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Mechanisms of Endogenous Alpha-glycosylceramide Generation  

for Development and Activation of NKT Cells 

 

 

Abstract 

 

Invariant natural killer T (iNKT) cells recognize lipid antigens loaded on CD1d 

molecules and modulate downstream immune responses by rapidly releasing multiple 

cytokines. Their most potent antigen is the lipid α-galactosylceramide (α-GalCer) from a 

marine sponge, which has been thought not to exist in mammals. Despite its importance in 

iNKT cell development and activation, the nature of the endogenous iNKT cell antigen 

remained unclear. The recent development of antibodies specific for α-glycosylceramides 

demonstrated that α-linked glycolipids are produced in mammals. Here, we discuss the 

mechanisms of endogenous α-glycosylceramide generation and how they influence iNKT 

cell biology. 

Based on its structural similarity to fatty acid binding protein and its ability to 

distinguish galactose anomers, we hypothesized that galactose mutarotase (Galm) is involved 

in endogenous α-GalCer synthesis. Galm is an enzyme known for its role in the Leloir 
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pathway of galactose metabolism. We demonstrated that in the absence of Galm, both α-

GalCer synthesis and iNKT cell autoreactivity are abrogated. Furthermore, we have 

generated mice deficient in Galm and confirmed that α-GalCer is lacking in these mice. 

Galm-deficient mice develop normally and have normal frequencies of iNKT cells. However, 

iNKT cells in these mice exhibit increased activation when challenged, suggesting a role of 

endogenous α-GalCer in regulation of iNKT cell activation. 

In addition, we demonstrated that α-glucosylceramide (α-GluCer) is another 

endogenous α-anomeric antigen, which is dependent on UDP-glucose ceramide 

glucosyltransferase (Ugcg). Importantly, mice deficient in both Galm and Ugcg have reduced 

frequencies of iNKT cells, indicating that α-GalCer and α-GluCer cooperate in iNKT cell 

development. However, these glycolipids may be serving non-redundant functions in iNKT 

cell selection based on their distinct localization patterns in the thymus. 

Together, these studies suggest a distinct role for the newly discovered endogenous 

lipid antigens in iNKT cell development and activation. Moreover, we identified the key 

enzymes that generate these ligands and are vital for iNKT cell biology, which can be 

targeted in order to regulate iNKT cells in autoimmunity and other disease settings. 
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1. Introduction 

 

 

Invariant natural killer T (iNKT) cells were initially discovered as a mysterious small 

subset of CD4+ or CD4-CD8- double-negative (DN) T cells that expresses receptors 

associated with natural killer (NK) cells, with highly skewed usage of T cell receptor (TCR) 

β chains1. Soon these NK1.1+ T cells were found to invariably use the Vα14 chain in mouse 

(Vα24 chain in human), giving rise to their current nomenclature, invariant NKT cells2. NKT 

cells that bear diverse TCRs have been identified as well and are distinguished from iNKT 

cells, or type I NKT cells, as diverse or type II NKT cells3. Type II NKT cells also recognize 

lipid antigens, among which the most prominent is sulfatide4, 5. However, studies on these 

cells have been limited due to the difficulty of isolating them as a pure population. 

Various aspects of iNKT cells are unique compared to conventional T cells. 

Developmentally, iNKT cells are selected by CD1d, a non-polymorphic homologue of major 

histocompatibility complex (MHC) class I, on other CD4+CD8+ double-positive (DP) 

thymocytes6. Functionally, they behave more like innate immune cells that rapidly release 

abundant amounts of cytokines upon stimulation7, 8. Due to these characteristics, iNKT cells 

are often grouped with γδ T cells and B1 cells as innate-like lymphocytes9. 

There are a number of mouse models that lack iNKT cells. CD1d1d2-/- mice are 

deficient in both CD1d and iNKT cells10, whereas Jα18-/- mice, which have the Jα segment 

that recombines with the Vα14 segment deleted, retain CD1d expression11. However, the 
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results obtained with the original Jα18-/- mice have to be taken with caution because later 

studies demonstrated that these mice exhibit impaired TCR diversity12. New Jα18-/- mice 

with more precise deletion have been now generated by several groups13, 14.  

On the other hand, Vα14 TCR transgenic mice on a Rag-1-deficient background 

exclusively produce iNKT cells15. Using these mice, immunologists have learned that α-

glycosylceramides, including α-galactosylceramide (α-GalCer) and α-glucosylceramide (α-

GluCer), are the antigens that specifically stimulate iNKT cells15. However, α-GalCer was 

only known to be in the marine sponge Agelas mauritianus16 and other similar α-glycolipids 

identified thus far were of microbial origin17. Various attempts to isolate α-glycolipids in the 

mammalian system have failed and researchers began to think that mammals cannot 

synthesize α-glycolipids—that is, until recently18. 

 In this section, I review the antigen presentation to iNKT cells including different 

types of glycolipid antigens that iNKT cells respond to, and how iNKT cell selection and 

activation are regulated in this context. Glycosylceramide synthesis and degradation 

pathways and the biology of galactose mutarotase (Galm) that are relevant to the potential 

mechanisms of endogenous iNKT cell antigen generation are discussed.  
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1.1 ANTIGEN PRESENTATION TO iNKT CELLS 

The CD1 protein family 

 The CD1 molecules were the first group of human leukocyte antigens recognized by 

a monoclonal antibody19 and thus were among the first fifteen leukocyte antigens to be 

designated with the cluster of differentiation (CD) system20. They are antigen presenting 

molecules homologous to MHC class I molecules. Similar to MHC I, they are comprised of 

a heavy chain and a beta-2 microglobulin (β2m) molecule, and are conserved across many 

species21. However, unlike MHC I, they are non-polymorphic, and present lipid molecules 

instead of peptides22, 23. Indeed their inner surface of the deep binding pocket is mainly 

hydrophobic, leaving a small opening for antigen loading and for any hydrophilic region to 

protrude24. It is thought that most CD1-restricted T cells bear diverse TCRs, with the 

exception of iNKT cells and germline-encoded mycolyl-reactive (GEM) T cells25, 26. 

 The CD1 molecules are divided into two groups based on their sequence homology 

and tissue distribution. Group 1 comprises of CD1a, 1b, and 1c, and the only member in 

group 2 is CD1d27. Rodents, however, have lost the entire group 1 CD1 locus and instead 

have duplicated CD1d genes, CD1d1 and CD1d2, which are 95% homologous to each other28. 

As a result, in vivo studies on CD1-restricted T cells have largely focused on type I and type 

II NKT cells. With recent generation of humanized transgenic mice29, 30, the ligands of CD1a, 

1b, and 1c, and the functions of T cells selected by these molecules are actively being 

examined31. There is yet another member of the CD1 family, CD1e, which does not seem to 

participate in direct antigen presentation. CD1e mainly localizes to the intracellular 
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compartments of dendritic cells (DC) and probably participates in processing of other CD1 

lipid antigens32. 

 

CD1d trafficking and antigen loading 

 CD1d molecules are synthesized in the endoplasmic reticulum (ER). Endogenous 

phospholipids are loaded onto the binding groove of CD1d in the ER with the aid of 

microsomal triglyceride transfer protein (Mttp) to protect the groove from collapsing33, 34. 

Shortly after reaching the cell surface via the Golgi complex, CD1d is recycled to the 

lysosome via the interaction between adaptor proteins (AP-2 and AP-3)35, 36 and the 

cytoplasmic tail of CD1d37. It is through this endocytic recycling that the phospholipid 

stabilizer in the groove is exchanged with the processed, endogenous or exogenous lipid 

antigen, with the aid of saposins38, 39 and cathepsins40.  

 

1.2 ANTIGENS OF iNKT CELLS 

Exogenous lipid antigens 

 The most potent antigen of iNKT cells identified thus far is α-GalCer15. Initially, α-

GalCer was discovered as an anti-tumor agent purified from the marine sponge Agelas 

mauritianus that showed promising results in experiments with mice bearing melanoma16, 41. 

Shortly afterwards, it was discovered that α-GalCer was specifically activating iNKT cells15. 

Taniguchi and colleagues, upon identifying α-GalCer as the iNKT cell antigen, made an 
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important observation on the common properties of many iNKT cell antigens: the α-anomeric 

linkage between the sugar moiety and glycerol linker15. Additional restrictions that affect the 

TCR recognition or CD1d loading exist, limiting the position of other hydroxyl groups on 

the sugar ring, such as for glucose and mannose, or the length and number of lipid tails42. 

Consequently, whereas α-glucosylceramide (α-GluCer) stimulates iNKT cells, α-

mannosylceramide functions as an antagonist15, 43.  

Currently, α-GalCer is the central tool in iNKT cell research. For example, α-GalCer-

analogue PBS57-loaded CD1d tetramers are used to define iNKT cells as a population44. 

KRN7000, a synthetic analogue of α-GalCer with an increased stimulatory ability, is 

frequently used to stimulate iNKT cells both in vitro and in vivo41. While α-GalCer is a useful 

tool for iNKT cell research and is being actively tested as an anti-tumor agent45, the presence 

of a potent antigen of conserved mammalian immune cells in innocuous marine sponges was 

simply dismissed as coincidence. Thus, α-GalCer was considered an experimental, non-

mammalian antigen.  

Instead, researchers have found that several bacterial species bear structurally similar 

α-glycolipids that can activate iNKT cells17, 46. Sphingomonas spp. are the 

alphaproteobacteria ubiquitously present in the environment that can cause infections in 

immunocompromised patients47. Instead of LPS, their bacterial wall is composed mainly of 

α-galacturonyl and α-glucuronylceramides48. The most abundant, monoglycosylated α-

glycuronylceramides (GSL-1) have been shown to stimulate iNKT cells, which were 

necessary for clearing Sphingomonas infection in mice48, 49. Other less abundant but more 
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glycosylated species GSL-2, GSL-3, and GSL-4 can stimulate iNKT cells, but it is not clear 

whether they can also be directly presented on CD1d or have to be processed intracellularly 

to GSL-117.  

Whereas Sphingomonas spp. represent opportunistic pathogens, another Gram-

negative, LPS-negative, but more pathogenic bacterium like Borrelia burgdorferi could have 

exerted evolutionary pressure on iNKT cells as the causative agent of Lyme disease50. Indeed, 

α-galactosyl diacylglycerol BbGL-II produced by B. burgdorferi was shown to activate iNKT 

cells17. Gram-positive Streptococcus pneumoniae produce the α-glucosyl diacylglycerol (α-

Glc-DAG) and Gal(α1-2)-Glc(α1-3)-diacylglycerol (α-Gal-Glc-DAG) that can activate 

iNKT cells46.  

Interestingly, not all α-linked glycolipids may be agonists of iNKT cells. Recently, 

an α-GalCer variant from the gut commensal Bacteroides fragilis, GSL-Bf717, has been 

shown to compete with the agonist α-GalCer for CD1d binding and influence iNKT cell 

homeostasis in the gut51. This lipid behaves rather as an antagonist of iNKT cells, as its 

presence reduces colonic iNKT cell frequencies and weakens their activation51. It is not yet 

clear, however, whether this lipid actively downregulates iNKT cell responses or simply 

blocks loading and recognition of other antigens, much like blocking antibodies. 

 While α-linked glycolipids are thus far the most convincingly and reproducibly 

potent iNKT cell antigens, several other lipid species are suspected as potential iNKT cell 

antigens. A subset of mouse and human iNKT cells were reported to respond to 

phosphatidylinositol tetramannoside (PIM4), a lipoglycan purified from Mycobacterium 
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tuberculosis52; however, synthetic PIM4 failed to stimulate iNKT cells, implying that other 

contaminating lipids or factors may have triggered iNKT cell activation directly or 

indirectly53. Furthermore, CD1d1d2-/- animals are not more susceptible to mycobacterial 

infection54, although it depends on the infection model used and α-GalCer treatment does 

have a protective role55. Cholesteryl α-glucoside, which is an intermediate molecule 

Helicobacter pylori produces while incorporating host cholesterol into its system, was 

proposed as another microbial iNKT cell antigen56. Synthetic H. pylori lipid antigen PI57 has 

been synthesized and shown to directly activate iNKT cells in a CD1d-dependent manner57. 

 There is an expanding list of pathogens iNKT cells respond to58, 59, but α-linked 

glycolipid antigens are not detected in most cases. For these infections, the iNKT cell TCR 

is thought to be triggered by endogenous, possibly inducible, antigens. 

 

Endogenous lipid antigens 

 Endogenous lipid antigens are required both during development and activation of 

iNKT cells (further discussed in detail in the following sections)25. Shortly after the formation 

of the canonical Vα14 TCR, iNKT cells interact with endogenous antigens loaded on the 

CD1d molecules of other DP thymocytes60. After selection and further maturation, iNKT 

cells either become thymic tissue-resident cells, or migrate to the periphery to perform their 

effector functions61. Unlike conventional T cells, iNKT cells remain self-reactive in the 

periphery62. In addition to responding to exogenous antigens in an infection, they can become 

activated by endogenous lipid antigens combined with cytokine signaling63. Despite their 
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significances in iNKT cell biology, the nature of endogenous iNKT cell antigens is only 

beginning to be understood. 

 Part of the challenges in identifying the endogenous lipid antigen is that it is often 

difficult to target a specific lipid in vivo. In order to genetically target lipids, lipid synthases 

and modifying enzymes that generate more than one lipid product must be mutated. This 

would be equivalent to having to delete a specific aminoacyl tRNA synthase in order to 

observe the function of a protein that incorporates that amino acid.  

In addition, current lipid detection methods require a high quantity of material in 

order to solve the chemical structure. However, considering the sensitivity of the iNKT cell 

TCR to its cognate antigens, the production of endogenous lipid antigens is likely tightly 

controlled, delivering minute quantities only when a specific signal is transmitted. The gap 

between iNKT cell sensitivity and limitations in the lipid detection process sometimes results 

in minor contaminations that while undetected, stimulate iNKT cells. 

 Inevitably, the search for the endogenous lipid antigens has created more confusion 

in the field as many short-lived candidates emerged and faded. Although the α-anomeric 

linkage of proximal sugar to ceramide backbone found in α-GalCer and Sphingomonas GSL-

1 ensures potent iNKT cell stimulation, α-glycosylceramides were thought not to exist in 

mammals until very recently18. Instead, several different endogenous glycolipids and 

phospholipids have been proposed as antigens including isoglobotrihexosylceramide 

(iGb3)64, lyso-phosphatidylcholine (lysoPC)65, peroxisome-derived ether-bonded 

lysophosphatidylethanolamine (pLPE) and C16-lysophosphatidic acid (eLPA)66, and β-
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glucosylceramide (β-GluCer)67. The stimulatory activity of lysoPC has been only shown for 

a subset of human iNKT cell clones67, 68. On the other hand, the antigenicity of β-GluCer was 

recently challenged and accredited to a small contamination by α-glycosylceramide18, 69. 

 Perhaps iGb3 was the most convincing candidate as it is capable of activating a broad 

range of iNKT cells64. Furthermore, mice deficient in the lysosomal enzyme β-

hexosaminidase-B (Hex-b), upstream of iGb3, displayed defects in iNKT cell development64. 

However, the relevance of iGb3 in human iNKT cell biology was questioned due to the lack 

of functional iGb3 synthase in human70. The phenotype observed in Hex-b KO mice was 

attributed to lysosomal storage disease causing non-specific defects.  

 Despite years of efforts, the quest for the endogenous lipid antigen that meets all 

three criteria, namely CD1d loading, iNKT cell stimulation, and physiological availability, 

has been very challenging. Recently, an antibody specific for α-GalCer has been developed 

and demonstrated the presence of α-GalCer in mammalian thymus18. This discovery that α-

GalCer is physiologically relevant suggests that it may not have been a coincidence that a 

marine sponge bore the most powerful iNKT cell antigen α-GalCer. However, whether 

endogenous α-GalCer and other potential α-glycosylceramides play a role in iNKT cell 

biology or how these potent antigens are regulated remains to be understood. 
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1.3 iNKT CELL DEVELOPMENT 

Positive and negative selection 

Lymphoid progenitors from the bone marrow enter the thymus at the 

corticomedullary junction following the chemokine CCL19/21 gradient71. Shortly after they 

have produced the TCRβ chains, they become DP thymocytes populating the thymic cortex 

and start rearranging the TCRα chains. Unlike conventional T cells that undergo positive 

selection by interacting with MHC I or II on the surface of cortical epithelial cells, those cells 

with Vα14 TCRs enter the iNKT cell lineage if they interact with the CD1d molecule on 

other DP thymocytes60.  

Strong, sustained TCR signaling from engagement of Vα14 TCR with CD1d initiates 

the nuclear factor of activated T cells (NFAT) signaling pathway which activates early 

growth response genes (Egr)72. Egr1 and 2 in turn bind and activate the promoter region of 

the master regulator promyelocytic leukemia zinc finger (PLZF)73. Deficiency of PLZF 

abrogates normal iNKT cell development, with immature iNKT cells blocked at early 

developmental stages74, 75. The H3K27me3 histone demethylase UTX epigenetically 

regulates the iNKT cell-related gene expression program including direct targets of PLZF76. 

In addition, homotypic interaction of signaling lymphocytic activation molecule 

(SLAM) family proteins is required at this stage77. Mice deficient in proteins downstream of 

SLAM receptors, namely Fyn and SLAM-associated protein (SAP), have significantly 

reduced iNKT cell frequencies, with remaining cells blocked at a stage just after positive 
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selection77. SLAM interaction and activation of downstream Fyn activate the NF-κB pathway 

and promote iNKT cell survival77. 

While positive selection of iNKT cells and resulting signaling cascades are relatively 

well-described, negative selection of iNKT cells is not as extensively studied. The window 

of antigen affinity that determines this selection is not yet clear, partially due to the retained 

autoreactivity of iNKT cells in the periphery78. Nevertheless, deletion of iNKT cells with 

strong affinity TCRs in fetal thymic organ culture (FTOC) treated with α-GalCer or in CD1d-

overexpressing mice demonstrates that negative selection occurs to fine-tune iNKT cell 

repertoire and responses79. Medullary DCs may be mediating negative selection, as suggested 

by peripheral iNKT cell hyper-reactivity in mice that only express CD1d on thymocytes and 

not on medullary DCs80. 

Endogenous lipid antigens are probably involved in both positive and negative 

selection of iNKT cells. To demonstrate the requirement for self-lipid antigens in iNKT cell 

selection, mice with a truncated CD1d tail were generated37. Even though newly synthesized 

CD1d molecules were intact on the surface, the mice failed to develop iNKT cells in the 

absence of CD1d recycling in endosomes37. Therefore, loading of an endogenous lipid 

antigen that is available in endosomes is crucial for normal iNKT cell development to occur.  

However, little is known about the selecting endogenous lipid antigen in the thymus. 

Studies using Nur77-GFP transgenic mice revealed that iNKT cells receive TCR signals 

stronger than conventional T cells during selection, similar to regulatory T (Treg) cells81. 
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This suggests that high affinity antigens are involved, but it is not clear whether positive or 

negative selection is responsible for this phenomenon. 

 

Developmental stages and lineage specification  

 Immature thymocytes that have been selected to enter the iNKT cell lineage, 

detectable by α-GalCer-loaded CD1d tetramers, can be further divided into four 

developmental stages based on their surface molecule expression. CD24 (heat stable antigen) 

concentration is high in stage 0 immature iNKT cells82. Among CD24low iNKT cells, 

CD44lowNK1.1- cells are stage 1 iNKT cells, and CD44highNK1.1- cells are stage 2. When 

they express NK1.1, iNKT cells are considered to be at stage 3 (CD44highNK1.1+)82.  

Notably, most iNKT cells leave the thymus at stage 2 and upregulate NK1.1 in the 

periphery82. Some thymic iNKT cells express NK1.1 while in the thymus and become long-

lived tissue-resident lymphocytes61. NK1.1 was used as a marker of mature iNKT cells for a 

long time, but it may be a marker for functionally distinct iNKT cell lineages because some 

mature iNKT cell populations never express NK1.1 in the periphery83.  

This new perspective on NK1.1 and iNKT cell maturation was supported when it was 

discovered that iNKT cells can also be divided into three distinct lineages based on their 

transcription factor expression much like conventional CD4+ helper T cells84. The majority 

of iNKT cells in C57BL/6 mice are NKT1 cells that depend on the transcription factor T-bet, 

the master regulator of TH1 cells84. Accordingly, the main cytokines they produce are 

interferon-γ (IFN-γ) in the thymus, although in the periphery these cells can also produce 
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interleukin-4 (IL-4)1. For detection of these populations, NKT1 cells are defined as 

PLZFlowT-bet+, NKT2 cells as PLZFhigh cells, and NKT17 cells are PLZFintRORγt+ (Ref. 84). 

The latter two lineages are more abundant in BALB/c compared to the C57BL/6 strain84. It 

is not known whether endogenous lipid antigens are involved in lineage specification of 

iNKT cells. 

 

Mature iNKT cells: tissue distribution and homeostasis  

 Once they exit the thymus, iNKT cells display a unique distribution pattern in the 

periphery. While they are a minor population in most organs including spleen (0.2-2% of 

lymphocytes), they are enriched in the liver, accounting for up to 30% of lymphocytes1. 

NKT1 cells are primarily localized in the liver and spleen, and NKT2 cells prefer the lung85. 

NKT17 cells, on the other hand, are the most dominant iNKT cells in the lymph nodes85. As 

tissue-resident cells, iNKT cells rarely recirculate. Exceptions include liver iNKT cells 

mobilizing after sensing neurotransmitters resulting from experimental stroke induction86, 

and lung iNKT cells extravasating after α-GalCer stimulation87, 88. 

 Chemokine receptor CXCR6 on liver and lung iNKT cells and its ligand CXCL16 

were suspected to be involved in the homing to these tissues, but they are rather important 

for the survival of iNKT cells in the periphery89. NKT1 cells have abundant surface 

expression of CD122 (IL-15 receptor β chain) and accordingly critically depend on 

availability of IL-15 for their development and maintenance90. On the other hand, NKT2 and 

NKT17 cells are not affected by IL-15, but instead are dependent on IL-25 as reflected by 
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their surface expression of IL-17 receptor B91. Intriguingly, constant CD1d stimulation in the 

periphery is not required for long-term survival of iNKT cells61, 90. 

 In addition, gut microbiota may have a role in iNKT cell homeostasis especially early 

in life. Germ-free mice display increased accumulation of iNKT cells in the lungs and the 

lamina propria of the gut due to dysregulated CXCL16 release in these tissues92. However, 

monocolonization of germ-free mice with B. fragilis partially restores iNKT cell homeostasis 

in the colon, indicating that a symbiotic relationship exists between gut commensals and 

iNKT cells51.  

 

1.4 iNKT CELL ACTIVATION 

Effector functions of iNKT cells  

 The major outcome of iNKT cell activation is rapid release of diverse cytokines. 

Even in the thymus, iNKT cells already produce mRNA transcripts for IFN-γ and IL-4 (Ref. 

8). A study that measured diverse cytokine releases from iNKT cells activated with plate-

bound anti-CD3 and anti-CD28 antibodies demonstrated that iNKT cells can produce IFN-γ, 

IL-2, IL-3, IL-4, IL-5, IL-6, IL-9, IL-10, IL-13, IL-17, IL-21, granulocyte macrophage 

colony-stimulating factor (GM-CSF), and tumor necrosis factor (TNF)93. Among these, IFN-

γ and to some extent, IL-4, are released by NKT1 cells. IL-4, IL-9, IL-10, IL-13, and GM-

CSF are mainly produced by NKT2 cells, and as expected NKT17 cells are responsible for 

secretion of IL-17, IL-21, and IL-22 (Ref. 94, 95).  



15 

 

 The diversity, abundance, and rapidity of cytokines that iNKT cells can make and 

release are fundamental to the role as a central modulator of early immune responses. iNKT 

cells interact with various immune cells. Professional APCs such as DCs, B cells, and 

macrophages present lipid antigen on CD1d and stimulate iNKT cells1. In turn, CD40 ligand 

(CD40L) and iNKT cell-derived cytokines promote DC maturation and B cell class switching, 

division, and differentiation. Furthermore, cytokines released from iNKT cells such as IFN-

γ can transactivate nearby immune cells such as NK cells, CD4+ helper T cells and CD8+ T 

cells. IL-17 from iNKT cells may contribute to neutrophil recruitment.  

 

Indirect activation of iNKT cells  

While iNKT cell TCRs are activated upon infections with organisms producing 

exogenous α-glycolipids, iNKT cells can still control infections with pathogens that do not 

produce direct antigens of iNKT cells. Furthermore, iNKT cells are activated in conditions 

without known exogenous antigens, such as in cancer and metabolic syndromes.  

Autoreactivity to self-lipid antigen is weak at steady state, but can be increased during 

infection. In fact, recognition of microbial products via Toll-like receptors (TLR) seems to 

increase self-lipid antigen on the surface of APCs, via inhibition of the enzyme α-

galactosidase A96. The study implies that α-galactosidase A is degrading the self-lipid at 

steady state, but can be inhibited to increase the availability of the self-lipid, resulting in 

subsequent iNKT cell activation96. 
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Mature iNKT cells display an activated phenotype and constitutively express high 

concentrations of receptors for inflammatory cytokines63, 91. Therefore when sufficiently 

abundant cytokines become available, iNKT cells can become activated. IL-12, for example, 

can be induced by TLR4 (Ref. 63) or TLR9 on APCs97 to activate iNKT cells. In addition, 

tumor experiments in mice showed that high concentration of IL-12 alone is sufficient to 

activate iNKT cells11.  

However, it is likely that iNKT cell activation is based on synergy of TCR stimulation 

and cytokine signaling in most cases, as weak TCR stimulation results in enhanced cytokine 

responsiveness98. Thus, microbial and other danger signals activate iNKT cells by inducing 

endogenous lipid antigens and by production of inflammatory cytokines. 

Activation of iNKT cells is observed in a variety of conditions including cancer99, 

obesity100, diabetes101, and non-alcoholic fatty liver diseases102, 103. However, the relative 

contribution of endogenous antigen and cytokine is less well determined. In conditions where 

TCR-CD1d interaction is confirmed to be necessary for adequate activation, the nature of the 

induced endogenous lipid antigen is not known. Furthermore, the possibility that lipid antigen 

derived from the gut microbiota influences iNKT cell stimulation cannot be excluded. 

Identifying the endogenous lipid antigens induced under these conditions therefore could 

provide therapeutic targets to regulate iNKT cell responses. 
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1.5 GLYCOSYLCERAMIDE SYNTHESIS AND DEGRADATION 

Galactosylceramide pathways 

 The closest mammalian analogue of α-GalCer is its anomer β-GalCer. Only differing 

from α-GalCer at the galactosyl linkage, β-GalCer fails to stimulate iNKT cells even though 

they can stably bind CD1d104, 105. β-GalCer is most abundant in the myelin sheath made by 

oligodendrocytes and Schwann cells, followed by kidney and testis106. It is a precursor for 

sulfatide, which is more widely present in many types of cells in the body107. β-GalCer, along 

with other ceramides and gangliosides, is part of the glycosphingolipid family that represents 

the most abundant vertebrate glycolipids106.   

 De novo synthesis of β-GalCer (Figure 1-1) occurs in the ER, mediated by the 

enzyme UDP-galactose ceramide galactosyltransferase (Ugt8a, formerly known as Cgt)106. 

UDP-galactose is transported into the ER through the UDP-galactose transporter Slc35a2, 

then Ugt8a catalyzes the galactosylation of the ceramide108. The synthesis occurs on the 

luminal side of the ER membrane106. After the synthesis, β-GalCer travels to the Golgi 

complex where it can be further sulfated to produce sulfatide, or become sialylated to become 

GM4 ganglioside109. Degradation of β-GalCer occurs in endosome, by the action of β-

galactosylceramidase (Galc) with the aid of saposin A110. 

Mutations of this pathway most severely affect the functional myelination of the 

nerves. For example, mice deficient for Ugt8a lack β-GalCer and sulfatide but still produce 

myelin sheath primarily comprised of β-GluCer111. However, mice suffer from progressive 

paralysis and die within 1-3 months of age111. Mutations in the Galc gene result in the  



18 

 

 

 

Figure 1-1. Glycosylceramide synthesis and degradation 

Enzymes involved in the synthetic (blue) and degradative (red) pathways of monoglycosyl-ceramides are 

depicted. 
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accumulation of β-GalCer and β-psychosine, causing a degenerative disorder known as 

Krabbe disease112. Frequencies of iNKT cells have been determined for mice with 

deficiencies in Ugt8a104 or Galc113. In both mice, organ atrophies are seen but iNKT cells 

develop in normal frequencies. 

 

Glucosylceramide pathways 

 β-GluCer is the mammalian analogue of α-GluCer. It was claimed as a potential 

endogenous iNKT cell antigen but its antigenicity was later discovered to be based on a minor 

α-GluCer contamination in the synthetic β-GluCer preparation used in the experiments18, 67, 

69. Conclusively, β-GluCer, like β-GalCer, cannot activate iNKT cells despite being very 

similar to α-GluCer. 

 Synthesis of β-GluCer occurs in the Golgi complex109. Unmodified ceramides in the 

ER travel to the cis-Golgi and become glucosylated by UDP-glucose ceramide 

glucosyltransferase (Ugcg)109  (Figure 1-1). Unlike β-GalCer, β-GluCer synthesis occurs 

on the cytoplasmic side of the Golgi membrane109. Subsequent flipping into the Golgi lumen 

enables its further modification into LacCer and other complex glycosphingolipids 

downstream109. Slc35d2 is the UDP-glucose transporter that brings UDP-glucose into the 

Golgi lumen, equivalent to Slc35a2 for UDP-galactose114. However, because β-GluCer is 

synthesized facing the cytoplasm, this UDP-glucose is dispensable for this pathway. 

Degradation of β-GluCer takes place in the endosomes, catalyzed by β-glucosylceramidase 

(Gba) and saposin C110. 
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 Since β-GluCer is a precursor for a broad range of glycolipids, mutations associated 

with β-GluCer availability often affect many organs and are more destructive than with β-

GalCer. Ugcg-deficient mice are embryonic lethal between E6.5 and E7.5, highlighting the 

importance of Ugcg in embryonic development115. Therefore, the relationship between Ugcg 

and iNKT cells has not been determined. Mutations in the Gba gene cause accumulation of 

β-GluCer, resulting in a multi-organ disorder and neurological complications known as 

Gaucher’s disease116. In the Gba-deficient mice, iNKT cell frequencies are decreased, 

although it may be a non-specific effect of lipid storage disease117.  

 

1.6 GALACTOSE MUTAROTASE 

Leloir pathway 

 Galactose mutarotase (Galm) is the first enzyme in the Leloir pathway of galactose 

metabolism, named after the Argentine physician and biochemist Luis Leloir118. Galactose is 

constantly but slowly interconverting between β-galactose and α-galactose in solution, with 

the β-form being more abundant than α-galactose118. Because the subsequent enzyme 

galactokinase can only act on α-galactose, Galm catalyzes the rapid conversion of β-galactose 

into α-galactose118. Galactokinase phosphorylates α-galactose into galactose-1-phosphate 

(Gal-1-P)118. UDP-galactose and glucose-1-phosphate are generated from Gal-1-P and UDP-

glucose by the action of galactose-1-phosphate uridylyltransferase118. Finally, UDP-

galactose can be recycled to UDP-glucose by UDP-galactose-epimerase118. Much like other 

enzymes in the pathway, Galm is evolutionarily conserved as it is found in many species 
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ranging from bacteria to vertebrates, including human119. Mutations in all other enzymes are 

associated with a varying severity of galactosemia but no disease has been associated with 

Galm118. Mice deficient in Galm had not been available prior to this project and are described 

in this thesis.  

 

Properties of Galm 

 While dimeric forms of Galm are found in nature, such as in Lactococcus lactis120, 

mammalian Galm is a monomer of 37kDa121. It is most abundant in the liver, but is widely 

expressed in most cell types and organs including spleen and thymus. The protein is 

suspected to be cytosolic, but it is not known whether it can be secreted or be transported to 

other organelles. Regulation of Galm at epigenetic, transcription, or protein level is also not 

known, although there is a report that Galm transcript is upregulated upon retinoic acid 

treatment in the human monocytic cell line THP-1 (Ref. 122).  

 The crystal structure of Galm has been solved119. Although glucose can fit in its 

active site, Galm shows preference for galactose over glucose, as glucose results in a non-

productive binding119. Glutamic acid at position 307 and histidine at position 176 function as 

a catalytic base or acid, respectively, and are evolutionarily conserved121. Once galactose is 

bound, the active site opens the sugar ring and rotates the carbon chain, allowing α-linkage 

to form when the ring is re-closed. The term “mutarotation” is coined to describe this process. 

It is not known whether Galm can bind other molecules with galactose moiety. Interestingly, 

structural alignment of Galm to fatty acid binding protein indicates that Galm protein may 
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be able to accommodate long fatty acid chains (Figure 1-2). Whether Galm can act on 

galactose-bearing lipids such as psychosine and GalCer, and whether it has an immune-

related function has not been studied prior to the work described in this thesis. 
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Figure 1-2. Structural alignment of fatty acid binding protein and Galm in complex 

with galactose.  

 
Overlapping regions that belong to fatty acid binding protein are depicted in blue and dark blue; human 

Galm regions are in yellow and yellow green. Non-overlapping regions are in dark grey for Galm and light 

grey for fatty acid binding protein. Image from Protein Data Bank. 
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2. Results 

* This work is part of an unpublished manuscript with assistance from the following people: Lisa Kain, Anne 

Costanzo, Luc Teyton (The Scripps Research Institute, La Jolla, CA), and Paul Savage (Brigham Young 

University, Provo, UT). 

 

 

2.1 Galm treatment of glycolipids increases activation of iNKT cells in a CD1d-

dependent manner 

Galm converts β-galactose to α-galactose in a process known as mutarotation, but it 

is not known whether Galm can bind other molecules with galactose moiety. The structural 

alignment of Galm and fatty acid binding protein (Figure 1-2) suggested that Galm may be 

able to accommodate long acyl chains. Based on these observations, we hypothesized that 

Galm could convert the β-galactose moiety on glycolipids into α-galactose. In this light, we 

incubated recombinant human Galm protein119 with potential lipid substrates using an 

established in vitro mutarotation protocol123. Antigenicity of each treated lipid was assessed 

by measuring iNKT cell responses to lipid-pulsed bone marrow-derived dendritic cells 

(BMDC). Interestingly, iNKT cells reacted vigorously when they were presented with β-

GalCer incubated with Galm, but not with β-GalCer alone (Figure 2-1A, 2-1B). At higher 

concentrations, β-GalCer after Galm treatment was as potent as α-GalCer in stimulating 

iNKT cells. Galm-only control or Galm-treated lactosylceramide that bears the same 

ceramide backbone as β-GalCer failed to activate iNKT cells. Of note, β-psychosine, which 

is a galactoside of sphingosine, also exhibited a slight increase following Galm treatment  
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Figure 2-1. Galm treatment of glycolipids increases activation of iNKT cells in a 

CD1d-dependent manner 

 
Lipids were pre-incubated in vitro with recombinant Galm. Various concentrations of lipids were loaded 

onto wildtype or CD1d1-/- BMDC and co-cultured with hepatic iNKT cells from Vα14-Jα18 transgenic mice 

or with iNKT cell hybridoma DN32.D3. Indicated ELISA was done using supernatant from co-culture. (A) 

IFN-γ ELISA and (B) IL-4 ELISA results from co-culture of primary iNKT cells and BMDC. α-GalCer 

was used as a positive control whereas LacCer or Galm alone were used as negative controls. (C, D) IL-2 

ELISA results from co-culture of DN32.D3 hybridoma and BMDC. β-psychosine with or without Galm 

(C) and synthesized pure β-GalCer (D) were used in each assay. (E) IFN-γ ELISA of supernatant from co-

culture of primary iNKT cells and BMDC. WT, E304Q, and H170N indicate wildtype and two active site 

mutants of the Lactococcus lactis Galm. Data are representative of at least three independent experiments. 

Results are displayed as mean ± SEM. **, P < 0.01; ***, P < 0.001; ns, not significant, using Student’s t-

test. 
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(Figure 2-1C). However, it was a very weak antigen that induced IL-2 secretion barely above 

the detection limit, even at a high concentration.  

Importantly, iNKT cell responses were CD1d-dependent, indicating that iNKT cells 

were activated by TCR stimulation and not by other signals such as inflammatory cytokines. 

In order to avoid the possibility that the stimulation is due to contaminating α-GalCer that 

may be present in commercially available β-GalCer, we confirmed the increase in 

antigenicity using highly pure synthetic β-GalCer as the substrate, albeit with less potency 

(Figure 2-1D).  

Besides monomeric recombinant human Galm, we also tested recombinant dimeric 

bacterial Galm from Lactococcus lactis. Strikingly, we observed increased iNKT cell 

activation by Galm-treated β-GalCer regardless of the source of the enzyme (Figure 2-1E). 

Since the enzyme structure is highly conserved between species119, these data suggested that 

the galactose mutarotating function is responsible for the increased iNKT cell activation. To 

directly assess the necessity of the enzymatic function in β-GalCer conversion, we obtained 

two different active site mutants of the L. lactis enzyme124. Glutamic acid at position 304 and 

histidine residue at position 170 are crucial for Galm function and the mutants have been 

confirmed to lose activity on galactose121, 124. As expected, the immunogenicity of β-GalCer 

treated with E304Q or H170N mutant enzyme was similar to untreated β-GalCer and much 

lower than that of β-GalCer treated with wildtype Galm (Figure 2-1E). Therefore, we 

concluded that the enzymatic function of Galm is required for enhanced immunogenicity of 

Galm-treated glycolipids. 
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2.2 Galm treatment generates α-linked iNKT cell antigens 

  Next, we investigated whether the stimulatory ability of Galm-treated lipid was 

derived from α-glycosidic linkage. We used L363 antibody that specifically blocks the α-

glycolipid-loaded CD1d molecule to inhibit any interaction between α-glycolipid and iNKT 

cell TCR125. L363 antibody treatment prevented iNKT cell responses to Galm-treated β-

GalCer, suggesting that incubation with Galm has generated α-glycosidic linkage on β-

GalCer that is recognizable by iNKT cell TCR (Figure 2-2A).  

The most plausible product of Galm-treated β-GalCer was α-GalCer, considering the 

original function of Galm and the evidence from the L363 blockade experiment. We 

attempted at obtaining direct chemical evidence that α-glycolipid is generated upon Galm 

treatment. Thin layer chromatography (TLC) is a powerful, sensitive method to distinguish 

structural differences between molecules with the same molecular weight126. We loaded 

untreated or Galm-treated β-GalCer on TLC plates, with α-GalCer as a control. Furthermore, 

we digested excess β-GalCer with recombinant mouse galactosylceramidase (Galc)127, which 

has specificity for β-GalCer but not α-GalCer. Galm-treated β-GalCer displayed a faint band 

remaining after efficient Galc digestion (Figure 2-2B). It was difficult to assume that the 

remaining band in the Galm-treated β-GalCer corresponded to α-GalCer because α- and β-

GalCer bands were very close to each other, although the digestion mediated by Galc was 

very effective. 

Therefore, we performed peracylation of lipid products after incubation with Galm, 

to better separate α- and β-GalCer. However, even after loading high concentrations of  
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Figure 2-2. Galm treatment generates α-linked iNKT cell antigens 

 
Lipids were pre-incubated in vitro with recombinant Galm. (A) Various concentrations of lipids were 

loaded onto wildtype BMDC and co-cultured with iNKT cell hybridoma DN32.D3. No antibody (white 

bar), isotype control (gray bars) or L363 antibody (black bars) was given before the start of co-culture. IL-

2 ELISA results from supernatant are shown. α-GalCer, modified α-GalCer variant KRN7000; “α-GalCer,” 

synthesized α-GalCer with the same ceramide backbone as synthesized β-GalCer; β-GalCer, synthesized 

pure β-GalCer. (B) β-GalCer was incubated with recombinant human Galm (M) overnight and conversion 

was determined by TLC. Galactosylceramidase (GALC) was added afterwards to degrade excess β-GalCer. 

aGC, α-GalCer; bGC, β-GalCer. (C) β-GalCer was incubated with recombinant human Galm overnight. 

After peracylation, conversion was determined by TLC. 1X-4X indicates increasing concentration of lipids, 

in which the starting concentration within the sample is 1X and others are multiplication by the indicated 

number. 
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peracylated material, bands corresponding to α-GalCer could not be recovered (Figure 2-

2C). Challenges in detecting the Galm-converted product imply that either the efficiency of 

our in vitro β-GalCer mutarotation is very low that it was under the detection limit, or that α-

GalCer was not produced using this approach. Nevertheless, this converted lipid was potent 

enough to activate iNKT cells. 

 

2.3 Galm is required for endogenous α-GalCer synthesis 

 Following the identification of α-GalCer in the mammalian thymus using anti-α-

GalCer antibody staining18, we screened multiple enzymes in the lipid metabolism pathways 

along with Galm in order to find the α-GalCer synthase. We used the rat basophilic leukemia 

(RBL)-CD1d cell line that has a high concentration of α-GalCer on the surface18 and knocked 

out candidate enzymes that could affect α-GalCer synthesis using the CRISPR-Cas9 system. 

Surprisingly, α-GalCer production was specifically abrogated only when Galm was 

genetically deleted (Figure 2-3A). RBL-CD1d cells deficient in Galm could no longer 

stimulate iNKT hybridoma, further demonstrating that Galm-dependent endogenous α-

GalCer is a true iNKT cell antigen (Figure 2-3B).  Contrary to our expectation, however, 

the β-GalCer synthase Ugt8a was not involved in α-GalCer synthesis (not shown) implying 

that β-GalCer is not an obligate precursor for α-GalCer in cells. These results combined 

suggest that endogenous α-GalCer synthesis requires Galm, while common enzymes in the 

β-GalCer synthesis and degradation pathways are dispensable. 
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Figure 2-3. Galm is required for endogenous α-GalCer synthesis 

 
(A) Wildtype CD1d-transfected RBL cells (RBL-CD1d), or Galm-deficient RBL-CD1d cells were stained 

with DAPI (blue) and anti-α-GalCer antibody (red). Images are magnified 60X. (B) iNKT hybridoma 

DN32.D3 cells were co-cultured with RBL-CD1d or Galm-deficient RBL-CD1d cells. Autoreactivity was 

measured by IL-2-dependent NK reporter cell line. White circle, wildtype. Black square, Galm-deficient 

cells. 
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2.4 Generation of Galm-deficient mice  

 In order to investigate the role of endogenous α-GalCer in iNKT cell biology, we 

have generated mice deficient in Galm. The European Conditional Mouse Mutagenesis 

Program (EuCOMM) has developed mouse embryonic stem (ES) cells containing the 

“Knockout-first” cassette for Galm. The mouse Galm gene on chromosome 17 consists of 

seven exons, and these ES cells were designed to delete the critical exon number 2. The 

“Knockout-first” cassette containing a splice acceptor and an internal ribosome entry site 

(IRES) is inserted before exon number 2 so that functional Galm transcript is no longer made 

(Figure 2-4A). We first validated that the ES cells with “Knockout- first” cassette had a 

normal number of chromosomes and that they had correct cassettes inserted at precise 

locations. Karyotype analysis showed that the ES cells had all 40 chromosomes (Figure 2-

4B). Southern blot analysis verified the insertion of the cassette of expected size at proposed 

genomic locations (Figure 2-4C, 2-4D). After blastocyst injection, offspring with high 

chimerisim (>90%) was selected for breeding. The resulting mice were designated as Galm 

“Knockout-First” mice. In order to avoid any potential influence coming from other genes in 

the cassette, we crossed the “Knockout-First” mice with ACTB-Flp deleter mice to remove 

inserted cassettes flanked by FRT sites, leaving exon number 2 floxed (offspring called 

Galmf/f mice). Finally, crossing Galmf/f mice with CMV-Cre deleter mice produced Galm-/- 

mice, removing exon number 2. 
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Figure 2-4. Generation of Galm-deficient mice 

 
(A) Galm “Knockout-First” cassette design, as provided by EuCOMM. Sequential breeding with ACTB-Flp 

mice and CMV-Cre mice generated Galm-/- mice, without exon 2 and inserted genes. (B) Galm “Knockout-

First” ES cells were arrested at metaphase and swollen in a hypotonic solution. After mounting on slides, 

chromosomes were stained with DAPI. (C) Restriction enzyme and probes used to perform Southern blot, 

and expected band sizes are designated for both WT and KO allele on the “Knockout-First” cassette. (D) 

Southern blot image verifying knockout cassette in Galm KO ES cells after BspHI digestion and 

hybridization with intronic probe. 
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2.5 Galm expression influences α-GalCer production in the thymus in a dose-dependent 

manner 

Galm-/- animals developed normally without evident defects. Galm mRNA transcripts 

(Figure 2-5A) and proteins (Figure 2-5B) were abundantly expressed in the liver, followed 

by thymus and spleen of wildtype mice but were absent in the KO mice as expected. As 

anticipated, α-GalCer staining was completely abrogated in the thymus of homozygous 

Galm-deficient mice (Figure 2-5C). Of note, abundance of α-GalCer in the thymus was 

reduced in heterozygous Galm+/- animals when compared to WT controls (Figure 2-5C), 

indicating that Galm dosage and α-GalCer production may be directly proportional.  

 

2.6 iNKT cells develop in Galm-deficient animals 

Because endogenous α-GalCer dependent on Galm stimulates iNKT cells (Figure 

2-3B) and is present in the thymus, we hypothesized that endogenous α-GalCer is the 

selecting ligand of iNKT cells. Therefore, we first determined whether iNKT cell 

development was affected in Galm KO animals. At steady state, defect in iNKT cell 

development may manifest as abnormal cell frequencies, block at different developmental 

stages, and altered preferences for lineage commitment. Despite the absence of α-GalCer in 

the thymus, iNKT cell frequencies in Galm KO mice were normal in various organs, 

including thymus, spleen, and liver (Figure 2-6A). iNKT cell frequencies at different 

developmental stages (Figure 2-6B) and for different lineages, namely NKT1, NKT2, or 

NKT17 (Ref. 84), remained similar to WT control mice in Galm KO mice (Figure 2-6C).  
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Figure 2-5. Galm expression influences α-GalCer production in the thymus in a dose-

dependent manner 

 
(A) RT-qPCR to verify Galm mRNA expression in Galm-deficient animals. Relative expression was 

compared to β2m transcripts. Data are representative of at least three independent experiments. (B) Western 

blot of Galm protein in thymus, liver, and spleen of wildtype and Galm KO mice. Anti-actin antibody was 

used as loading control. (C) Immunofluorescence images of thymus sections from wildtype, Galm+/-, or 

Galm-/- mice. Sections were stained with DAPI (blue) and anti-α-GalCer antibody (orange). White dashed 

lines demarcate boundaries between cortex, C, and medulla, M. Sections are magnified 20X. Data are 

representative of at least two experiments. 
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Figure 2-6. iNKT cells develop in Galm-deficient animals  

 
(A) iNKT cell frequencies in spleen, thymus, and liver from wildtype or Galm-deficient mice measured by 

flow cytometry. Cells are gated on live, B220-negative population. (B) iNKT cell frequencies for 

developmental stages in thymus from wildtype or Galm-deficient mice were measured by flow cytometry. 

Tetramer+CD24+ cells are stage 0 iNKT cells. Tetramer+CD24- cells include stage 1-3 iNKT cells. Stage 1-

3 cells can be further divided by presence or absence of CD44 and NK1.1 on the cell surface. (C) iNKT cell 

frequencies for different lineages in thymus from wildtype or Galm-/- mice were measured by flow 

cytometry. NKT1 cells are PLZFloT-bethi, NKT2 cells are PLZFhiRORγtlo, and NKT17 cells are 

PLZFloRORγthi.  
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Taken together, Galm deficiency did not affect iNKT cell frequencies or lineage specification 

at steady state.  

 

2.7 iNKT cells that develop in a Galm-deficient environment show increased activation 

 However, the absence of a selecting ligand could change the iNKT cell TCR 

repertoire, analogous to the selection of conventional T cells. While there was no apparent 

shift in TCR chain usage in Galm KO iNKT cells (Figure 2-7A, 2-7B), small changes at the 

CDR3 could have occurred, resulting in modified reactivity to antigens. To test this, we co-

cultured thymic iNKT cells from WT and Galm-deficient animals with BMDCs generated 

from WT and Galm KO, pulsed with low-dose α-GalCer. iNKT cells from Galm KO mice 

consistently exhibited elevated IFN-γ responses to α-GalCer compared to WT iNKT cells, 

regardless of which BMDCs were used (Figure 2-7C). Therefore, iNKT cells that developed 

in a Galm-deficient environment show heightened reactivity upon recognition of α-GalCer.  

 In order to confirm increased reactivity of KO iNKT cells in vivo, we subsequently 

challenged Galm KO mice using the nonalcoholic steatohepatitis (NASH) model, in which 

iNKT cells are profibrotic and pathogenic102, 103. Mice fed with reduced methionine and 

choline-deficient (MCD) diet for several weeks develop liver fibrosis and steatosis that 

resemble human NASH conditions128. Galm KO mice fed with MCD diet for six weeks 

exhibited robust steatosis and fibrosis (Figure 2-8A, 2-8B) with increased transforming 

growth factor (TGF) β expression (Figure 2-8C) but signs of liver damage similar to 

wildtype control (Figure 2-8D). After eleven weeks of exposure to MCD diet, Galm KO  
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Figure 2-7. iNKT cells that develop in a Galm-deficient environment show increased 

activation  
 

(A) iNKT cells or conventional T cells from thymus and liver of wildtype or Galm-deficient mice were 

sorted by FACS. mRNA was isolated from sorted cells and RT-qPCR on Vα14 TCR chain transcripts was 

performed. Relative expression was compared to common TCR α chain transcripts. (B) TCRβ chain usage 

was determined by flow cytometry on iNKT cells from spleen, liver, and thymus of wildtype or Galm-/- 

mice. Data are representative of at least two experiments. (C) Wildtype (WT) or Galm-deficient (KO) 

BMDCs were pulsed with 10 ng/ml -GalCer overnight. Thymic iNKT cells were magnetically enriched 

by negatively selecting for B220, CD8α, γδ TCR and granulocyte markers, and positively selecting for 

CD5. BMDC and iNKT cells were co-cultured for 1 day and IFN-γ in supernatant was quantified. Data are 

representative of three independent experiments. Results are displayed as mean ± SEM. *, P < 0.05; ns, not 

significant, using Student’s t-test. 
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Figure 2-8. Galm deficiency is associated with more severe liver fibrosis and more 

activated iNKT cells in a mouse model of NASH  
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Figure 2-8 (Continued) 
  

(A-D) Wildtype or Galm-deficient mice were fed with low fat, high fat, or MCD diet for six weeks. (A) 

Masson’s trichrome stainings of the liver sections are displayed. Connective tissue is stained blue, and 

cytoplasm is stained red. Sections are magnified 20X. Scale bars, 100 μm. (B) Quantification of relative 

fibrotic area over total area from MCD livers in (A). (C) Relative expression of TGFβ mRNA from livers 

of mice fed with low fat diet (LFD), high fat diet (HFD), and high fat MCD diet (MCD) are shown. Gapdh 

is used as housekeeping control gene. (D) Serum alanine aminotransferase (ALT) concentration from each 

diet group was measured. (E-I) Wildtype or Galm-deficient mice were fed with MCD diet for 11 weeks. 

(E) Wildtype mouse (left) and Galm KO mouse (right) fed with MCD diet are shown with livers exposed 

(arrows). (F) Frequencies of liver granulocytes (CD11b+Gr-1hi) were measured by flow cytometry. (G) 

Frequencies of CD11b+Gr-1hi cells. (H) Flow cytometry analysis of iNKT cells expressing IFN-γ and IL-4. 

(I) Frequencies of IFN-γ+IL-4+ cells among iNKT cells. n=2 each for WT LFD, WT HFD, WT MCD, KO 

HFD, and KO MCD at each indicated time point.   
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mice had more severe liver damage (Figure 2-8E) with increased granulocyte infiltration 

(Figure 2-8F, 2-8G) and inflammatory iNKT cells (Figure 2-8H, 2-8I). From these results, 

we conclude that the absence of endogenous α-GalCer in Galm KO thymus results in 

heightened iNKT cell reactivity. Overall, iNKT cells develop in Galm KO mice in the 

absence of α-GalCer, but they are more prone to become activated. 

 

2.8 Ugcg is required for α-GluCer synthesis  

iNKT cells fail to develop in mice that cannot load endogenous lipid antigen onto 

CD1d37. However, deficiency in endogenous α-GalCer production does not result in 

developmental block in iNKT cells, while modifying their effector function. Findings in 

Galm KO mice therefore led us to reason that there is at least one more endogenous iNKT 

cell antigen. α-GluCer is closely related to α-GalCer in structure and has already been shown 

to stimulate iNKT cells, albeit much weaker than α-GalCer15. We generated an anti-α-GluCer 

antibody by repeated immunization using synthesized α-GluCer and demonstrated that α-

GluCer is indeed another endogenous α-glycosylceramide produced in the thymus (Figure 

2-9A). Interestingly, α-GluCer was concentrated in the cortex, unlike α-GalCer that was 

primarily located in the medulla (Figure 2-9A). Because there is no enzyme known for 

glucose that is equivalent to Galm, we instead tested whether the enzyme synthesizing β-

GluCer, Ugcg, is involved in α-GluCer production. It was previously reported that GM95, a 

cell line with a naturally occurring mutation in the Ugcg gene, fails to stimulate iNKT cells 

unless reconstituted with wildtype Ugcg104, 129. We discovered that while α-GluCer was not   
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Figure 2-9. Ugcg is required for α-GluCer synthesis 

 
(A) Immunofluorescence images of thymus sections from wildtype mice. Sections were stained with DAPI 

(blue) and anti-α-GluCer antibody (orange). White dashed lines demarcate boundaries between cortex, C, 

and medulla, M. Sections are magnified 20X. (B) Ugcg-deficient GM95 and reconstituted CG1 cell lines 

were stained with DAPI and anti-α-GluCer antibody (upper panel), or anti-α-GalCer antibody (lower panel). 

Sections are magnified 60X. Data are representative of at least two experiments. 
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detected in GM95, when reconstituted with wildtype Ugcg (CG1 cells), α-GluCer production 

was restored as well (Figure 2-9B). This implies that Ugcg is involved in the synthesis of 

both α- and β-GluCer, as opposed to Ugt8a which is dispensable for α-GalCer synthesis. 

  

2.9 Thymic iNKT cells are maintained in animals deficient in Ugcg 

In order to assess the role of α-GluCer in iNKT cell selection, we aimed at blocking 

the synthesis of α-GluCer in vivo. Ugcg-null mice are embryonic lethal between E6.5 and 

E7.5 (Ref. 115), much earlier than the emergence of the first T cells, E14 (Ref. 130). 

Therefore, Ugcgf/f mice were crossed with Cd4-Cre transgenic mice (CD4-Ugcg KO) in an 

attempt to eliminate Ugcg and α-GluCer in the DP thymocytes that mediate iNKT cell 

selection. We enumerated iNKT cells in CD4-Ugcg KO mice and found that iNKT cell 

frequencies were comparable to WT or Galm KO (Figure 2-10A). Importantly, conventional 

CD4 T cells in thymus and in the periphery remained intact as well (Figure 2-10B). 

 

2.10 Galm and Ugcg cooperate to control iNKT cell development 

Based on our immunofluorescence microscopy data and iNKT cell stimulation 

assays, we showed that α-GalCer and α-GluCer are endogenously synthesized and capable 

of stimulating iNKT cells. They are also expressed in thymus, where iNKT cell selection 

occurs. Despite the antigenicity and thymic expression of endogenous α-glycosylceramides, 

iNKT cell phenotypes are relatively mild in Galm KO and CD4-Ugcg KO mice that fail to   
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Figure 2-10. Thymic iNKT cells are maintained in animals deficient in Ugcg 

 
(A) Thymic iNKT cell frequencies in wildtype (white), Galm KO (orange), and CD4-Ugcg KO (blue) mice 

were measured by flow cytometry. Cells were gated on live, B220-negative population. n = 6 for WT, n = 

4 for Galm KO, and n = 5 for CD4-Ugcg KO. (B) CD4+, CD8+ and γδ T cell frequencies in thymus of 

wildtype (white), Galm KO (orange), and CD4-Ugcg KO (blue) mice were measured by flow cytometry. n 

= 6 for WT, n = 4 for Galm KO, and n = 5 for CD4-Ugcg KO. Data are representative of at least two 

independent experiments. Results are displayed as mean ± SEM. ns, not significant, using Student’s t-test. 
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synthesize those lipids. However, deleting a single gene in an organism rarely causes a 

phenotypic effect due to multiple compensation mechanisms. Consequently, we investigated 

the possibility of α-GalCer and α-GluCer compensating each other for iNKT cell 

development by crossing Galm KO mice with CD4-Ugcg KO mice (DKO). Interestingly, 

iNKT cell frequencies were reduced by a third in thymus and by half in the periphery in the 

DKO mice (Figure 2-11A, 2-11B). Again, conventional CD4 T cells and other lymphocyte 

populations developed normally compared to WT mice (Figure 2-11C). Collectively, these 

results suggest that endogenous α-GalCer and α-GluCer cooperate in order to regulate iNKT 

cell frequencies. 
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Figure 2-11. Galm and Ugcg work together to control iNKT cell development 

 
(A) iNKT cell frequencies in thymus, spleen, and liver of wildtype and DKO mice were measured by flow 

cytometry. Cells were gated on live, B220-negative population. Data are representative of five independent 

experiments. (B) iNKT cell frequencies in thymus, spleen, and liver of wildtype (white), Galm KO (orange), 

and DKO (purple) mice measured by flow cytometry were quantified. n = 6 for WT, n = 4 for Galm KO, 

and n = 5 for DKO. (C) CD4+, CD8+ and γδ T cell frequencies in thymus of wildtype (white), Galm KO 

(orange), and DKO (purple) mice were measured by flow cytometry. Data are representative of at least 

three independent experiments. Results are displayed as mean ± SEM. *, P < 0.05; **, P < 0.01; ns, not 

significant, using Student’s t-test. 



46 

 

3. General Discussion 

 

 

The field of iNKT cell biology has seen a major paradigm shift in the recent years. 

Twenty years after its initial discovery in marine sponge15, 16, α-GalCer is rediscovered in 

mammals18 and sparks renewed discussion on what it does to iNKT cells. From a coincidental 

antigen that led to many therapeutic approaches to harness iNKT cell functions, it is being 

reevaluated as the fundamental endogenous antigen.  

In summary, we have discovered Galm as the enzyme that is responsible for 

synthesis of the endogenous antigen α-GalCer in vivo, and show that this influences iNKT 

cell responses in the periphery. In addition, we have demonstrated that α-GluCer is another 

endogenous iNKT cell antigen and that Ugcg is the enzyme critical for its synthesis. Finally, 

we propose that α-GalCer and α-GluCer may cooperate in positive selection of iNKT cells. 

Our findings suggest a distinct role for the newly discovered endogenous lipid antigens in 

iNKT cell activation and development. Moreover, we identified the key enzymes that 

generate these ligands and are vital for iNKT cell biology, which can be targeted in order to 

regulate iNKT cells in autoimmunity and other disease settings. 

 

3.1 How is α-GalCer synthesized in vivo? 

Based on the known function of Galm, we suspected that Galm could mutarotate the 

β-galactose moiety on β-GalCer and β-psychosine and converted it to an α-galactose moiety, 
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generating α-GalCer and α-psychosine, respectively. The product of in vitro β-GalCer 

mutarotation was potent enough to activate iNKT cells. However, we could not detect α-

GalCer from the mutarotated β-GalCer. While we do not exclude the possibility that the 

efficiency of our in vitro β-GalCer mutarotation was very low that the concentration of α-

GalCer was under the detection limit of TLC, it is likely that in vivo, α-GalCer was not 

produced using β-GalCer as a substrate. 

This became evident when we generated RBL-CD1d cells deficient in Ugt8a, the β-

GalCer synthase. Even in the absence of β-GalCer, endogenous α-GalCer is synthesized. 

Moreover, its synthesis does not depend on any of the β-GalCer synthesis and degradation 

pathways. It seems that Galm uses a different substrate in order to generate endogenous α-

GalCer. One possibility is that β-psychosine is the primary substrate in cells, although Galm 

can act on β-GalCer as well. In cells, β-psychosine is synthesized by the action of sphingosine 

β-galactosyltransferase using UDP-galactose and sphingosine as substrates131, although it is 

mainly generated from degradation of β-GalCer by Galc. Targeting sphingosine β-

galactosyltransferase genetically may hint at the potential endogenous substrate for α-GalCer 

synthesis by Galm. Alternatively, the in vivo mechanism of Galm-mediated α-GalCer 

generation could be completely independent of mutarotation. Instead of mutarotating 

glycolipids, Galm may stabilize UDP-galactose in α-form before linking it to ceramide or 

another precursor, sphingosine, directly generating α-GalCer or α-psychosine.  
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3.2 α-GluCer as an endogenous iNKT cell antigen  

Although α-GalCer and α-GluCer are serving similar functions in the positive 

selection of iNKT cells, their synthetic pathways seem to be distinct because the β-GluCer 

synthase Ugcg is also required for α-GluCer synthesis. This implies that either Ugcg is an 

unfaithful enzyme that can synthesize both α- and β-GluCer, or that β-GluCer is a substrate 

for α-GluCer generation. Furthermore, Ugcg-dependent production of α-GluCer explains 

why cell lines with defective Ugcg failed to stimulate iNKT cells104 despite the inability of 

β-GluCer to activate iNKT cells18. Immunofluorescence microscopy data also reveal that 

while α-GalCer is found throughout the cell body along with more punctate areas, α-GluCer 

is only detected in small concentrated areas that resemble vesicles. These differential staining 

patterns suggest that not only α-GalCer and α-GluCer are regulated by separate enzymes, but 

also that they may be spatially segregated within the cell. 

 

3.3 Regulation of endogenous antigen availability 

 How is the availability of endogenous α-GalCer and α-GluCer regulated? They are 

both potent antigens that activate peripheral iNKT cells and they could elicit autoimmunity 

if not tightly regulated. One possibility is that they are expressed only in certain type of APCs 

or tissues. We have seen α-GalCer staining in the liver (not shown) in addition to the thymus, 

suggesting α-GalCer is produced in both the thymus and the periphery. However, this is not 

the case for α-GluCer; α-GluCer staining was confined to the thymic cortex, indicating that 
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either cortical thymocytes temporarily synthesize α-GluCer, or there is a yet unidentified 

specialized APC in the cortex that presents α-GluCer to newly developing iNKT cells.  

Another possible regulation, which may be more important in the periphery, could 

function by enhancing the synthesis of endogenous antigens. Peripheral activation of iNKT 

cells by endogenous antigen results from the combination of inflammatory cytokine signaling 

and TCR signaling63, 132. Therefore, danger signals derived from neighboring cells could 

participate in the induction of endogenous iNKT cell antigens. The most likely signal is from 

innate receptors such as Toll-like receptors, sensing microbial signals such as LPS49, 94, 97. 

We have assessed whether Galm mRNA transcripts in the APCs are increased upon TLR 

ligand stimulation, but did not see any change in transcription (not shown). However, others 

have reported that retinoic acid can increase the number of Galm mRNA transcripts in the 

human macrophage cell line THP-1 (Ref. 122). On the other hand, Ugcg mRNA upregulation 

has been observed upon treatment of BMDC with LPS67. Although Brenner and colleagues 

have incorrectly concluded that β-GluCer is the potential antigen, the increase in Ugcg 

mRNA could have resulted in the accumulation of α-GluCer, explaining their observation of 

increased iNKT cell responses in this setting. 

Alternatively, the availability of endogenous antigens may be regulated by 

controlling their degradation rate. While Galm could be involved in the regulation during 

lipid synthesis, α-galactosidase A, an enzyme that hydrolyzes the terminal alpha-galactosyl 

moieties from glycolipids, could be regulating α-GalCer availability by degrading it133. 

Recently it was reported that α-psychosine, a degradation product of α-GalCer, can be 
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degraded by α-galactosidase A and that deletion of the enzyme results in amplified α-GalCer 

staining18. Accordingly, APCs from α-galactosidase A-deficient hosts, namely the Fabry 

mice, exhibit increased potency to stimulate iNKT cells96. Interestingly, microbes or TLR 

ligands can inhibit the enzyme, and endogenous lipid antigen accumulates96. Thus, Galm and 

α-galactosidase A may together play a central role in controlling the threshold of endogenous 

α-GalCer availability through regulated synthesis and degradation, which is fundamental to 

the orchestration of iNKT cell responses. 

Similarly, α-GluCer may also be regulated by degradation. Preliminary results 

indicate that acid α-glucosidase may be degrading α-GluCer (not shown) and it would be 

worthwhile to see if acid α-glucosidase is downregulated in DP thymocytes, and whether α-

GluCer is increased in mice lacking this enzyme. Based on our results described in this thesis 

together with published data, the potential synthetic and degradative pathways of α-GalCer 

and α-GluCer are depicted in Figure 3-1. 

 

3.4 Role of endogenous lipid antigens in iNKT cell selection 

Another important question that needs to be answered is: what is the exact role of α-

GalCer and α-GluCer in positive and negative selection of iNKT cells? Although endogenous 

α-GalCer and α-GluCer are both capable of stimulating iNKT cells, deleting either Galm or 

Ugcg in vivo has relatively mild phenotypic effects on iNKT cell development. By generating 

DKO mice deficient in both Galm and Ugcg, we show that iNKT cell frequencies are reduced 

in thymus, suggesting a cooperative role for α-GalCer and α-GluCer in vivo. However, while  
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Figure 3-1. Potential synthesis and degradation pathways for α-GalCer and α-

GluCer   
 

Enzymes involved in the synthetic (blue) and degradative (red) pathways of monoglycosylceramides are 

depicted. 
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α-GalCer and α-GluCer can compensate each other for maintaining iNKT cell frequencies 

similar to WT, they might serve different functional purposes. Not only differ α-GalCer and 

α-GluCer in their cellular localization patterns, but also in vivo, α-GalCer is detected in the 

thymic medulla whereas α-GluCer is produced in the cortex. Notably, it has been proposed 

that mature iNKT cell retention in the thymic medulla or cortex may be actively regulated134. 

Differential localization of endogenous iNKT cell antigens therefore may contribute to this 

regulation. However, developing iNKT cells undergo cortex-to-medulla migration much like 

conventional T cells, in which thymocyte precursors enter at the cortico-medullary junction, 

become DP thymocytes in the cortex, and migrate to the medulla before they exit to the 

periphery135. Therefore, it is likely that developing iNKT cell precursors are exposed to α-

GluCer and α-GalCer sequentially, first in cortex then in medulla, rather than in a redundant 

or alternative manner.  

 In addition to α-GalCer and α-GluCer, are there other endogenous lipid ligands? 

Because DKO mice still have iNKT cells, although reduced in frequency, we suspect that 

there are more lipid ligands that are involved in iNKT cell development. The possibility that 

many endogenous lipid antigens are available for iNKT cells, which are by definition, 

invariable, raises another question. Are the iNKT cells selected by diverse lipids functionally 

different? Are invariant NKT cells in reality, diverse? In our analysis of TCR chain usage in 

iNKT cells from Galm KO mice, we have not found any difference in the TCR α or β chain 

usage by real-time quantitative PCR or flow cytometry. However, we cannot exclude the 

possibility that small changes at the CDR3 have occurred. Single cell TCR sequencing may 

provide insights into the differences between iNKT cells selected by α-GalCer or α-GluCer. 
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 The data presented here suggest that the nature of endogenous lipid antigens of iNKT 

cells represents another layer of regulation exerted on the development and activation of 

iNKT cells. Depending on the chemical nature and biological availability, along with tissue 

localization, the endogenous lipid antigens potentially generate qualitatively diverse iNKT 

cells. For example, different antigens may favor commitment to NKT1 over NKT2 or NKT17 

cells. The mouse models that we generated will be valuable tools to further study the function 

of α-GalCer and α-GluCer and how they influence the behavior of iNKT cells. 
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4. Materials and Methods 

 

 

Mice 

C57BL/6J, Jα18-/-, Cd1d1d2-/-, Ugt8a-/-, ACTB-Flp deleter and CMV-Cre deleter 

mice were from The Jackson Laboratories (Bar Harbor, ME). Mouse embryonic stem cells 

containing the “Knockout-first” cassette for Galm were purchased from the European 

Conditional Mouse Mutagenesis Program (EUCOMM) to generate Galm-/- mice. Briefly, 

healthy ES cells were injected into B6N-Tyrc/BrdCrCrl blastocysts at the IDI blastocyst 

injection facility. Offspring with high chimerism (>90%) was selected for breeding. After 

establishment of germline transmission, “knockout-first” Galm-/- mice were crossed to 

ACTB-Flp deleter strain to remove FRT-cassettes, followed by CMV-Cre deleter strain to 

remove the floxed region to generate cassette-free, exon 2-deleted Galm-/- mice. Ugcgf/f mice 

were from William Holland (UT Southwestern) and Cd4-Cre mice were from Laurence 

Turka (MGH). All animal procedures were approved by the Institutional Animal Care and 

Use Committee at Harvard Medical School.  

 

Cells 

Rat basophilic leukemia (RBL) and HEK 293T cell lines were from ATCC. 

DN32.D3 iNKT cell hybridoma, RAW264.7 cells, GM95 and CG1 cells, derived from B16 
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melanoma cell line MEB4, were kind gifts from Michael Brenner (Brigham and Women’s 

Hospital). SNL feeder cells are the mouse fibroblast STO cell line transformed with 

neomycin resistance and murine LIF genes (Michael Carroll, Boston Children’s Hospital). 

Mouse ES cells were cultured in media containing Knockout Dulbecco’s modified Eagle’s 

medium (DMEM) supplemented with 10% fetal bovine serum (FBS), L-glutamine (2 mM), 

and β-mercaptoethanol (50 μM), with SNL feeder cells on 0.1% gelatin (Sigma) coated plates. 

Primary cells and DN32.D3 cells were cultured in RPMI-1640 supplemented with 10% FBS, 

L-glutamine (2 mM), β-mercaptoethanol (50 μM), penicillin/streptomycin (10 U/ml), sodium 

pyruvate (1 mM), and HEPES (100 mM). RBL, RAW264.7, GM95 and CG1 cells were 

cultured in DMEM supplemented with 10% FBS, L-glutamine (2 mM), penicillin and 

streptomycin (10 U/ml), and sodium pyruvate (1 mM). BMDCs were generated in RPMI-

1640 supplemented with 10% FBS, L-glutamine (2 mM), penicillin/streptomycin (10 U/ml), 

and GM-CSF (25 ng/ml; Peprotech) for seven days and used between day seven and fourteen. 

All cell culture reagents were obtained from Life Technologies unless otherwise noted. 

 

Enzymatic Treatment of Glycolipids 

β-GalCer (d18:1/24:1) and LacCer (d18:1/24:1) were purchased from Avanti Polar 

Lipids. KRN7000 was from Enzo Lifesciences. Synthesized pure β- and α-GalCer, both 

d18:1/24:1, were synthesized by Paul Savage (Brigham Young University, Provo, UT). 

Recombinant wildtype, E304Q and H170N mutants of L. lactis and human wildtype Galm 

proteins were kind gifts from James Thoden and Hazel Holden (University of Wisconsin-
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Madison, Madison, WI). For mutarotation, glycolipid substrates were dissolved in methanol 

and mutarotation buffer (25mM Hepes, 50mM KCl, pH 7.6) was added so that the final 

concentration of methanol was below 5%. After sonication, glycolipid containing buffer was 

incubated with recombinant Galm protein overnight at 37˚C water bath. For Galc digestion, 

recombinant Galc protein (gift from Janet Deane, University of Cambridge, UK) was added 

to glycolipid containing buffer (citric acid, K2HPO4, sodium taurocholate, Tween20, pH4.7) 

overnight at 37˚C water bath. 

 

Lipid Peracylation 

Dried glycolipid sample was incubated with pyridine and acetic anhydride overnight. 

After adding water, sample was further incubated for another hour, followed by addition of 

dilute hydrochloric acid (HCl) and ethyl acetate. The top layer was mixed with saturated 

aqueous sodium bicarbonate and the top layer was separated again. After adding saturated 

aqueous sodium chloride and discarding the bottom layer, the remaining solution was mixed 

with sodium sulfate. Peracylated glycolipid was then collected and dried for further analysis 

with TLC. All chemicals were obtained from Sigma-Millipore. 

 

Thin Layer Chromatography (TLC)  

Lipids were extracted by vortexing with chloroform/methanol 2:1. For most TLCs, 

extracted lipids were resuspended in chloroform/ methanol 2:1 and loaded. Samples were run 
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with chloroform/methanol/25% ammonium hydroxide 90:20:0.5 on aluminum back silica 

plates, and bands were visualized by cerium-ammonium-molybdate (CAM) stain and 

charring. All chemicals and TLC plates were obtained from Sigma-Millipore. 

 

Generation of Knockout Cell Lines Using CRISPR/Cas9 System 

Single-guide RNA (sgRNA) sequences were designed using the CRISPR Design 

Tool developed by Feng Zhang’s group at MIT (crispr.mit.edu). Top ten guide sequences 

were chosen and tested in a reporter assay using pCAG-EGxxFP plasmids (Addgene #50716). 

Briefly, genomic fragments containing the sgRNA target sequences were cloned into pCAG-

EGxxFP, between the EGFP fragments. For expressing hCas9 and sgRNA, pX330 plasmid 

generated by Feng Zhang’s lab was used (Addgene #42230). We cotransfected the pCAG-

EGxxFP-target and pX330-sgRNA plasmids into HEK 293T cells and observed the 

reconstituted EGFP fluorescence 48 hours after transfection. Transfection was performed 

using the calcium phosphate method. Validated sgRNA sequences were then used to knock 

out target genes in the RBL cells. The following genes have been deleted: Galm, Ugt8a, Ugcg, 

Gla, Gaa, Gba, Galc, Slc35a2, Slc35d2, Psap, Asah1, and Naaa. 

 

Antibody Production and Purification  

Rabbit polyclonal anti-α-GalCer and anti-α-GluCer antibodies were produced over 

a 6-month period by repeated subcutaneous immunizations of New Zealand rabbits with 20 
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μg α-GalCer or α-GluCer in incomplete Freund’s adjuvant. Ammonium sulfate cuts of sera 

were purified over a streptavidin column loaded with 2 mg/ml biotinylated α-GalCer. Titers 

and specificity were evaluated first by ELISA and confirmed by SPR. 

 

Surface Plasmon Resonance (SPR) 

A Biacore T200 instrument (GE Healthcare) was used for SPR measurements. 

Measurements were performed using single cycle protocols to avoid repeated use of 

regeneration buffer on the immobilized ligands. Immobilization of target antibodies was 

carried out using classical amine coupling chemistry. 250 to 1,000 RU of antibody was 

immobilized in each flow cell. All mCD1d-lipid complexes were purified after loading to 

ensure maximal homogeneity and avoid the presence of small amounts of aggregated 

material. Concentrations ranging from 1 to 10 mM were used for each CD1d-lipid complex. 

Liposome studies were carried out on L1 chips using liposomes made of a mix of 

PC:PE:PG:cholesterol (60:10:10:20). Flow cell one was used as our negative control and 

used for subtraction from experimental flow cells. Global analysis of subtracted sensorgrams 

was carried out using the T200 analysis software. Illustration was done after transfer of data 

to an Excel spreadsheet. 
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Southern Blot 

Genomic DNA was extracted from Galm “knockout-first” ES cells using 

GenElute™ Mammalian Genomic DNA Miniprep Kit (Sigma). Genomic DNA was digested 

overnight at 37°C with BspHI (New England Biolabs) and run on 0.8% gel at 40V. The gel 

was denatured and DNA was transferred overnight onto a nylon membrane. DNA was then 

fixed onto the membrane by UV crosslinking and the DIG-tagged probe (PCR DIG Probe 

Synthesis Kit, Roche) was hybridized overnight at 44°C for Galm gene and 50°C for 

Neomycin-resistance gene (Neor). Alkaline phosphatase-conjugated anti-DIG antibody was 

used to detect the probe, and chemiluminescence signal from CSPD (Roche) was used to 

visualize the bands.  

 

Karyotyping 

Mouse ES cells were treated with 0.02 μg/ml Colcemid (Life Technologies) for two 

hours to arrest cells at metaphase. Following exposure to pre-warmed hypotonic solution 

(0.075 M KCl), ES cells were fixed and washed with fixative solution (methanol: glacial 

acetic acid 3:1). Fixed cells were placed on slides and mounted with VECTASHIELD 

Antifade Mounting Medium with DAPI (Vector Laboratories) before chromosome numbers 

were determined by microscopy analysis. 
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RNA Extraction and Real-Time Quantitative PCR (RT-qPCR) 

Total RNA was purified using TRIzol (Life Technologies). RNA was treated with 

DNaseI (New England Biolabs) prior to cDNA conversion with High Capacity RNA-to-

cDNA Kit (Applied Biosystems). mRNA transcripts were quantified with 7300 Real-Time 

PCR System (Applied Biosystems) using iTaq™ SYBR Green Supermix (Bio-Rad). The 

relative quantification was calculated by 2-ΔΔcycle threshold (CT) method. The sequences of 

primers used for RT-qPCR were: 

Mouse Galm forward: 5’-ACCCTGGATGGTGGGGAGCTTG-3’, 

Mouse Galm reverse: 5’-TTGGGGAGCCCTGGCCTGCTA-3’, 

Mouse Tgfb1 forward: 5’-TTGCCCTCTACAACCAACACAA-3’, 

Mouse Tgfb1 reverse: 5’-GGCTTGCGACCCACGTAGTA-3’, 

Mouse B2m forward: 5’-ATTCACCCCCACTGAGACTG-3’, 

Mouse B2m reverse: 5’-TGCTATTTCTTTCTGCGTGC-3’, 

Mouse Gapdh forward: 5’-AAGGGCTCATGACCACAGTC-3’, 

Mouse Gapdh reverse: 5’-CAGGGATGTTCTGGGCA-3’. 

 

Immunofluorescence and Confocal Microscopy 

Mouse thymi and livers were frozen in OCT compound (Tissue-Tek) and 7 μm 

sections were made. Frozen sections were permeabilized and blocked with 0.1% saponin/5% 
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goat serum. Rabbit anti-α-GalCer or anti-α-GluCer antibody and Syrian hamster anti-CD3ε 

antibody were used for staining. After staining, sections were fixed with 3% methanol-free 

formaldehyde. Staining was detected with fluorochrome-conjugated goat anti-rabbit (1:200) 

or goat anti-Syrian hamster antibody (1:400). Syrian hamster anti-CD3ε antibody (clone 

500A2), fluorochrome-conjugated anti-rabbit and anti-Syrian hamster IgG antibodies were 

purchased from Life Technologies. All samples were mounted with ProLong®  Gold Antifade 

Mountant with DAPI (Life Technologies). Images were taken using an Olympus FV1000 

confocal microscope with a water objective lens (UPlanAPO 60x, NA 1.20; Olympus). 

Images were analyzed with ImageJ/Fiji software (NIH). 

 

iNKT Cell Enrichment  

Mouse livers were perfused with PBS through the portal vein, and minced against a 

metal mesh. Liver mononuclear cells were isolated using Percoll™ (GE Healthcare) gradient 

by centrifugation at 500 g without brake at room temperature. Liver and thymic iNKT cells 

were magnetically enriched by negatively selecting for B220, CD8, γδ TCR and granulocyte 

markers, and positively selecting for CD5 (Miltenyi Biotec). Purity was determined by flow 

cytometry, with 50-60% iNKT cells in liver and 5-10% iNKT cells in thymus samples. 
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iNKT Cell Assay 

For iNKT cell autoreactivity assays, 5x104 parental and CRISPR-Cas9 knockout 

RBL cell lines transfected with CD1d were co-cultured with 1x105 DN32.D3 iNKT cell 

hybridoma. Supernatant was collected after overnight co-culture and IL-2 concentration was 

measured with an IL-2-dependent NK cell line reporter system. For antigen presentation 

assays, BMDCs generated for seven days were pulsed with 10 ng/ml KRN7000 (Enzo 

Lifesciences) overnight. Then, 4x104 BMDCs were co-cultured with 4-8x104 enriched liver 

or thymic iNKT cells overnight. IFN-γ concentration in the supernatant was measured using 

the Mouse IFN-γ ELISA Set (BD Biosciences). 

 

Flow Cytometry 

Surface antigens were stained with antibodies in FACS buffer (PBS with 0.5% BSA) 

on ice for 20 minutes. CD1d tetramer staining was done for 40 minutes on ice. For 

intracellular cytokine staining, cells stained for surface antigens were permeabilized and 

fixed using Cytofix/Cytoperm solution (BD). For intracellular transcription factor staining, 

cells stained for surface antigens were permeabilized and fixed using Foxp3 

Fixation/Permeabilization solution (eBioscience). All cells were blocked with anti-FcRγ 

receptor and dead cells were excluded by staining with propidium iodide (PI, Sigma) or 

viability dye (eBioscience). PE-conjugated CD1d tetramer loaded with PBS57 or unloaded 

were from the NIH Tetramer Core Facility. Antibodies used for flow cytometry were 

purchased from Biolegend: B220 (RA3-6B2), CD3ε (145-2C11), CD4 (GK1.5), IFN-γ 
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(XMG1.2), IL-4 (11B11), CD11c (N418), F4/80 (CI:A3-1), Gr-1 (8B6-8C5), CD24 (M1/69), 

T-bet (4B10), TCRγδ (GL3), mouse IgG1 κ isotype control (MOPC-21); eBioscience: RORγt 

(B2D), IL-13 (13A), mouse IgG1 κ isotype control (P3.6.2.8.1); BD Biosciences: CD11b 

(M1/70), NK1.1 (PK136), CD44 (IM7), TCRβ (H57-597), CD8α (53-6.7), CD69 (H1.2F3), 

mouse Vβ TCR screening panel (Cat. No.: 557004), Goat anti-mouse IgG1 (A85-1); Santa 

Cruz Biotechnology: PLZF (D-9); R&D Systems: CXCR6 (221002), Osteopontin (Cat. No.: 

IC808P). 

 

Western Blot 

Tissue samples were homogenized in RIPA buffer containing protease inhibitor 

cocktail. After lysis with loading buffer (62.5mM Tris-HCl, 2% (w/v) SDS, 10% glycerol 

and 0.01% β-ME (w/v)), lysates were separated by SDS-PAGE and transferred to a 

nitrocellulose membrane (Bio-Rad). Membranes were stained with rabbit anti-Galm (sc-

292607, Santa Cruz Biotechnology) or rabbit anti-β-actin followed by HRP-conjugated anti-

rabbit IgG (ab6721, Abcam). Signals were visualized with SuperSignal West Pico 

Chemiluminescent Substrate (Pierce). 

 

NASH Model and Readout 

Eight to twelve week-old adult mice were fed with regular diet (Cat. No.: 5053, 

PicoLab), high fat (60%) diet (Cat. No.: D06030601; Research Diets), or reduced methionine 



64 

 

(0.1%), choline-deficient and high fat (60%) (MCD) diet (Cat. No.: A06071302, Research 

Diets).  Blood, liver, and spleen were harvested six weeks or eleven weeks after each diet 

was administered. Serum alanine aminotransferase (ALT) concentration was measured by 

EnzyChrom™ Alanine Transaminase Assay Kit (BioAssay Systems) in order to quantify 

liver damage, according to the manufacturer’s instructions. Masson’s Trichrome staining on 

paraffin-embedded liver sections was performed by the Histology Core Facility at Beth Israel 

Deaconess Medical Center (Boston, MA). 
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