 

of Gb3 in late endosomes and lysosomes. Fabry disease patients present cardiac, 

renal and nervous system involvement and various immune system alterations, 

which include a reduction in the percentage of blood monocytes and dendritic cells 

(DCs) and an increase in total lymphocytes [178]. Enzyme replacement therapy 

(ERT) with α-Gal A can be used to treat Fabry disease patients and has shown 

efficacy in reducing Gb3 storage [203]. In the mouse model of Fabry disease, a 

reduction in invariant NKT (iNKT) cell number was observed [170]–[172], [174]. 

Interestingly, ERT prevented the age-associated decrease observed in Fabry 

disease mice splenic iNKT cells [174]. 

iNKT cells are innate-like T cells that express a semi-invariant T cell receptor 

(TCR) and are activated by lipid antigens presented by CD1d molecules [120]. The 

first lipid identified as an iNKT cell antigen was α-Galactosylceramide (α-GalCer), 

in which the α anomeric glycosidic bond is imperative for iNKT cells stimulation. 

This lipid is of bacterial origin and recent studies suggested that it is present also 

in mammalian cells together with other glycosphingolipids with α-linked sugars, 

which stimulate iNKT cells [74]. 

iNKT cells are phenotypically and functionally altered in Fabry disease. Both Fabry 

disease patients and mice display a reduction in iNKT cells that express CD4 and 

an increase in iNKT cells negative for both CD4 and CD8 [174], [204]. The 

percentage of iNKT cells expressing IL-4 upon stimulation is also reduced in both 

Fabry disease patients and mice [204]. iNKT cells from α-Gal A-deficient mice 

showed signs of persistent activation, suggesting that an α-Gal A substrate might 

be an iNKT cell antigen [186]. A second report showed that the presentation of 

lipid antigens by CD1d was reduced in Fabry disease mice [181]. This defect was 

attributed to Gb3 storage, but the mechanism by which it exerts this effect was not 

unveiled. 
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Here we addressed this latter issue bearing in mind that Gb3 has a ceramide tail 

similar to those of CD1d-binding lipid antigens that stimulate iNKT cells, and 

investigated the effects of Gb3 on iNKT cell activation. 

 

Materials and Methods 

Biological samples 

Blood samples were collected at IBMC. Local Ethical Committee approval was 

granted and informed consent of participating subjects was obtained. Permission 

of the national authorities was granted to the laboratory (accreditation no. 011766) 

and investigator (accreditation no. 014916) to conduct the experiments using 

C57BL/6J mice (8-12 weeks). 

 

Flow cytometry 

The following mAbs were used: anti-human CD3 (SK7), anti-mouse CD1d (1B1), 

anti-mouse MHC class II (M5/114.15.2), anti-mouse CD11c (N418) and anti-

mouse CD86, from eBioscience (San Diego, CA, USA); anti-mouse CD1d:α-

GalCer (L363), anti-mouse CD3 (17A2 ), anti-mouse IL-4 (11B11) and anti-mouse 

CD4 (RM4-5), from Biolegend (San Diego, CA, USA). 

CD1d-PBS57 tetramers were obtained from NIH tetramer core facility. Violet 

Proliferation Dye 450 was from BD Biosciences (San Diego, CA, USA). 

Cells were acquired in FACSCanto II (BD Biosciences) and data analyzed using 

FlowJo (FlowJo, LLC, Ashland, OR, USA). 

  

iNKT cell lines generation and restimulation 

iNKT cell lines were generated by culturing peripheral blood mononuclear cells 

(PBMCs) with 100ng/mL of α-GalCer and 100U/mL of IL-2. After 11 days CD1d-

PBS57 tetramer+CD3+ cells were sorted using FACSAria (BD Biosciences). 

When cells stopped proliferating, 1µg/mL of phytohaemagglutinin (PHA, Remel, 

Lenexa, Kansas, USA) was added with irradiated PBMCs. 

 

iNKT cell activation assays 

iNKT cell activation assays were done using antigen-presenting cells (APCs) or 

plates coated with soluble CD1d, from NIH tetramer core facility. Monocytes were 
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isolated from PBMCs using MACS anti-CD14 beads (Miltenyi Biotec, Cologne, 

Germany).  

APCs were cultured for 4h with Gb3 (Matreya, LLC, Pleasant Gap, PA, USA) or 

Sulfatide (Sigma-Aldrich, St. Louis, MO, USA) (3-50µg/mL), alone or mixed with 

5ng/mL of α-GalCer (Avanti polar lipids, Alabaster, AL, USA). In experiments to 

exclude CD1d binding competition, CD1d-transfected C1R cells were cultured with 

50µg/mL of Gb3 or 200ng/mL of α-GalCer for 24h. Then, cells were washed to 

remove excess of lipid and co-cultured at different ratios (0.125-4 Gb3-loaded 

APCs to 1 α-GalCer loaded APC). Finally, 105 iNKT cells were added per well and 

40h later, cytokine production was determined by enzyme-linked immunosorbent 

assay (ELISA). 

CD1d was immobilized on 384-well Maxisorp treated microplates (Nunc, 

Rochester, NY, USA). A mixture of α-GalCer (100ng/mL) with Gb3 or sulfatide (3-

50µg/mL) was added for 24h. Then, plates were washed and iNKT cells were 

added. 24h later, GM-CSF concentration in the supernatant was measured by 

ELISA, using the purified (BVD2-23B6) and biotinylated (BVD2-21C11) anti-GM-

CSF mAbs (Biolegend). 

 

iNKT cell expansion and proliferation analyzes 

iNKT cell percentage was measured by flow cytometry. PBMCs were cultured in 

RPMI 10% iFBS medium (0.5 x 106 cells/ml), with 1 µg/mL of α-GalCer, Gb3 or 

0.04% of methanol (vehicle). At day 1 of culture, 100 U/mL of IL-2 were added. 

After 8 days, cells were collected and iNKT cell percentage determined. iNKT cell 

proliferation was measured with Violet Proliferation Dye 450. 

 

Tetramer generation 

CD1d was incubated overnight with a 100 times molar excess of lipids dissolved in 

PBS 10%DMSO. For tetramerization, Alexa Fluor® 647-conjugated streptavidin 

(Life Technologies, Carlsbad, CA, USA) was added to a final 5 times molar excess 

of CD1d. With the data shown in Figure 4B we have indication of Gb3 loading on 

mouse CD1d tetramers. 
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Detection of CD1d:α-GalCer complexes formation 

Splenic DCs were isolated using MACS anti-CD11c beads (Miltenyi Biotec). 

Splenic DCs were cultured in RPMI 2% iFBS with 100ng/mL of α-GalCer and Gb3 

or sulfatide, for 19h. Then, flow cytometry was performed to determine the 

expression of CD1d and CD1d:α-GalCer complexes. In a cell-free system, 

biotinylated mouse CD1d (mCD1d) was immobilized in a streptavidin-coated 96-

well plate (Nunc, Rochester, NY, USA) for 2h. After washing, mixtures of 

100ng/mL of α-GalCer and 25 or 5µg/mL of Gb3 or Sulfatide were added and 

incubated overnight. Then the plate was blocked for 1h with PBS 3% bovine 

serum albumin and stained with anti-CD1d or L363 mAbs for 2h. Fluorescence 

was read in a Synergy Mx microplate reader (Biotek, Winooski, VT, USA). In a 

second approach, mCD1d was loaded with a mixture of 100ng/mL of α-GalCer 

and 50µg/mL of Gb3 or vehicle and then tetramerized with Alexa Fluor® 647-

conjugated streptavidin. The tetramers were then coated in Maxisorp 96-well flat-

bottomed plates overnight and complexes detected with L363 mAb. 

 

In vivo activation of iNKT cells 

Bone marrow-derived dendritic cells (BM-DCs) were loaded with 100ng/mL of α-

GalCer and/or 50µg/mL of Gb3 or vehicle alone, for 4h at 37ºC, in RPMI 2%iFBS. 

Then cells were extensively washed and 106 BM-DCs were injected i.v. per mice. 

2h-post injection mice were sacrificed. Cytokine production by splenic iNKT cells 

was analyzed by flow cytometry as previously described [204].  

 

Statistical analyses 

The results were analyzed using the two-tailed unpaired Student’s t-test. A p-value 

<0.05 was considered statistically significant. 

 

Results 

Gb3 inhibits iNKT cell activation 

Gb3 does not stimulate human iNKT cells and mouse iNKT hybridomas [77], [205]. 

However, because Gb3 can bind CD1d and interacts with at least one iNKT TCR 

[206], it was still possible that Gb3 activated a rare population of iNKT cells. To 

test this hypothesis, we cultured peripheral blood mononuclear cells (PBMCs) from 
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healthy subjects in the presence of Gb3 or α-GalCer. After 8 days, we analyzed 

iNKT cell expansion. While culture with α-GalCer resulted in a strong increase in 

iNKT cell percentage (>100-fold increase), no increase was observed in cells 

cultured in the presence of Gb3 (Figure 1).  

 

 

In accordance with these results, cells cultured with α-GalCer completed several 

divisions, leading to the loss of detectable Violet Proliferation Dye 450 staining 

(Figure 1B), while no division was observed in Gb3 treated iNKT cells (Figure 1B). 

To address the possibility that Gb3 activated a population of non-α-GalCer 

reactive T cells we stained the PBMCs cultured in the presence of Gb3 with Gb3-

loaded CD1d tetramers. No staining was observed above background levels 

obtained with unloaded CD1d-tetramer (data not shown), which suggests the 

absence of a Gb3-specific CD1d-restricted T cell population. Altogether, these 

results supported the conclusion that Gb3 is not an antigen for human iNKT cells.  

Gb3 shares a similar structure with isoglobotriaosylceramide (iGb3), which is a 

weak iNKT cell antigen [77], [173], and the only difference is in the linkage 

between the two terminal galactose residues (1→4 for Gb3 and 1→3 for iGb3). To 

test whether Gb3 has an inhibitory effect on iNKT cell activation, monocytes were 

co-cultured with CD4+ iNKT cell lines from two different donors in the presence of 

Figure 1. Gb3 does not stimulate iNKT 
cell expansion. PBMCs were cultured for 
8 days in the presence of 1µg/mL of Gb3 
or α-GalCer or 0.04% methanol (Vehicle). 
A – iNKT cell percentage was analyzed 
using PBS57-loaded CD1d tetramers. B – 
Proliferation of iNKT cells gated as in A 
was measured using Violet proliferation 
dye. Results are representative of two 
independent experiments. 
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α-GalCer alone or together with increasing doses of Gb3. The presence of Gb3 

reduced α-GalCer-induced iNKT cell activation similarly to what observed using 

sulfatide (Figure 2A and B) [207].  

 

Figure 2. Gb3 reduces iNKT-cell activation in a CD1d-dependent manner. (A) Chemical structures 
of α-GalCer, Gb3 and sulfatide. (B and C) Human monocytes were loaded with a suboptimal dose 
of α-GalCer and graded doses of Gb3, sulfatide or vehicle.  The iNKT-cell response to monocytes, 
determined by GM-CSF release to cell culture supernatant, was measured by ELISA. Dotted line 
represents GM-CSF production without exogenous stimulation. Two different lines were used, (B) 
iNKT-a and (C) iNKT-b. (D) CD1d-transfected C1R cells were cultured with graded doses of 
Gb3.GM-CSF was measured by ELISA.  Dotted line represents GM-CSF production by iNKT cells 
cultured with mock-transfected C1R cells. (E) Plate-bound CD1d was loaded with α-GalCer and 
various doses of Gb3. GM-CSF was measured by ELISA. Dotted line represents cytokine 
production without addition of α-GalCer. All data are expressed as mean ± SD of duplicates and 
results are representative of 3 independent experiments. *p<0.05; **p<0.01; ***p<0.001 by t-test 
(unpaired). 
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Next, the effect of Gb3 on iNKT cell autoreactivity was investigated. Gb3 also 

reduced iNKT cell autoreactivity against CD1d-transfected C1R cells (Figure 2C), 

although higher concentrations were required. This might be explained by the use 

of transfected cells that express large amounts of CD1d and thus high Gb3 

concentrations might be necessary to achieve similar inhibitory effects. To confirm 

that the inhibition observed was CD1d-dependent, plate-bound CD1d was loaded 

with a mixture of α-GalCer and Gb3 or with α-GalCer alone and used to stimulate 

iNKT cells using CD1d plate-bound assays. Also in these experimental conditions, 

Gb3 reduced iNKT cell activation (Figure 2D). 

 

Gb3-induced iNKT cell inhibition is achieved through direct competition for CD1d 

binding 

The reduced iNKT cell activation promoted by Gb3 might be explained by an 

inhibitory signal provided by CD1d:Gb3 complexes or by a direct competition with 

α-GalCer for CD1d binding. To test the first hypothesis we loaded APCs with α-

GalCer or with Gb3. Then, cells were washed to remove the lipid that was not 

internalized and different numbers of Gb3-loaded APCs were cultured together 

with a fixed amount of α-GalCer-loaded APCs and used to stimulate iNKT cells. 

Increasing amounts of APCs loaded with Gb3 had no effect on iNKT cell activation 

(Figure 3A), thus excluding that Gb3-loaded APCs induce an unresponsive state in 

iNKT cells and suggesting that Gb3 needs to co- localize with α-GalCer to have an 

inhibitory effect. 

To investigate whether Gb3 competes with α-GalCer for CD1d binding, the L363 

mAb, which specifically stains mouse CD1d:α-GalCer complexes [208], was used. 

Splenic DCs were loaded with a mixture of α-GalCer and different concentrations 

of Gb3 or Sulfatide, used as a competitor control compound. Then, cells were 

stained with an anti-CD1d mAb to detect total CD1d molecules and with the L363 

mAb, to detect CD1d:α-GalCer complexes. Surprisingly, surface CD1d expression 

was downregulated by about 20% in cells cultured in the presence of Gb3 (Figure 

3B and 3C). Furthermore, addition of Gb3 induced a further reduction of CD1d:α-

GalCer complexes up to 50%, in a dose-dependent manner. Sulfatide strongly 

reduced the amounts of CD1d:α-GalCer complexes, with no effect on CD1d 

expression, as reported [207].  
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Figure 3. Gb3 inhibits iNKT-cell response to α-GalCer by reducing the amount of CD1d:α-GalCer 
complexes. (A) Response of human iNKT cells to a fixed number of CD1d-transfected C1R cells 
loaded with α-GalCer mixed with various amounts of unloaded or Gb3-loaded CD1d-transfected 
C1R cells. GM-CSF release to the culture supernatant was determined by ELISA and expressed as 
mean ± SD of duplicates. Results are representative of 2 independent experiments made with the 
same iNKT cell line. Dotted line represents GM-CSF production induced by unloaded APCs. (B) 
Flow cytometry histograms of mouse splenic DCs cultured with 50 μg/mL of Gb3 or sulfatide and 
100ng/mL of α-GalCer and stained with anti-CD1d and L363 mAbs. (C) Reduction of CD1d and 
CD1d:α-GalCer complexes expression on the surface of mouse splenic DCs in the presence of 3 
doses of Gb3 or sulfatide. (B, C) Results are representative of 3 independent experiments. 

 

These results suggested that Gb3 reduces iNKT cell activation by competing with 

α-GalCer for CD1d binding, thus decreasing the number of CD1d:α-GalCer 

complexes. The reduced expression of total CD1d might be ascribed to a direct 

effect of Gb3 on CD1d maturation or to interference with binding of the anti-CD1d 

mAb. To discriminate between these possibilities, a cell-free system was used in 
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which plate-bound CD1d was incubated with Gb3/α-GalCer or Sulfatide/α-GalCer 

mixtures, and then revealed with anti-CD1d or L363 mAbs. While staining with 

L363 mAb was reduced, staining with anti-CD1d mAb was not (Figure 4A), thus 

showing that Gb3 does not interfere with binding of anti-CD1d mAb and that both 

Gb3 and sulfatide compete with α-GalCer for CD1d loading. To clearly show the 

effect of Gb3 on CD1d:α-GalCer complexes formation, we improved the signal by 

using biotinylated CD1d loaded with the lipid mixture and then tetramerized using 

fluorescent streptavidin, before coating the plates. Also in these experimental 

conditions, the presence of Gb3 reduced the amounts of CD1d:α-GalCer 

complexes, and had no effect on CD1d tetramer coating (Figure 4B).  

 

 

Figure 4. Gb3 reduces the amount of CD1d:α-GalCer complexes in a cell-free system. A – 
Fluorescence of anti-CD1d (left) and L363 (right) mAbs applied to plate-bound mCD1d loaded with 

α-GalCer alone or α-GalCer plus Gb3 or sulfatide, or unloaded (No Ag). Results show mean ±SD 

of triplicates. B – Fluorescence of Alexa Fluor
®
 647-conjugated streptavidin (left) and L363 mAb 

(right) applied to tetramers of mCD1d loaded with α-GalCer alone, α-GalCer plus Gb3 or unloaded 

(No Ag). Results show mean ±SD of triplicates. Results are representative of 3 independent 
experiments. n.d. – not detected. *p<0.05; ***p<0.001 by t-test (unpaired). 

 

iNKT cell activation is reduced in vivo by the presence of Gb3 in APCs 

Having established that Gb3 inhibits iNKT cell activation in vitro by reducing the 

amounts of CD1d:α-GalCer complexes, we analyzed the relevance of this 
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mechanism in vivo. To have an inhibitory effect on iNKT cell activation, Gb3 needs 

to co-localize with the antigenic lipid in the same APC. To assure lipid co-

localization we pulsed bone marrow-derived DCs (BM-DCs) with α-GalCer plus 

Gb3 and, as controls, with α-GalCer alone, Gb3 alone or vehicle only. BM-DCs 

activation status was not altered by lipid pulsing, as assessed by CD86, MHC 

class II and CD1d expression (Figure 5A). However, as expected, BM-DCs 

incubated with α-GalCer and Gb3 had less CD1d:α-GalCer complexes than BM-

DCs incubated with α-GalCer alone (Figure 5A). 

 

Figure 5. iNKT-cell activation is reduced in vivo by the presence of Gb3 on APCs. (A) Expression of 
CD1d, MHC class II, CD86 and amount of CD1d:α-GalCer complexes in lipid pulsed BM-DCs was 
measured by flow cytometry. (B, C) Flow cytometry plots (B) and percentage (C) of IL-4-producing 
splenic iNKT cells 2 h after injection with BM-DCs loaded with α-GalCer alone, α-GalCer plus Gb3, 
Gb3 alone or vehicle.  Bars represent mean. (A-C) Results shown are from single experiments 
performed with 3-4 mice per group. *p<0.05; **p<0.01 by t-test (unpaired). 
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The lipid-pulsed BM-DCs were then injected in mice and IL-4 production by splenic 

iNKT cells was analyzed. IL-4-producing iNKT cells were detected in mice treated 

with α-GalCer-loaded BM-DCs, but not with Gb3 or vehicle treated BM-DCs 

(Figure 5B and C).  

We found that administration of α-GalCer plus Gb3-loaded BM-DCs leads to a 

reduction of about 50% in the percentage of iNKT cells producing IL-4, when 

compared to administration of BM-DCs loaded with α-GalCer alone (Figure 5B and 

C). This reduction was observed in both CD4+ and CD4- iNKT cells (Figure 5C). 

These results are in accordance with our previous observations made in Fabry 

disease [204]. In Fabry disease mice, α-GalCer injection leads to a reduction in the 

percentage of splenic iNKT cells producing IL-4, and iNKT cells from Fabry 

disease patients showed a diminished capacity to produce IL-4 when expanded in 

the presence of α-GalCer [204]. 

 

Concluding remarks 

Here, we showed that Gb3, a non-antigenic glycosphingolipid for iNKT cells, which 

accumulates in Fabry disease, inhibits iNKT cell activation by competing with 

exogenous and endogenous antigens for CD1d binding.  

The presence of high amounts of Gb3 in Fabry disease might contribute to 

reduced iNKT cell stimulation and proliferation, thus explaining iNKT cell numerical 

and functional defects. This hypothesis is in accordance with the fact that enzyme 

replacement therapy, which strongly decreases Gb3 storage, is capable of 

preventing iNKT cell decrease in Fabry disease mice [174]. Recently it was shown 

that the increased iNKT cell autoreactivity probably occurs due to accumulation of 

α-GalCer in α-Gal A-deficient DCs [186]. We suggest that the ratio of stimulatory 

to inhibitory lipids in the APCs, controlled by the levels of enzymes involved in 

glycosphingolipid metabolism, modulates iNKT cell activation. Supporting the 

notion of an APC/organ-specific effect, iNKT cells were shown to be reduced in the 

thymus, spleen and liver of Fabry disease mice, but normal in lymph nodes and 

blood (our unpublished data). These findings might also justify the normal iNKT 

cell numbers found in the blood of Fabry disease patients.  
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Our results show that modifications of cellular lipid content may alter lipid antigen 

presentation and iNKT cell responses. Thus, the lipids accumulating in lysosomes 

may represent new regulators of lipid antigen presentation. 



 
 

 
 
 
 
 
 

 

GM2 competes with α-Galactosylceramide 

for CD1d binding 
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Abstract 

Invariant natural killer T (iNKT) cells are a subset of T cells that recognize lipid 

antigens presented by CD1d molecules, at the immunological synapse. Most of 

these antigens are glycosphingolipids. Gangliosides are negatively-charged 

glycosphingolipids (GSLs), composed by a ceramide backbone and an 

oligosaccharide with one or more sialic acid residues. Recently, we identified the 

GSL globotriaosylceramide (Gb3) as an iNKT cell inhibitor.  

Here, we show that the GM2 ganglioside, which accumulates in a group of 

lysosomal storage diseases designated GM2 gangliosidosis, is capable of 

inhibiting iNKT cell activation, by reducing the available number of CD1d:antigenic 

lipid complexes at the cell surface. Using in vitro activation assays, we 

demonstrate that the presence of high amounts of GM2 in human monocytes 

reduces iNKT cell activation in a dose-dependent manner. We further establish a 

mechanistic explanation for this inhibition, using the L363 antibody, which is 

specific for mCD1d:α-Galactosylceramide (α-GalCer) complexes. Staining with 

L363 shows that GM2 competes with α-GalCer for CD1d binding, reducing the 

amount of mCD1d:α-GalCer complexes in bone marrow-derived dendritic cells 

(BM-DCs) and in a cell-free assay. Finally, we show that a patient with GM2 

gangliosidosis has defects in the presentation of Gal(α1–2)galactosylceramide by 

CD1d. 

Altogether, our results show that GM2 has an important role in iNKT cell activation. 

Together with other GSLs, GM2 contributes for the generation of a complex 

network of stimulatory and inhibitory lipids that tightly control the activation of iNKT 

cells. 
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Introduction 

Gangliosides are major components of lipid rafts and were shown to be important 

for T cell activation [209]. However, the ganglioside GM2 is also a tumor-

associated glycosphingolipid shown to be responsible for increased T cell 

apoptosis and to inhibit dendritic cell differentiation from monocytes [210], [211]. 

Defects in GM2 catabolism lead to major lysosomal accumulation of this 

ganglioside, which results in a disease with strong neurological involvement 

designated GM2 gangliosidosis. 

GM2 binds mouse CD1d (mCD1d), a major histocompatibility complex (MHC) 

class I-like molecule responsible for the presentation of lipid antigens to invariant 

Natural Killer T (iNKT) cells [212]. iNKT cells are a subset of lipid-specific T cells 

characterized by the expression of a semi-invariant T cell receptor (TCR), NK cell 

markers and by the rapid activation upon stimulation. These cells play important 

roles in tumor surveillance, infection and autoimmunity. 

After synthesis in the endoplasmic reticulum (ER), mCD1d and human CD1d 

(hCD1d) are glycosylated in the Golgi compartment and then traffic to the cell 

surface [213]. There, CD1d molecules are internalized by the endocytic pathway. 

hCD1d mainly localizes in late endosomes, while mCD1d reaches the lysosome. 

Once in the lysosome, mCD1d binds lipid antigens and traffics once more to the 

cell surface to activate iNKT cells [213]. Importantly, mCD1d molecules bind lipids 

soon after synthesis, to stabilize the binding pocket [50]. Elution of lipids from 

soluble mCD1d revealed the presence of GM2, showing that this ganglioside 

naturally associates with mCD1d in cells. GM2 preferentially binds CD1d in the ER 

or in the secretory pathway, but is probably replaced by other ligands in the 

lysosome [212], suggesting that it functions as a stabilizing ligand. 

The importance of this ganglioside in CD1d-mediated lipid antigen presentation is 

highlighted by the fact that GM2 gangliosidosis mice have a reduction in the 

percentage of iNKT cells and defects in lipid antigen presentation [77], [170]. 

Despite this evidence, the direct effect of the GM2 ganglioside in iNKT cell 

activation is not completely understood. It is known that immunization with GM2 

does not activate iNKT cells, excluding the hypothesis that this lipid is an iNKT cell 

antigen in mice [73]. We recently reported that the glycosphingolipid 

globotriaosylceramide (Gb3) is a CD1d-dependent iNKT cell inhibitor [184]. 

Bearing in mind that a similar mechanism might be applicable to GM2, we 
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analyzed the consequences of GM2 overload in lipid antigen presentation and in 

iNKT cell activation.  

 

Materials and Methods 

Biological samples 

Buffy coats were obtained from blood donors at the Immuno-haemotherapy 

department of Hospital de São João, Porto, Portugal. The GM2 gangliosidosis 

patient was recruited at the Hospital de Santa Maria, Lisbon, Portugal. All subjects 

or their legal representatives gave informed consent for the study, according to the 

Helsinki declaration. Approval was obtained from the hospitals’ ethical committees.  

Permission of the national authorities was granted to the laboratory (accreditation 

no. 011766) and investigator (accreditation no. 014916) to conduct the 

experiments using C57BL/6J mice (8-12 weeks). 

 

Flow cytometry 

The following monoclonal antibodies (mAbs) were used: anti-mouse CD1d (1B1), 

anti-mouse MHC class II (M5/114.15.2), anti-mouse CD11c (N418)  and anti-

mouse CD86 (GL1), from eBioscience (San Diego, CA, USA); anti-mouse CD1d:α-

GalCer (L363, Biolegend, San Diego, CA, USA).  

Cells were acquired in FACS Canto II (BD Biosciences) and data analyzed using 

FlowJo software (FlowJo, LLC, Ashland, OR, USA). 

  

iNKT cell lines generation and iNKT cell lines and clones restimulation 

iNKT cell lines were generated by culturing peripheral blood mononuclear cells 

(PBMCs) with 100ng/mL of α-GalCer and 100U/mL of IL-2. After 11 days, iNKT 

cells, defined as CD1d-PBS57 tetramer+CD3+, were isolated by sorting, using 

FACSAria (BD Biosciences, San Diego, CA, USA). 

When cells stopped proliferating, 1µg/mL of phytohaemagglutinin (PHA, Remel, 

Lenexa, Kansas, USA) was added together with irradiated PBMCs. 

 

iNKT cell activation assays 

iNKT cell activation assays were done using monocytes. Monocytes were isolated 

from PBMCs by using MACS anti-CD14 beads (Miltenyi Biotec, Cologne, 

Germany), according to the manufacturer’s instructions.  
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Control monocytes were cultured for 4h with graded doses of GM2 (Matreya, LLC, 

Pleasant Gap, PA, USA) alone or mixed with 5ng/mL or 50ng/mL of α-

Galactosylceramide (α-GalCer; Avanti polar lipids, Alabaster, AL, USA). 

Monocytes from patients were cultured with graded doses of α-GalCer or Gal(α1–

2)galactosylceramide (GalGalCer, kindly provided by Paul Savage). Then, an 

iNKT cell line was added and 40h later supernatant was collected to determine 

cytokine production by enzyme-linked immunosorbent assay (ELISA). 

 

Detection of CD1d:α-GalCer complexes formation 

Bone marrow-derived dendritic cells (BM-DCs) were cultured in RPMI 2%iFBS 

with 100ng/mL of α-GalCer and graded doses of GM2, for 5h. Then, flow 

cytometry was performed to determine the expression of CD1d, MHC class II, 

CD86 and CD1d:α-GalCer complexes. In a cell-free system, biotinylated mCD1d 

was immobilized in a streptavidin-coated 96-well plate (Nunc, Rochester, New 

York, USA) for 2h. After washing, mixtures of 100ng/mL of α-GalCer and 20, 2 or 

0.2µg/mL of GM2 were added. On the next day, the plate was blocked for 1h with 

PBS 3% bovine serum albumin and stained with PE-coupled anti-CD1d or L363 

mAbs for 2h. After washing the plate, fluoresce was read in a Synergy Mx 

microplate reader (Biotek, Winooski, VT, USA).  

 

Results 

GM2 reduces iNKT cell activation by α-GalCer 

To analyze a possible inhibitory effect of GM2 on iNKT cell activation, we loaded 

human monocytes with α-GalCer and GM2 and co-cultured them with iNKT cells. 

A sub-optimal (5ng/mL) and an optimal (50ng/mL) dose of α-GalCer were used. 

We found that GM2 presence induced a dose-dependent decrease in iNKT cell 

activation (Figure 1). This was observed for both doses of α-GalCer, indicating that 

a 10-fold increase in α-GalCer concentration is not sufficient to reduce the 

inhibitory effect of GM2.  
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Figure 1. GM2 inhibits iNKT cell activation in a dose-dependent manner. Monocytes from 
peripheral blood of control subjects were loaded with 5ng/mL (A) or 50ng/mL (B) of α-GalCer + 
vehicle (black squares) or with α-GalCer + GM2 (grey circles), and co-cultured with an iNKT cell 
line. After 40h, cytokine concentration in supernatant was analyzed by ELISA.  Results represent 
mean±SD of duplicates. Three independent experiments are presented (left, center and right). 

 

GM2 reduces the number of CD1d:α-GalCer complexes 

We have previously shown that Gb3 is capable of competing with α-GalCer, 

leading to a reduction in the amount of mCD1d:α-GalCer complexes present at the 

surface of antigen-presenting cells [184]. Therefore, we hypothesized that GM2 

might share this mechanism of inhibition. We cultured bone marrow-derived 

dendritic cells (BM-DCs) in the presence of α-GalCer or α-GalCer + GM2 for 5h, 

and then analyzed the expression of dendritic cell markers and the amount of 

mCD1d:α-GalCer complexes. Short-term culture of BM-DCs with GM2 leads to a 

small upregulation of CD1d, MHC class II and CD86, which suggest an increase in 

the activation state of these cells (Figure 2). On the other hand, we found that 

mCD1d:α-GalCer complexes were reduced in a dose-dependent manner in the 

presence of GM2 (Figure 2). 

The observed reduction in mCD1d:α-GalCer complexes could be explained by 

direct competition of GM2 with α-GalCer or by an indirect effect on the function of 

dendritic cells. 
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Figure 2. Increased activation state and reduced mCD1d:α-GalCer complexes in GM2-treated BM-
DCs. Expression of CD1d, MHC class II, CD86 and amount of CD1d:α-GalCer complexes were 
analyzed by flow cytometry in BM-DCs cultured for 5h with α-GalCer+vehicle or α-GalCer+GM2. 
Results from one experiment. 

 

To discriminate between these two hypotheses, we used a fluorescence based 

cell-free assay. Plate-bound mCD1d was loaded with α-GalCer+Vehicle or with α-

GalCer+GM2 and then mCD1d:α-GalCer complexes were detected with the L363 

antibody. As a control, and to ensure a homogeneous coating, we also measured 

mCD1d. mCD1d levels were similar in both conditions (Figure 3A). Contrarily, 
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incubation with GM2 led to a reduction in the amount of mCD1d:α-GalCer 

complexes, in accordance with the hypothesis of a direct competition of the two 

lipids for CD1d binding (Figure 3B). 

 

 

Figure 3. GM2 reduces the amount of CD1d:α-GalCer complexes in a cell-free system. 
Fluorescence of anti-CD1d (A) and L363 (B) mAbs applied to plate-bound mCD1d loaded with α-
GalCer+Vehicle or α-GalCer+GM2. Results show mean ±SD of triplicates and are representative of 
3 independent experiments. 

 

Monocytes from GM2 gangliosidosis patients present defects in lipid antigen 

presentation 

GM2 gangliosidosis patients accumulate large amounts of GM2. Therefore, we 

analyzed the capacity of monocytes from a GM2 gangliosidosis patient to present 

lipid antigens to iNKT cells. We used both α-GalCer, which can bind CD1d directly 

at the cell surface, and GalGalCer, a synthetic lipid that requires lysosomal 

processing by the enzyme α-Gal A to be antigenic. We found that monocytes from 

the patient induced stronger iNKT cell activation than control monocytes, when α-

GalCer was added to the culture (Figure 4A). Conversely, presentation of the 

GalGalCer antigen by patient’s monocytes was compromised (Figure 4B).   

 

Discussion 

Here, we show that GM2 is capable of inhibiting iNKT cell activation by direct 

competition for CD1d binding. We also show that monocytes from a patient with 

GM2 gangliosidosis had defects in presenting GalGalCer by CD1d.  
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Figure 4. Lipid antigen presentation to iNKT cells is altered in a GM2 gangliosidosis patient. 
Response of an iNKT cell line to α-GalCer (A) or GalGalCer (B)-loaded monocytes from a GM2 
gangliosidosis patient (grey stars) or control subjects (black squares and circles). Values represent 
mean±SD of duplicates. 

 

iNKT cell defects were reported in mouse models of three subtypes of GM2 

gangliosidosis: Tay-Sachs, late-onset Tay-Sachs and Sandhoff diseases [77], 

[170]. Initially, this reduction in iNKT cells was attributed to the lack of a self-ligand 

necessary to select iNKT cells, that was produced by β-hexosaminidase A 

(deficient in GM2 gangliosidosis) [77]. However, it is now accepted that iNKT cells 

can be selected by a variety of ligands, some of them that can be generated 

independently of β-hexosaminidase A [74], [79]. Therefore, we suggest that 

although the lack of antigen may contribute to the defect observed, the 

accumulation of high amounts of GM2 also impairs normal presentation of 

endogenous and exogenous antigens by CD1d in the thymus and at the periphery 

and consequently might contribute to the reduced iNKT cell frequency observed. 

GM2 gangliosidosis is a pediatric, rare and aggressive disease, for which no 

specific treatment is available. Therefore, it is challenging to obtain samples from 

these patients. We were able to test cells from a GM2 gangliosidosis patient for 

their capacity to present lipid antigens to iNKT cells by CD1d. Our analysis 

revealed surprising results. According to our data, it was initially expected that 

GM2 gangliosidosis patients presented a defect in iNKT cell activation. However, 

we found instead that monocytes from GM2 patients showed a stronger capacity 

to activate iNKT cells by α-GalCer and a remarkable defect in processing of the 

synthetic GalGalCer lipid. These apparently discrepant results can be explained by 

the fact that GM2 preferentially binds CD1d in the ER and lysosome [212]. Since 

α-GalCer can directly bind CD1d at the cell surface, the effect of GM2 storage 
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might be annulated. On the other hand, GalGalCer needs to go to the lysosome 

for processing, where it can compete with GM2 for CD1d loading. 

Competition for CD1d binding with consequent iNKT cell inhibition was also 

demonstrated for  the GSL globotriaosylceramide and sulfatide [184], [207]. In light 

of these results, it is tempting to speculate that a complex network of stimulatory 

and inhibitory lipids tightly controls the activation of iNKT cells, protecting the 

organism from excessive or defective defense.  

The finding of glycosphingolipids as iNKT cell inhibitors has important implications 

in tumor immunology. More specifically, GM2 is expressed in renal carcinoma cells 

and it was shown to have important function in immune system evasion, by 

inducing T cell apoptosis [211], [214]. Our results show that GM2 inhibits iNKT cell 

activation by antigens, which might be another mechanism to avoid anti-tumor 

immunity. 



 
 

 
 
 
 
 
 

 

Concluding Remarks and Future 

Perspectives 
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The discovery of lipids as antigens, in the 90s, revealed a new trail in immunology. 

In the recent years, the knowledge on lipid antigens, their processing and loading 

onto CD1 molecules and lipid-specific T cells increased dramatically. The study of 

lipid antigen presentation in the context of lysosomal storage diseases (LSDs) and 

more specifically of sphingolipidoses, significantly contributed to this knowledge. 

The antigen isoglobotriaosylceramide (iGb3) was identified based on studies of β-

hexosaminidase A deficient mice [77]. Recently, the analysis of Fabry disease 

mice revealed the presence of α-Galactosylceramide (α-GalCer) in mammals [74]. 

The analysis of mouse models of several LSDs showed that iNKT cell defects 

were restricted to some LSDs, suggesting that the accumulated material played a 

specific role in iNKT cell selection and maintenance [170], [176]. 

As the knowledge about CD1 function evolved, so did the concept that results 

obtained in mice could not always be transposed to humans. In this work, we fill an 

existent gap in the analysis of the effect of lysosomal storage in lipid antigen 

presentation in LSD patients. We analyzed the function of the antigen-presenting 

cells, using monocyte-derived dendritic cells (Mo-DCs) from patients to present 

antigens to T cells, and the response of iNKT cells from patients, through the 

analysis of their phenotype and function. 

We found that Mo-DCs from both Gaucher and Fabry disease patients were 

capable to present lipid antigens by CD1b and CD1d. This is in contrast with the 

results obtained in Fabry disease mice, which once more highlights the important 

differences in the CD1 system between these two organisms. This study also 

identified a high degree of variation in the capacity of control Mo-DCs to stimulate 

CD1-restricted T cell clones. The source of this variation was not identified, but it 

does not seem to be related to age or sex. We believe that genetic factors can 

contribute to differences between control subjects. In mice, CD1d polymorphisms 

can affect antigen presentation and activation of CD1d-restricted T cells [190]. 

Although this correlation was not analyzed in humans, CD1 polymorphisms were 

also described in humans [189]. In the future, it would be important to explore in 

humans a possible correlation between polymorphism presence and the capacity 

to activate T cell clones, which may account for variations in disease susceptibility.  

Studies in mouse models of LSDs have revealed that lipid antigen presentation 

defects seem to be restricted to certain types of antigen-presenting cells. 

Therefore, despite the lack of major alterations in the capacity of Mo-DCs to 
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present lipid antigens, we cannot exclude defects in other cells. In the future, other 

antigen-presenting cells can be used in this type of analysis, together with a 

different range of lipid antigens, which require lysosomal processing for action. 

Indeed, we found that a GM2 gangliosidosis patient had a marked defect in 

presentation of the processing-dependent antigen Gal(α1–2)galactosylceramide. 

Thus, it would be interesting to analyze the presentation of this lipid in patients 

with different LDSs. 

Another important subject is the selection of the sample of patients to study. Most 

Fabry and Gaucher disease patients analyzed are under enzyme replacement 

therapy, which might normalize lysosomal function, masking the defects in lipid 

antigen presentation. Since most diagnosed Fabry and Gaucher disease patients 

are under enzyme replacement therapy, this study would benefit from being 

performed with newly diagnosed patients. However, due to the rareness and 

severity of these diseases they are often underdiagnosed and once diagnosed, 

patients start treatment. Thus it is difficult to obtain these samples.  

In sharp contrast with the results obtained for the analysis of the capacity of Mo-

DCs to present lipid antigens, we described disease-specific alterations in the 

phenotype and function of iNKT cells from LSDs patients. Despite the expression 

of a semi-invariant T cell receptor (TCR), the population of iNKT cells is 

heterogeneous in both phenotype and function. We analyzed the expression of 

CD4, CD8 and CD161 in iNKT cells from Fabry, Gaucher and GM2 gangliosidosis 

patients. We found that all these conditions were associated with an altered iNKT 

cell phenotype, although maintaining a normal percentage of iNKT cells. 

Importantly, the alterations found were disease-specific, pointing towards a 

specific role of the accumulated material/enzyme deficiency in the development 

and maintenance of iNKT cell subsets. Furthermore, these results, together with 

previous work on Niemann-Pick type C disease [179], clearly show that lysosomal 

engulfment per se is not sufficient to induce iNKT cell alterations. Instead, the 

alteration in the lipidomic profile of the cells differentially affects the different iNKT 

cell subsets.   

Following the hypothesis of a specific role of accumulated material in iNKT cell 

selection and maintenance, we analyzed the effect of globotriaosylceramide 

(Gb3), the main glycosphingolipid accumulated in Fabry disease, in iNKT cell 

activation. We demonstrated that Gb3 has a specific role in the modulation of iNKT 
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cell activation. This lipid binds CD1d, preventing its association with endogenous 

and exogenous antigens, thus leading to an inhibition of iNKT cell activation. 

Importantly, with these results we can conclude that the same lysosomal enzyme, 

α-Gal A, previously described to be involved in the degradation of antigenic lipids 

[74], is also responsible for the degradation of inhibitory lipids. This confers to this 

enzyme the capacity to maintain a ratio of inhibitory to stimulatory lipids, 

preventing either overstimulation or understimulation of iNKT cells. Therefore, the 

identification of other enzymes that act specifically on stimulatory or inhibitory 

lipids arises as an important study subject that allows the definition of targets for 

immunomodulation. Indeed, the use of lipids that inhibit iNKT cells for 

immunomodulation was already addressed. DPPE-PEG, a synthetically modified 

lipid, is able to reduce iNKT cell responses in diseases characterized by iNKT cell 

hyperactivation, such as contact hypersensitivity and allergen-induced airway 

hyperreactivity [162], [215]. The existence of inhibitory lipids is not restricted to 

CD1d. It was recently shown that sphingomyelin binding to CD1a prevents its 

recognition by an autoreactive TCR [57], which indicates that the same 

mechanisms might contribute to modulate lipid antigen presentation by the diverse 

CD1 molecules. 

We described a similar inhibitory mechanism for the GM2 ganglioside. This lipid 

accumulates in GM2 gangliosidosis and was shown to associate with mouse 

CD1d (mCD1d) in the ER and cytoplasm. It was suggested that in the lysosome, 

GM2 probably is replaced by antigenic ligands. Our results show that the presence 

of high levels of GM2 prevents the normal lipid exchange, reducing the number of 

CD1d:α-GalCer complexes. This suggests that an increase in the cellular content 

of this glycosphingolipid has important repercussions in iNKT cell activation. 

Gangliosides are often associated with tumors. Indeed, ganglioside depletion 

seems to contribute to tumor elimination [216], [217]. It is tempting to speculate 

that ganglioside depletion allows loading of a higher amount of self-antigens in 

CD1d, which makes tumor cells more prone to elimination by iNKT cells. 

Despite the advance provided by these findings, some of our results are not fully 

explained. We determined that LSD patients have disease-specific alterations in 

the percentage of iNKT cell subsets. However, the inhibitory effect of Gb3 and 

GM2 was applicable to both CD4+ and CD4- iNKT cells and therefore does not 

seem to be responsible for the alterations found. These alterations might be 
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related to differences in antigen affinity. A recent report showed that variations on 

the CDR3 loop of the human β chain (CDR3β) of the TCR influence the affinity to 

different antigens [218]. It is known that α-GalCer accumulates in Fabry disease 

mice and it is expected that α-Glucosylceramide also accumulates in cells from 

Gaucher disease patients. Therefore, it is possible that the presence of high 

amounts of either antigen induced proliferation of cells with a given CDR3β 

sequence. In light of this, it would be important to determine the CDR3β sequence 

usage among patients and compare it with controls. Considering our results in 

iNKT cell phenotype, it would be interesting to address if there is a connection 

between CD4, CD8 or CD161 expression and TCR usage. We are also currently 

investigating the possibility that CD4 plays a role in determining affinity to certain 

lipid antigens. Indeed, it is known that CD4 engagement by CD1d potentiates iNKT 

cell activation [192], but the impact of different lipids in this process was not 

addressed. Our preliminary results suggest that some antigens activate CD4+ 

iNKT cells in a stronger manner than CD4-, while for others CD4 expression does 

not seem to be important.  

Overall, this thesis contributed with important advances for the field of lipid 

immunology. By combining the study of LSD patients, mouse models and in vitro 

assays, we show that glycosphingolipids are more than iNKT cell antigens: they 

are important mediators of iNKT cell activation and potential targets for 

immunotherapy. Furthermore, the results presented in this thesis suggest that the 

accumulation of different glycosphingolipids has distinct repercussions on the 

development and/or maintenance of the diverse iNKT cell subsets. Finally, we 

unveil important differences in the impact of lysosomal storage in human versus 

mice lipid antigen presentation.   
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