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Zusammenfassung 

Invariante natürliche Killer-T-Zellen (iNKT-Zellen) weisen Eigenschaften von 

konventionellen T- und natürlichen Killerzellen auf und fungieren als 

Verbindungsstück zwischen der adaptiven und der angeborenen 

Immunantwort. Die iNKT-Zellentwicklung im Thymus ist sowohl abhängig von 

der endo-lysosomalen Prozessierung von Glykolipiden in doppelt positiven T-

Zellen, als auch von verschiedenen Signalwegen, die das Überleben, die 

Differenzierung und die Proliferation von iNKT-Zellen vermitteln. In 

vorangegangenen Studien wurde gezeigt, dass das späte endosomale 

Adaptorprotein LAMTOR2 eine wichtige Rolle im endo-lysosomalen 

Trafficking und in der räumlich-zeitlichen Regulation von Signalwegen spielt, 

jedoch wurde die Funktion von LAMTOR2 während der iNKT-Zellentwicklung 

bisher noch nicht untersucht. 

Um die Rolle von LAMTOR2 in der iNKT-Zellentwicklung zu erforschen, haben 

wir Mäuse mit einem T-Zell-spezifischen Knockout von Lamtor2 im frühen 

doppelt negativen 2/3 T-Zell-Entwicklungsstadium generiert. Unsere Daten 

zeigen, dass die Deletion von Lamtor2 schwere Defekte in der frühen iNKT-

Zellentwicklung im Thymus verursacht, was zu einer signifikant reduzierten 

Anzahl an peripheren iNKT-Zellen in der Milz und Leber führt, während die 

konventionelle T-Zellentwicklung intakt bleibt. Weiterhin konnten wir zeigen, 

dass LAMTOR2 dabei in zwei wichtige Prozesse während der iNKT-

Zellentwicklung involviert ist. Zum einen führt die Deletion von Lamtor2 zu 

einer beeinträchtigten Glykolipidpräsentation in doppelt positiven T-Zellen, die 

für die positive Selektion von iNKT-Zellen wichtig ist. Zum anderen führt das 

Fehlen von LAMTOR2 zu einer reduzierten Aktivität des mTORC1-

Signalweges und vermehrtem Zelltod während des Übergangs vom frühen 

Entwicklungsstadium ST1 zum Entwicklungsstadium ST2 nach der 

Positivselektion. Darüber hinaus wiesen Lamtor2 KO Mäuse eine fehlende 

Glykolipid-vermittelte Aktivierung peripherer iNKT-Zellen und eine geringere 

akute Thymusinvolution (ATI) in einem CCL4-induzierten ATI-Mausmodell auf. 

Unsere Ergebnisse zeigen somit, dass LAMTOR2 eine wesentliche Rolle bei 

der Entwicklung und Funktion von iNKT-Zellen spielt.
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Summary 

Invariant natural killer T cells (iNKT) cells exhibit characteristics of 

conventional T and natural killer cells and function as a bridge between the 

adaptive and innate immune response. The development of iNKT cells in the 

thymus is dependent on the endo-lysosomal processing of glycolipids by 

double positive T cells and various cell signaling pathways mediating cell 

survival, differentiation and proliferation of iNKT cells. The late endosomal 

adaptor protein LAMTOR2 has been shown to play significant roles in endo-

lysosomal trafficking and the spatiotemporal regulation of cell signaling 

pathways, however, the function of LAMTOR2 during iNKT cell development 

has not been studied yet. 

In order to investigate the role of LAMTOR2 during iNKT cell development, we 

generated mice with a T cell-specific knockout of Lamtor2 at the early T cell 

developmental stage double negative 2/3. We show that Lamtor2 deletion 

causes severe defects in early iNKT cell development in the thymus, resulting 

in significantly reduced numbers of peripheral iNKT cells in spleen and liver, 

while conventional T cell development remains intact. Our data demonstrates 

that LAMTOR2 is involved in two important processes during iNKT cell 

development. First, loss of LAMTOR2 causes impaired glycolipid presentation 

on double positive T cells, which is important for positive selection of iNKT 

cells. Second, ablation of LAMTOR2 results in reduced mTORC1 signaling 

and increased cell death during the transition from developmental stage ST1 

to developmental stage ST2, subsequently to positive selection. In addition, 

loss of LAMTOR2 causes unresponsiveness of peripheral iNKT cells to 

glycolipid-mediated activation and inhibits acute thymic involution (ATI) in a 

CCL4-induced ATI mouse model. Thus, our findings show that LAMTOR2 

plays an essential role in the development and function of iNKT cells.
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1. Introduction 

1.1 The late endosomal/lysosomal adaptor protein 

LAMTOR2 regulates mTORC1 and ERK signaling in cells of the 

immune system 

The late endosomal/lysosomal adaptor, MAPK and MTOR activator 2 

(LAMTOR2, also known as ROBLD3, p14) protein has been first identified in 

2001 [4]. It is expressed in various cells of the immune system (e.g., 

monocytes, macrophages, neutrophils, B cells, T cells, dendritic cells (DCs) 

and natural killer (NK) cells) and other organs and tissues, such as the nervous 

system, lung, liver, muscle, intestine, secretory system and reproductive 

system (based on: ProteomicsDB, MaxQB, MOPED, TISSUES 2 databases 

[5-8]). 

Structure biological and biochemical analyses demonstrated that LAMTOR2 

and late endosomal/lysosomal adaptor, MAPK and MTOR activator 3 (MP1) 

together are required for ERK activation on late endosomes [9,10]. 

Subsequently, LAMTOR2 has been described as a constitutive component of 

the pentameric Ragulator complex, which locks mTORC1 to the lysosomal 

surface upon amino acid signals [11,12]. Later, this complex has been 

renamed to the “LAMTOR” complex, consisting of the LAMTOR1-5 proteins. 

Analysis of the crystal structure of the pentameric LAMTOR complex (Fig. 1 

[3]) has shown that LAMTOR2 and LAMTOR3 form a heterodimer and they 

both exhibit two alpha helices, which are important for protein-protein-

interactions. A second heterodimer is formed by LAMTOR4 and LAMTOR5, 

which is surrounded by the adaptor LAMTOR1. 



Introduction 

2 
 

 

LAMTOR2 has been shown to play a significant role in the spatiotemporal 

regulation of mammalian target of rapamycin complex 1 (mTORC1) and 

mitogen-activated protein kinase 1 (ERK) signaling pathways at the late 

endosome (Fig. 2) [4,9-14]. First studies on knockout (KO) mice showed that 

loss of Lamtor2 is embryonic lethal and highlighted that LAMTOR2 is essential 

for cellular proliferation during early embryogenesis and tissue homeostasis in 

a mouse model with an epidermis-specific deletion of Lamtor2 [13]. 

Both ERK and mTORC1 pathways are critically involved in various 

fundamental processes coordinating protein synthesis, cell growth, 

proliferation, differentiation, apoptosis, migration, lipid biosynthesis, and 

autophagy [15-19]. LAMTOR2 plays an important role in regulating these 

processes in immune cells. For example, LAMTOR2 mediates cell 

homeostasis via regulation of Fms related tyrosine kinase 3 (FLT3)-dependent 

mTORC1 signaling in DCs, leading to a myeloproliferative expansion of the 

DC compartment [20]. Lamtor2-deletion in Langerhans cells (LCs) reduces 

transforming growth factor beta 1 (TGF-β1) sensitivity resulting in impaired 

homeostasis and immunological function of LCs [21,22]. Furthermore, 

Figure 1: Crystal structure of the pentameric LAMTOR complex, which consists 
of 5 LAMTOR proteins [1-3]. LAMTOR2 forms a heterodimer together with 
LAMTOR3. The two alpha helices in LAMTOR2 and LAMTOR3 mediate interactions 
with other proteins. 
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conditional deletion of LAMTOR2 in monocytes, mature macrophages and 

granulocytes resulted in an increased susceptibility to Lipopolysaccharide 

(LPS) in a sepsis mouse model (unpublished data). Finally, functional studies 

of LAMTOR2-deficient B cells showed that activation of the B cell receptor 

(BCR) resulted in impaired BCR internalization, intracellular signaling, and 

proliferation [23]. In summary, these studies have documented that the 

spatiotemporal endosomal regulation of signal transduction pathways by 

LAMTOR2 controls several aspects of innate and adaptive immune responses.  

 

 

Figure 2: LAMTOR2 regulates mTORC1 and ERK signaling spatiotemporally on 
late endosomes/multivesicular bodies in cells of the immune system (figure 
adapted from Daniel Kotlarz). LAMTOR2 functions as a key regulator of various 
cellular processes, like motility, lipid biosynthesis, cell growth, apoptosis, proliferation, 
protein synthesis, differentiation, and autophagy [15-19]. 

 

1.2 Human LAMTOR2 deficiency causes a primary 

immunodeficiency syndrome 

Primary Immunodeficiencies (PID; more recently subsumed under the general 

term “inborn errors of immunity”, IEI) are a large and heterogeneous group of 

diseases that affect the development and/or function of the innate and adaptive 
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immune system [24]. Patients with PID are more susceptible to common and 

opportunistic infections and may predispose individuals to allergy, 

inflammation, autoimmune disorders, and malignancy [25]. Although the 

individual diseases are rare, all PIDs combined appear in around 1% of the 

overall population [26]. To date, 482 different genetic entities have been 

reported [27]. PID can be classified into 10 different categories: 

immunodeficiencies affecting cellular and humoral immunity, combined 

immunodeficiencies with syndromic features, predominantly antibody 

deficiencies, diseases of immune dysregulation, congenital defects of 

phagocytes, defects in intrinsic and innate immunity, autoinflammatory 

diseases, complement deficiencies, bone marrow failure, and phenocopies of 

inborn errors of immunity [28]. 

In contrast to secondary Immunodeficiencies, which develop from other 

diseases (e.g., human immunodeficiency virus (HIV)) or immunosuppressive 

medications, PIDs are caused by inherited or acquired defects in genes which 

play important roles in the development or function of the human immune 

system [28]. An individual genetic mutation in a patient, inherited by the 

Mendelian rules, can cause a monogenic disease [28]. Advances in NGS have 

improved diagnosis in patients suspected for monogenic disease and have 

been implemented in clinical routine [29]. 

Using linkage studies, transcriptomic profiling and candidate gene sequencing, 

our laboratory has previously identified a novel PID syndrome in a white 

Mennonite index family, caused by a homozygous point mutation in the 3’ 

untranslated region (UTR) of the late endosomal/lysosomal adaptor, MAPK 

and MTOR activator 2 gene (Lamtor2, also known as Robld3, p14) [30]. 

LAMTOR2-deficient patients presented with severe congenital neutropenia, 

growth failure, partial albinism, and B and cytotoxic T lymphocyte (CTL) 

deficiencies. The 3’ UTR mutation in LAMTOR2-deficient patients has been 

shown to generate a 5' splice site which is recognized by the spliceosome, 

leading to suppression of LAMTOR2 poly(A)-site 3' end processing [31]. Cell 

biological studies of our laboratory in LAMTOR2-deficient patient cells showed 

a perturbed subcellular distribution of late endosomes and suggested an 

important role of LAMTOR2 in the regulation of endosomal trafficking in 
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immune cells and biosynthesis of lysosomal-related organelles (e.g. 

azurophilic and lytic granules, and melanosomes) in neutrophils, CTLs and 

melanocytes [30,32].  

LAMTOR2 deficiency is grouped into a constellation of PIDs, affecting multiple 

organelles related to lysosomes, such as Griscelli syndrome (GS), 

Hermannsky-Pudlak syndrome (HPS), and Chediak-Higashi syndrome (CHS) 

[32] (Fig. 3). Affected proteins associated with these diseases are regulators 

of intracellular protein trafficking and organelle movement. For example, HPS 

type 2 is characterized by the deficiency of the adapter protein-3 (AP-3) 

complex, which leads to aberrant trafficking of translysosomal proteins [33-35]. 

Individuals with HPS type 2 present with clinical manifestations similar to 

LAMTOR2 deficiency, e.g., congenital neutropenia, CTL deficiency, and partial 

albinism. Abnormal azurophilic granules of neutrophils, defective lytic granules 

of CTLs, aberrant melanosomes of melanocytes have been proposed as 

potential causes accounting for these phenotypes. Furthermore, individuals 

with HPS type 2 lack invariant natural killer T (iNKT) cells, caused by an 

impaired cluster of differentiation 1d (CD1d)-mediated glycolipid processing 

and presentation of CD4+CD8+ double positive (DP) thymocytes towards iNKT 

cells [33,36]. However, the role of LAMTOR2-mediated endosomal trafficking 

in iNKT cell development and function remains elusive. In view of limited 

access to patient material, we were not able to study the development and 

function of iNKT cells in human LAMTOR2-deficiency. Therefore, we 

generated mice with a T cell-specific KO of Lamtor2 to analyze the function of 

LAMTOR2 in iNKT cells. 



Introduction 

6 
 

 

Figure 3: Overview of PIDs affecting multiple organelles related to lysosomes 
(modified from [32]). Patients with LAMTOR2 deficiency, CHS, GS type 2, GS type 
1 and 3, HPS and other types of HPS show overlapping manifestations in multiple 
organelles related to lysosomal, e.g., azurophilic granules of neutrophils, lytic 
granules of CTLs, melanosomes of melanocytes and dense granules of platelets. 

 

1.3 Characterization of invariant natural killer T (iNKT) cells  

Invariant natural killer T cells (iNKT) cells are a subtype of T lymphocytes, 

which share characteristics of conventional T cells and of natural killer (NK) 

cells, and thereby connect innate and adaptive immune responses [37]. They 

play an important role in various pro- and anti-inflammatory immunological 

processes, like immune responses against pathogens and cancer, but are 

involved in the development of autoimmune and inflammatory conditions as 

well [38]. 

iNKT cells express a semi-invariant T cell receptor (TCR), which contains a 

single segment of Vα and Jα DNA (Vα14-Jα18 in mice, Vα24-Jα18 in humans) 

combined with one of three Vβ segments (Vβ8, Vβ2, or Vβ7 in mice, Vβ11 in 

humans) [39]. Murine iNKT cell subsets express CD4 (CD4+CD8- subset) or 

neither CD4 nor CD8 (CD4-CD8- double negative (DN) subset), whereas a 

subset of CD8 positive cells (CD4-CD8+ subset) can be detected in human 

[38]. Furthermore, iNKT cells carry other T cell markers, which are 

characteristic for activated or memory phenotypes, such as CD25, CD44, 

CD69 and CD122 [40]. Notably, iNKT cells also express NK cell lineage 
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markers, including NK1.1 in mice or CD161 in humans, as well as CD16 and 

CD56. 

 

1.3.1 Murine iNKT cell development differs from conventional T cell 

development 

Upon transition of early thymic progenitor cells (ETPs) from the bone marrow 

to the cortex of the thymus, they undergo T lineage specification and develop 

through CD4-CD8- DN stages 1-4, which can be distinguished by the 

differential expression of CD44 and CD25 (DN1: CD4-CD8-CD44+CD25-, DN2: 

CD4-CD8-CD44+CD25+, DN3: CD4-CD8-CD44-CD25+ and DN4: CD4-CD8-

CD44-CD25-) [41,42]. Next, developing T cells upregulate CD4 and CD8 and 

become CD4+CD8+ DP T precursor cells (Fig. 4). Whereas conventional T cells 

develop into CD4+ and CD8+ single positive (SP) T cells, iNKT cell 

development deviates off from conventional T cell development [43-45]. 

Developing iNKT cells subsequently pass three mayor steps: (i) the 

rearrangement of an invariant TCR (iTCR) for lineage commitment of iNKT 

cells, (ii) the positive selection of iNKT cells, and (iii) an expansion and 

differentiation phase of positively selected iNKT cells, as described in 1.3.2-4. 

 

 

 

Figure 4: Schematic overview of conventional T and iNKT cell development. 
Modified from [46]. Upon entry into the thymus, early thymic progenitor (ETP) cells 
develop through stages DN1 to DN4. Upregulation of surface markers CD4 and CD8 
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results in DP T cells. Whereas conventional T cells propagate to CD4+ SP and CD8+ 
SP T cells, iNKT cell development branches off at the DP stage. The three major 
following steps of iNKT cell development are the iTCR rearrangement, positive 
selection and a subsequent differentiation and expansion phase. 

 

1.3.2 iTCR rearrangement of iNKT cells 

TCR rearrangement is a process of somatic recombination of the variable (V), 

diversity (D), and joining (J) TCR gene segments (V(D)J recombination) [47]. 

This process appears at the late DP precursor stage in a stochastical manner, 

resulting in a highly diverse repertoire of TCRs in conventional CD4+ and CD8+ 

T cells. In contrast, lineage commitment of iNKT cells occurs by rearranging a 

specific proximal Va segment with a specific distal Jα segment (Vα14-Jα18), 

combined with one of three specific Vβ segments (Vβ8, Vβ2, or Vβ7) [48]. 

These rearrangements result in a semi-invariant Vα14-Jα18/Vβ8, Vβ2, or Vβ7 

iTCR, which is a unique feature of iNKT cells (Fig. 5). In contrast to 

conventional T cells that recognize peptides presented on MHC molecules, the 

iTCR recognizes glycolipid antigens presented on CD1d molecules [49]. 

Therefore, iNKT cells can be uniquely identified using a tetramer, consisting of 

four CD1d molecules, bound to a glycolipid antigen that specifically binds to 

the iTCR (PBS57/CD1d tetramer, [50]).  

Mouse models that fail to generate Va-Ja rearrangements usually exhibit a 

reduced lifetime of precursor DP thymocytes, resulting in reduced iNKT cells 

numbers. Examples for mice with this phenotype exhibit a deficiency of 

transcription factor 12 (TCF12), retinoic acid receptor-related orphan receptor 

γt (RORγt), RUNX family transcription factor 1 (RUNX1), transcription factor T 

cell factor 1 (TCF1), and MYB proto-oncogene, transcription factor (cMYB) 

[39,51-53]. 
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Figure 5: T cell receptors of conventional CD4+ and CD8+ T cells and iNKT cells 
(modified from [54]). Conventional T cells possess a highly diverse repertoire of T 
cell receptors, which recognize peptide antigens presented on major 
histocompatibility complex (MHC) molecules. In contrast, iNKT cells express a semi-
invariant TCR consisting of Vα14-Jα18/Vβ8, Vβ2, or Vβ7 rearrangements. This iTCR 
specifically interacts with glycolipid antigens presented on CD1d molecules. 

 

1.3.3 Positive selection of iNKT cells 

Once TCR rearrangement has occurred, iNKT cells undergo positive selection, 

a process to ensure that a newly rearranged TCR is able to recognize MHC or 

CD1d complexes [55]. While cortical thymic epithelial cells present peptide 

antigens to conventional T cells, positive selection of iNKT cells is mediated 

by glycolipid-loaded CD1d on DP thymocytes of hematopoietic origin [56]. The 

synthesis of CD1d molecules is very similar to MHC class I molecules [49,57]. 

Newly synthesized CD1d-β2-microglobulin heterodimers (HC+β2m), carrying 

a lipid cargo, travel through the secretory pathway to the cell surface [58]. 

However, in contrast to MHC class I molecules, the processing and loading of 

glycolipid antigens onto CD1d molecules require trafficking though the endo-

lysosomal system, because glycolytic enzymes and lipases need an acidic pH 

to process the glycolipid antigens and prepare them for presentation on the 

cell surface (Fig. 6). Importantly, mice with a deletion of CD1d, or only the 

deletion of the cytoplasmic tail of CD1d, lack iNKT cells, demonstrating that 

the CD1d tail motif is critically for glycolipid antigen presentation [57,59,60]. 

Furthermore, the adapter proteins AP-2 and AP-3 have been shown to be 



Introduction 

10 
 

essential for CD1d-mediated antigen processing though the endo-lysosomal 

pathway [33,36,61]. 

 

 

Figure 6: CD1d-mediated processing and glycolipid antigen presentation. 
Modified from [49]. The HC and β2m chains assemble in the endoplasmatic reticulum 
(ER) to form the CD1d molecule, which is loaded with a lipid cargo in the Golgi and 
then traffics through the secretory pathway towards the cell surface. Upon clathrin-
mediated endocytosis, CD1d travels through the endo-lysosomal pathway, facilitated 
by the adaptor proteins AP-2 and AP-3. The acidic pH in the late endosome/lysosome 
leads to processing of lipid antigens, which are loaded onto CD1d. Next, the 
glycolipid-loaded CD1d molecule travels back to the cell surface in order to present 
the glycolipid for positive selection of iNKT cells. 

 

Once glycolipids have been processed and are presented on the cell surface 

of DP T cells, the CD1d-glycolipid complex can interact with an iTCR from 

developing DP NKT cells, leading to positive selection (Fig. 7). Mice with 

deletion of components of the TCR signaling pathway show impaired positive 

selection of iNKT cells, e.g. mice with deficiency of the CD3ζ chain, lymphocyte 

cell-specific protein-tyrosine kinase (LCK), zeta chain of T cell receptor 

associated protein kinase 70 (ZAP-70), SH2 domain-containing leukocyte 

protein of 76 kDa (SLP-76), Il-2 inducible T cell kinase (ITK), linker for 

activation of T cells (LAT) and Vav guanine nucleotide exchange factor 1 

(VAV1). [62-69]. In addition, co-stimulatory signals of the signaling lymphocytic 

activation molecule family (SLAMf) surface receptors, which are expressed on 



Introduction 

11 
 

NKT cell precursors as well as cortical DP thymocytes, have also been shown 

to be crucial for positive selection [70]. Activation of the SLAMf receptor leads 

to recruitment of the adaptor molecule SH2 domain containing 1a (SAP), which 

in turn activates the Src family tyrosine kinase FYN [71]. Mice with deficiency 

of SLAMf receptors, SAP or FYN show severely diminished iNKT cell 

development [70,71]. 

 

Figure 7: Overview of positive selection of iNKT cells [72]. CD4+CD8+ DP 
thymocytes present glycolipids on CD1d and send co-stimulatory signals from SLAMf 
surface receptors towards the iNKT cell. A successfully positively selected iNKT cell 
activates ERK, nuclear factor kappa B (NFKB), ITK and inositol 1,4,5-trisphosphate 
(IP3) signaling pathways in order to activate a transcriptional program for subsequent 
differentiation and maturation. 
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1.3.4 Differentiation, proliferation and survival of iNKT cell precursors 

after positive selection 

Upon positive selection in the thymus, iNKT cells proceed through 

developmental stages 0–3: stage 0 (CD24+CD44-NK1.1-), stage 1 (CD24-

CD44-NK1.1-), stage 2 (CD24-CD44+NK1.1-) and stage 3 (CD24-

CD44+NK1.1+). However, the final maturation to the NK1.1+ stage can also 

occur in the periphery (Fig. 8). While immature NK1.1− NKT cells progress 

through a post-selection proliferation phase, mature NK1.1+ NKT cells in the 

thymus are non-cycling cells [62]. Based on the surface expression of CD44 

and NK1.1 as well as the transcription factor expression of t-box transcription 

factor 21 (TBET), GATA binding protein 3 (GATA3) and RORyt, NKT cells can 

also be divided into functional NKT1, NKT2 and NKT17 subsets [73,74]. 

 

 

 

Figure 8: Stages of NKT cell development [75]. Upon positive selection, developing 
thymic iNKT cells pass through stage 0 (CD24+CD44-NK1.1-), stage 1 (CD24-CD44-
NK1.1-), stage 2 (CD24-CD44+NK1.1-) and stage 3 (CD24-CD44+NK1.1+) in order 
to become fully mature iNKT cells. The maturation step from Stage 2 to Stage 3 can 
occour in the thymus as well as in the peripheral organs. 
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Differentiation, proliferation and survival of NKT cells upon positive selection 

are tightly regulated processes involving various signaling pathways and 

transcription factors (Fig. 7). 

iTCR stimulation during positive selection activates proximal tyrosine kinases 

LCK and ZAP70 to phosphorylate phospholipase Cγ1 (PLCγ1), which in turn 

catalyzes the reaction from phosphatidylinositol-4,5-bisphosphate (PIP2) to 

diacylglycerol (DAG) and inositol-1,4,5-triphosphate (IP3), which act as second 

messengers [76-78]. DAG triggers activation of the Ras guanyl nucleotide-

releasing protein 1 (RasGRP1)-Ras-Erk1/2 pathway, which is crucial for iNKT 

cell development [79]. Activation of the ERK pathway leads to the activation of 

the phosphatidylinositol-4,5-bisphosphate 3-kinase(PI3K)/AKT serine/-

threonine kinase (Akt) pathways, which triggers mTORC1 and mTORC2 

activation [78,80]. Mice with T cell–restricted deletion of Regulatory associated 

protein of mtor complex 1 (Raptor), a member of the mTORC1 complex, show 

impaired iNKT cells but normal conventional T cell development [81]. 

Furthermore, DAG activates the NF-κB pathway via protein kinase θ (PKCθ) 

and the B-cell lymphoma/leukemia 10 (BCL10) adaptor protein [82,83]. The 

NFκB pathway is required for the transition of NK1.1− precursors to mature 

NK1.1+ NKT cells. Correspondingly, mice with a KO of p50/ NFκB1 or p52/ 

NFκB2 exhibit strongly reduced frequencies of NKT cells [84]. Both, ERK and 

NF-κB signaling pathways trigger the expression of the transcription factor 

MYC proto-oncogene, transcription factor (cMYC), which is required for the 

proliferation phase of iNKT cells after positive selection. cMYC-deficient mice 

show a developmental block of iNKT cells between stage 0 and stage 1 [85]. 

The second messenger IP3 stimulates calcium release from the endoplasmic 

reticulum (ER), which leads to dephosphorylation and nuclear translocation of 

the transcription factor nuclear factor of activated T cells (NFAT) [86]. NFAT 

activates expression of early growth response 1 and 2 (Egr1 and 2), which in 

turn activate promyelocytic leukemia zinc finger (PLZF) expression, a key 

regulator of early NKT cell development [87,88]. Mice with KO of Plzf and Egr2 

mice exhibit a strong reduction of mature thymic iNKT cells but show normal 

conventional T cell development [62,89].  



Introduction 

14 
 

Another signaling cascade downstream of the iTCR is ITK activation, which 

triggers phosphorylation of TBET. Murine TBET deficiency causes a 

developmental block of iNKT cell development at stage 2 [90]. 

Signals from SLAMf lead to the activation of SAP and FynT, which 

phosphorylate the SH2 domain–containing inositol phosphatase (SHIP), 

dedicator of cytokinesis 1/2 (DOCK1/2), and Ras GTPase-activating protein 

(RasGAP), which in turn negatively regulates ERK signaling [70,91]. 

Furthermore, the SLAM-SAP–FynT pathway cross talks with the iTCR 

signaling pathway to activate the NF-κB via PKCθ and BCL10 [92]. 

1.3.5 iNKT cells in health and disease 

Although iNKT cells are a rare type of immune cells, comprising only 0.01-

1.2% of peripheral blood mononuclear cells (PBMCs) in humans [93], they are 

more frequently found in liver, spleen, thymus, and bone marrow. Highest 

frequencies of iNKT cells are found in the liver (around 30 % of intrahepatic 

lymphocytes are iNKT cells [94]). 

iNKT cells can be activated by two general mechanisms [38]. First, iNKT cells 

can be indirectly activated through the interaction of toll-like receptor (TLR) 

agonists with TLRs on antigen presenting cells (APCs), leading to cytokine 

production and activation of iNKT cells. Second, APCs endocytose, process, 

and present endogenous or exogenous glycolipids on CD1d molecules to iNKT 

cells, leading to a direct activation. The most prominent glycolipid antigen is α-

Galactosylceramide (aGC), which was isolated from the marine sponge Agelas 

mauritianus, and has extensively been used to study iNKT cell biology [95]. 

As iNKT cells show characteristics of an activated or memory phenotype, they 

have a great capacity to rapidly produce various cytokines upon TCR 

activation [38]. They produce T helper type 1 (Th1) cytokines (e.g. interferon 

(IFN)γ, and tumor necrosis factor (TNF)),  Th2 cytokines (e.g. interleukin (IL)-

4, and IL-13) or Th17 cytokines (e.g. IL-17) [73]. 

iNKT cells play an important role in the initiation and regulation of immune 

responses against bacteria, viruses, fungi, protozoa and parasites [38,96]. 

Upon infection, microbial glycolipid antigens can be loaded onto CD1d 
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molecules of APCs, leading to rapid production of cytokines, which 

subsequently recruit and activate immune cells of the innate and adaptive 

immune system. iNKT-deficient mice (Cd1d−/− or Jα18−/− mice) have been 

shown to exhibit an impaired host defense against Borrelia Burgdorferi, 

Novosphingobium and Ehrlichia genera, Chlamydia muridarum, 

encephalomyocarditis virus, herpes simplex virus type 1 and 2 (HSV-1, HSV-

2) [97-102]. In humans, iNKT cells show effector functions against Candida 

albicans, HIV, hepatitis C virus (HCV) and influenza A virus (IAV) and immune-

modulating functions during Aspergillus fumigatus infections [103-107]. 

Furthermore, iNKT cells have been shown to contribute to anti-tumor immunity 

[108,109]. They play a mostly protective role as they produce IFN-γ to activate 

NK and CD8+ T cells, which in turn can lyse tumor cells. aGC administration 

has been shown to boost anti-tumor responses in mouse studies [110-114]. In 

addition, iNKT cells stimulated DCs to produce IL-12, which contributed to anti-

tumor effects [108,115,116]. Human studies provided additional evidence that 

iNKT cells contribute to anti-tumor immunity [117-120]. These studies have led 

to a number of clinical trials to treat cancer patients with aGC, however no 

significant benefit from aGC therapy was observed [121-123]. 

In addition, iNKT cells can promote several autoimmune and inflammatory 

conditions [38]. In mice, iNKT cells have been shown to contribute to the 

pathogenesis of arthritis, allergic airway inflammation, atherosclerosis, contact 

hypersensitivity, colitis, ischemia-reperfusion injury, sickle cell disease and 

sepsis syndrome [38,124-131]. In humans, iNKT cells were shown to be 

increased in peripheral blood from children with severe therapy-resistant 

asthma and in the sputum of asthmatic patients [132,133]. Furthermore, pro-

inflammatory iNKT cells were increased in the lamina propria of inflammatory 

bowel disease (IBD) patients [134]. 

Besides their pro-inflammatory functions, iNKT cells also have 

immunomodulatory properties, because they protect mice from multiple 

sclerosis, graft-versus-host disease, type 1 diabetes and systemic lupus 

erythematosus [135-139]. Reduced frequencies of iNKT cells in the peripheral 

blood of patients with multiple sclerosis, type 1 diabetes, and systemic lupus 
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erythematosus patients were observed, suggesting a similar function for iNKT 

cells in humans. [140-143]. 

In the pathogenesis of liver disease, iNKT cells were shown to play both 

protective as well as pathogenic roles in a mouse model of carbon tetracloride 

(CCl4)-induced liver injury [144]. However, most recent studies propose a 

stronger pro-inflammatory role for iNKT cells in liver injury [145,146]. In 

humans, the role of iNKT cells in the development of liver fibrosis are still 

unclear, as both pro- and anti-fibrotic functions have been proposed [147-149].  

In summary, extensive research showed that iNKT cells are involved in many 

immunological processes, e.g., immune response against pathogens, anti-

tumor immunity, autoimmunity and liver fibrosis [38]. As iNKT cells are a rare 

cell population of the immune system, research is challenging and has been 

done mostly in mice. More studies are needed to clearly define the role of iNKT 

cells in health and disease. 
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2. Aim of the PhD thesis 

In this study, we generated mice with a T cell-specific KO of Lamtor2 at the 

early T cell developmental stage DN2/DN3. We observed significantly reduced 

proportions of iNKT cells in KO versus wild type (WT) mice. Therefore, we 

hypothesize that LAMTOR2 plays a critical role in the development and 

function of iNKT cells. The overall goal of this thesis was to study the role of 

LAMTOR2 in the regulation of iNKT cell development. This knowledge will 

provide critical insights into molecular mechanisms of LAMTOR2 deficiency in 

immune cells. 

The specific aims of the PhD thesis are: 

 

a. To analyze the function of LAMTOR2 in CD1d-mediated glycolipid 

antigen-processing in DP T cells during positive selection of iNKT cells. 

 

b. To determine the role of LAMTOR2 in the regulation of cell signaling 

pathways subsequently to positive selection of iNKT cells. 

 

c. To investigate if LAMTOR2 plays an important role in peripheral iNKT 

cell activation and in the development of a murine acute thymic 

involution (ATI) mouse model. 
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3. Materials and methods 

3.1 Materials 

All used chemicals, buffers, consumables, machines, tools, regents and kits 

are listed in Table 1-5. 

Table 1: List of chemicals. 

Chemical Company Order 

number 

5-Bromo-2’-deoxyuridine (5-BrdU) Jena 

Bioscience 

N-DN-1136-

5G 

Agarose Basic Applichem A8963 

Ammonium Chloride Sigma Aldrich A9434-500G 

Ammonium Persulfate Serva 13375.02 

Bromphenol Blue Roth A512.1 

Carbon Tetrachloride Sigma-Aldrich 289166-

100ML 

Ethanol absolut ≥99.5%, TechniSolv®, 

rein 

VWR 83813-440 

Ethidium bromide Applichem A1152,0010 

Glycerol ROTIPURAN®  ≥99.5 %, p.a. Roth 3783.1 

Glycin PUFFERAN®  ≥99 %, p.a. Roth 3908.3 

Milk Powder Blotting Grade Carl Roth T145.3 

Ortho-Phosphoric Acid (H3PO4) 85% Roth 6366.1 

Roti-Stock 20% SDS Carl Roth 1057.1 

Sodium Chloride Roth 9265.2 

Sodium Dodecylsulfate Roth 0183.1 

Sucrose Sigma Aldrich S0389-500G 

TEMED Carl Roth 2367.3 

TRIS, 5 kg Carl Roth 5429.2 

Tween ® 20 Applichem 142312.1611 

α-Galactosylceramide hellobio HB3751 
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β-Mercaptoethanol Sigma Aldrich M6250-100ml 

 

Table 2: List of buffers. 

Buffer Ingredients 

1 L 10x Running Buffer 144.1 g Glycine 

30.3 g Tris 

10 g SDS 

H2O up to 1 L 

1 L 10x Transfer Buffer 144.1 g Glycine 

30.3 g Tris 

10% Ethanol 

H2O up to 1 L 

1 L PBS-T 1 L of 1x PBS 

0.5 ml Tween20 

1 L Red Blood Cell (RBC) Lysis 

Buffer 

8.3 g Ammonium Chloride 

100 ml 0.1M Tris-HCL 

Adjust pH to 7.5 with HCL 

H2O up to 1 L 

1 L TBS 6.05 g Tris 

8.76 g NaCl 

Adjust pH to 7.5 with HCL 

H2O up to 1 L 

1 ml 1x Cell Lysis Buffer (CLB) 100 µl 10x Cell lysis buffer (Cell 

signaling) 

10 µl PMSF 

60 µl PIC 

830 µl H2O 

100 ml Lämmli Buffer 10 ml of 1.5 M Tris (pH6.8) 

6 ml 20% SDS 

30 ml Glycerol 

1.8 g Bromphenol Blue  

4% Mercaptoethanol 

H2O up to 100 ml 
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Table 3: List of consumables. 

Consumable Company Order 

number 

25G Needle BD Microlance 305760 

8 tubes PCR 0,2 ml Multiply 

µStripPro 

Sarstedt 72.991.002 

96-WELL FAST THERMAL 

CYCLING PLATES 

Thermo Fischer 

Scientific 

3436907 

Amersham Hybond P 0.45 PVDF GE lifesciences 10600023 

B Braun™ 04616057V Omnifix 5 ml 

Syringe 

B Braun 4616057V 

Falcon® 70 µm Cell Strainer, White Corning 352350 

FG, OPTICAL ADHESIVE COVERS Thermo Fischer 

Scientific 

4311971 

Filter Blue Cap FACS tubes BD 352235 

Sarstedt Inc MICROTUBES 1.5 

ML/1000 

Sarstedt 72.706.400 

Serologische Pipette 10ml Sarstedt 86.1254.025 

Serologische Pipette 25ml Sarstedt 86.1685.020 

Serologische Pipette 2ml Sarstedt 86.1252.001 

Serologische Pipette 5ml Sarstedt 86.1253.001 

TC dish 100 Sarstedt 83.3902 

TC-6 Well Plates Sarstedt 83.3920.300 

TC-96 Well Plates, Flat bottom Sarstedt 83.3924.005 

TC-96 Well Plates, round bottom Sarstedt 83.3925.500 

tips SafeSeal SurPhob Spitzen,10 

µl, extra lang 

Biozym VT0200 

tips SafeSeal SurPhob Spitzen,100 

µl 

Biozym VT0230 

tips SafeSeal SurPhob Spitzen,1250 

µl 

Biozym VT0270 

Tube 15ml Sarstedt 62.554.502 
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Tube 50ml Sarstedt 62.547.254 

 

Table 4: List of machines and tools. 

Machine/Tool Company 

96 Universal Gradient PEQSTAR PCR machine Peqlab 

ABI StepOnePlus Applied 

Biosystems 

BD FACS AriaTMIII BD 

BD LSR Fortessa BD 

Centrifuge 5424 R Eppendorf 

Centrifuge 5810 R Eppendorf 

ChemiDocTM XRS+ BioRAD 

Eppendorf Research Plus Pipettes (10, 100, 1000) Eppendorf 

Forceps 91197-00 FST 

Heracell 204i Incubator Thermo Fischer 

Mini-PROTEAN® Vertical Electrophoresis Cell, 4-gel, for 

0.75 mm thick handcast gels, #1658000FC 

BioRAD 

NanoDrop 2000 Thermo 

Scientific 

Orbital Shaker Polymax 1040 Heidolph 

Pipetus® Hirschmann 

Scissors 91460-11 FST 

Synergy H1 Hybrid Reader BioTek 

Thermomixer comfort Eppendorf 

 

Table 5: List of reagents and kits. 

Reagent/Kit Company Order 

number 

eBioscience™ TMB Solution (1X) Invitrogen 00-4201-56 

APC BrDU Kit BD 552598 

BD Cytofix/Cytoperm™ solution BD 554722 
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BD Fixable Viability Stain 700 BD 564997 

BlueRay Prestained Protein Marker Jena Bioscience PS-103 

Cell Lysis Buffer (10x) Cell Signaling 9803S 

DirectPCR Lysis Reagent Tail Peqlab 31-102-T 

DPBS, no calcium, no magnesium Thermo Fischer 

Scientific 

14190144 

Gibco™ Fetal Bovine Serum Gibco 10500064 

Gibco™ Trypan Blue Solution, 0.4% Gibco 15250061 

HEPES (1M) 100ml Gibco 15630056 

High-Capacity cDNA Reverse 

Transcription Kit 

Thermo Fischer 

Scientific 

4368813 

Mid Range DNA Ladder Jena Bioscience M-203L 

Mouse CD1d-PBS-57-Tetramer-BV421 

 

NIH Tetramer Core 

Facility 

 

Mouse CD1d-unloaded-Tetramer-

BV421 

NIH Tetramer Core 

Facility 

 

Mouse IFN-gamma DouSet ELISA R&D Systems DY-485-05 

Oligo(dT)18 Primer Thermo Fischer 

Scientific 

S0132 

OneTaq® Quick-Load® 2X Master Mix 

with Standard Buffer 

NEB M0486L 

Penicillin-Streptomycin (5,000 U/mL) Thermo Fischer 

Scientific 

15070063 

PIC Protease Inhibitor Cocktail Sigma P8340 

PMSF (Protease Inhibitor) Alpha Diagnostics PMSF16-S-

50 

Powrup SYBR Mastermix Thermo Fischer 

Scientific 

A25778 

Proteinase K Peqlab 04-1070 

Restore™ Western Blot Stripping Buffer Thermo Fischer 

Scientific 

21063 

RiboLock RNase Inhibitor Thermo Fischer 

Scientific 

E00382 
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RNeasy Plus Mini Kit (250) Qiagen 74136 

ROTI®Quant, 500 ml, 2000 Assays 

(Küvetten) 

Carl Roth K015.1 

ROTIPHORESE®Gel 30 (37,5:1), 1 Carl Roth 3029.1 

RPMI 1640 Medium, GlutaMAX™ 

Supplement 

Thermo Fischer 

Scientific 

61870036 

Sodium Pyruvate (100 mM) Thermo Fischer 

Scientific 

11360070 

SuperSignal West Dura Extendet 

Duration Substrate 

Thermo Fischer 

Scientific 

34076 

 

3.2 Mouse strain and housing conditions 

To study the role of LAMTOR2 in iNKT cell development pTa-Creki/wt mice 

(Ptcratm1(icre)Hjf; C57BL/6J background, generated by Prof. Dr. Hans Jörg 

Fehling, Ph. D., provided by EMMA Mouse Repository, Dr. Susan Marschall) 

and Lamtor2flox/flox mice ([13], C57BL/6J background, provided by Prof. Dr. 

Lukas Alfons Huber, M.D.) were crossed. pTa-Creki/wt-Lamtor2flox/flox mice 

exhibit a conditional deletion of Lamtor2 in very early T cell developmental 

stages (DN2/DN3) in the thymus. 

Mouse studies were carried out at the Specific-Pathogen-Free (SPF) animal 

facility of the LMU Munich according to the “Deutsches Tierschutzgesetz”, the 

Directive 2010/63/EU, and the European Convention for the Protection of 

Vertebrate Animals used for Experimental and Other Scientific Purposes (ETS 

no. 123). Animal experiments were analyzed according to international 

standards such as the ARRIVE guidelines. The mouse studies have been 

approved by the Regierung von Oberbayern on November 28th, 2018. 

3.3 Genotyping PCRs 

Prior to each experiment mice were genotyped for detection of the Cre 

recombinase and loxP-flanked Lamtor2 [13]. Primer sequences are listed in 

Table 6. 
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Table 6: List of genotyping primers. 

Primer Sequence 

Cre forward 5’-CCTGGGATGGGAGTGGGACCTG-3’ 

Cre reverse KI 5’-GATCCAGCACCAGAAGCAAGTGCCTA-3’ 

Cre reverse WT 5’-GTGAGAGCCAAATAGGGAGGCAAGA-3’ 

loxP Lamtor2 for [13] 5’-GGTGACTACAACTCCCAGGCG-3’ 

loxP Lamtor2 rev [13] 5’-TGTTGGCTTGGCTTAGCACC-3’ 

 

For genotyping, mouse tails were lysed in 200 µl DirectPCR Lysis Reagent Tail 

buffer supplemented with 0.2 mg/ml Proteinase K and incubated for 3 – 16 h 

at 900 rpm and 56 °C. For the inactivation of Proteinase K, samples were 

heated for 50 minutes (min) at 85 °C. After centrifugation at 10,000 g for 30 

seconds (sec), DNA containing supernatants were transferred to a new tube 

and stored at -20 °C. The reaction mixes for each sample were assembled 

according to Table 7. The polymerase chain reaction (PCR) programs for the 

Cre PCR and LoxP Lamtor2 PCR are listed in Table 8 and Table 9, 

respectively. 

Table 7: Reaction mix for genotyping PCRs 

Reagent µl per sample 

OneTaq® Quick-Load® 2X Master Mix 10 

Template DNA 1 

Primer (each) 1 

H2O add to 20 

Total volume 20 

  

Table 8: PCR program for Cre PCR. 

Step Temperature Time Cycles 

1 94 °C 2’00’’  

2 94 °C 20’’ 

35 cycles 3 60 °C 30’’ 

4 72 °C  45’’ 
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5 72 °C  5’00’’  

6 4 °C Hold  

 

Table 9: PCR program for LoxP Lamtor2 PCR. 

Step Temperature Time Cycles 

1 95 °C 5’00’’  

2 95 °C 30’’ 

30 cycles 3 58 °C 30’’ 

4 72 °C  45’’ 

5 72 °C  5’00’’  

6 4 °C Hold  

 

To detect the PCR products, a 2% agarose gel containing ethidium bromide 

(1:10000) in 1x Tris Buffered Saline (TBS) was prepared. Mid Range DNA 

Ladder (6 µl) and samples were loaded into the gel slots and the 

gelelectrophoresis was conducted at 120 Volt (V) for 40 min. The gel was 

imaged using a BioRAD-ChemiDocTM XRS+. 

3.4 Western Blot analysis 

To confirm the deletion of LAMTOR2 in the KO mice on protein level, 

thymocytes and cells from the lymph nodes (LN) were harvested and span 

down at 350 g, 5 min, 4 °C. The cell pellet was resuspended in 30 µl 1x Cell 

Lysis Buffer (CLB) and incubated for 40 min on ice. After centrifugation (20 

min, max. speed, 4 °C) the supernatant was transferred into a new tube and 

either directly used for Western blot analysis or frozen at -80 °C. 

To analyze the protein quantity, 200 µl Bradford Reagent (1:5 diluted with H2O) 

and 1 µl protein sample were mixed in a 96-well plate. After incubation for 10 

min at room temperature (RT), the absorption at 595 nm was measured using 

a Synergy H1 Hybrid Reader. 

For preparation of the sodium dodecyl sulfate (SDS)-gel, spacer plates and 

short plates were clamped together. The reaction mixes for the preparation of 

SDS-gels are listed in Table 10. 
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Table 10: Reaction mixes for SDS-Gel preparation. 

15% separating gel (10 ml) 6% stacking gel (4 ml) 

2.4 ml H2O 2.7 ml H2O 

5 ml acrylamide (30%) 0.8 ml acrylamide (30%) 

2.5 ml 1.5 M tris (pH 8.8) 0.5 ml 1 M tris (pH 6.8) 

50 µl SDS (20%) 20 µl SDS (20%) 

100 µl APS (10%)  40 µl APS (10%) 

10 µl TEMED 4 µl TEMED 

 

The separating gel was prepared first and poured between the plates, with 

leaving enough room for the stacking gel. After polymerization for 20 min, the 

stacking gel was prepared, poured between the plates and next, the clamp 

was inserted. The stacking gel polymerized for 20 min and the clamp was 

removed carefully. 

The gel was assembled into the electrophoresis chamber. 6 µl of Lämmli buffer 

were added to 24 µl of diluted protein samples (20 µg protein/sample) and the 

samples were incubated for 10 min at 95 °C. 1x running buffer was filled into 

the gel chamber. 6 µl of protein marker and samples were loaded into the gel 

slots. The gel electrophoresis was conducted at 80 V for 15 min, followed by 

~1.5 h at 125 V. The Western blot sandwich with ethanol-activated 

polyvinylidene fluoride (PVDF) membrane was assembled and placed into the 

tank filled with 1x transfer buffer. The transfer ran for 50 min at 400 mA at 4 

°C. 

The membrane was blocked with 5% milk powder diluted in 1x Phosphate 

Buffered Saline (PBS) for 2 hours (h). Next, the membrane was incubated with 

primary antibodies (Table 11) diluted in 5 % milk/PBS on the orbital shaker at 

4 °C over night. After 12 h of incubation, the membrane was washed three 

times with PBS-Tween (PBS-T) for 5-10 min, followed by incubation with 

Horseradish peroxidase (HRP)-conjugated secondary antibody (diluted in 5% 

milk/PBS) for 1 h at RT. Prior to chemiluminescence detection, the membrane 

was washed for 3 x 5-10 min with PBS-T. Next, the membrane was incubated 

for 2 min with 1 ml Super Signal West Dura Extended Duration Substrate (500 
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µl of solution A and B each) and then the chemiluminescence was detected 

using a BioRAD-ChemiDocTM XRS+. Prior to incubation with the next primary 

antibody, the membrane was stripped with 8 ml of Stripping buffer for 15 min 

and washed for 3 x 5 min with PBS-T. 

Table 11: List of Western Blot antibodies. 

Antibody Concentration Company Order 

number 

Anti-rabbit IgG, HRP-

linked Antibody 

1:3000 Cell Signaling #7074 

LAMTOR2/ROBLD3 

(D7C10) Rabbit mAb 

1:1000 Cell Signaling #8145 

β-Actin Antibody (C4) 1:3000 Santa Cruz 

Biotechnology 

sc-47778 

 

3.5 RNA isolation 

To detect mRNA expression levels, mRNA was isolated using the RNeasy Plus 

Mini Kit. Frozen cell pellets were resuspended in 350 µl RLT plus buffer, 

supplemented with 3.5 µl β-Mercaptoethanol. The next steps were performed 

according to the manufacturer’s instructions (Qiagen). In the final step, RNA 

was eluted in 16 µl nuclease-free H2O. RNA concentration was measured 

using a NanoDrop and RNA was stored at -80 °C. 

3.6 cDNA synthesis 

Up to 2 µg RNA were used for cDNA synthesis (High-Capacity cDNA Reverse 

Transcription Kit) in a total reaction volume of 20 µl. The reaction mix per 

sample was set up in a PCR tube (shown in Table 12). The PCR program for 

cDNA synthesis is displayed in Table 13. cDNA samples were stored at -20 

°C. 
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Table 12: Reaction mix per sample for cDNA synthesis. 

Component Volume (µl) 

Template (RNA) 10 

10x RT buffer 2 

25x dNTP Mix (100mM) 0.8 

10✕ RT Random Primers 1 

Oligo(dT)18 Primer 1 

MultiScribe™ 

Reverse Transcriptase 

1 

Ribolock 1 

Nuclease-free H2O 3.2 

Total per reaction 20 

 

Table 13: PCR program for cDNA synthesis. 

 Step1 Step2 Step3 Step4 

Temerature (°C) 25 37 85 4 

Time (min) 10 120 5 ∞ 

3.7 Quantitative real-time PCR 

To detect mRNA expression levels, quantitative real-time PCR (qPCR) 

analysis was performed using the Powrup SYBR Mastermix. Each qPCR was 

run in duplicates. The qPCR was assembled in a 96-Well Fast Thermal Cycling 

Plate using the components listed in Table 14. qPCR primers are displayed in 

Table 15. 

Table 14: qPCR reaction mix per sample. 

Component Volume (µl) 

cDNA (≥2.5 ng/µl) 2.5 

SYBR 5 

Fw primer 1.25 

Rv primer 1.25 

 



Materials and methods 

29 
 

Table 15: List of qPCR primers. 

Primer Sequence 

Lamtor2 forward 5’-TCTGGGCCGCGTATGATAGG-3’ 

Lamtor2 reverse 5’-CACGCTGTTATGATGCTGCTACTT-3’ 

Rps9 forward 5’-CTGGACGAGGGCAAGATGAAGC-3’ 

Rps9 forward 5’-TGACGTTGGCGGATGAGCACA-3’ 

Va14-Ja18 forward [150] 5’-TCTAGAATTCTAAGCACAGCAC-3’ 

Va14-Ja18 reverse [150] 5’-CAATCAGCTGAGTCCCAGCT-3’ 

 

The plate was covered with a FG,Optical Adhesive Cover and span down 

shortly. The qPCR was run on the ABI StepOnePlus instrument using the PCR 

program summarized in Table 16. 

Table 16: qPCR program. 

Step Temperature Time Cycles 

1 50 °C 2’  

2 95 °C 10’  

3 95 °C  15’’ 
41 cycles 

4 60 °C 1’ 

5 60 °C - 95 °C + 0.3 °C  

15’’ 

ramp up 

The Ct values were normalized to the housekeeping gene (Rps9), then the 

relative expression levels were calculated. Data are presented as fold 

induction compared to control samples. 

3.8 Flow cytometry  

To analyze iNKT and T cell populations by flow cytometry, mice were sacrificed 

by cervical dislocation and thymus, spleen, and liver were collected and 

processed to single cell suspensions using 70 µm cell strainers. Splenocytes 

and hepatocytes were lysed with 1 ml Red Blood Cell (RBC) Lysis Buffer at 

RT for 5 min and washed with 10 ml 2% FBS in PBS. Up to 1 x 107 cells in a 

total volume of 100 µl were stained with antibodies or tetramer for 30 min at 4 

°C. The fluorescence-activated cell sorting (FACS) antibodies are listet in 
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Table 17, the tetramer is listed in Table 5. Next, cells were washed and 

resuspended in 300 µl 2% FBS/PBS. Cell populations were analyzed on a BD 

LSR Fortessa and analysis was carried out using FlowJo Single Cell Analysis 

Software v10. 

For Phosflow analysis, cells were washed with 1 ml 2 % FBS in PBS after 

surface antibody/tetramer staining and then fixed with 100 µl BD 

Cytofix/Cytoperm for 30 min at 4 °C. Next, cells were washed twice with 400 

µl 1 x BD Perm/Wash (1:10 diluted with H2O), followed by intracellular staining 

with Phospho-p70 S6 Kinase Rabbit mAb (Table 17) in a total volume of 100 

µl 1x BD Perm/Wash for 60 min at RT. Cells were washed again with 400 µl 1 

x BD Perm/Wash and then stained with Goat anti-Rabbit IgG Secondary 

Antibody - Alexa Fluor 568 (Table 17) in a total volume of 100 µl 1x BD 

Perm/Wash for 15 min at RT. Finally, cells were washed with 400 µl 1 x BD 

Perm/Wash, then washed with 1 ml 2 % FBS/PBS, and resuspended 300 µl 

2% FBS/PBS prior to FACS analysis. 

Table 17: List of FACS antibodies. 

Antibody Clone Working 

Concentration 

Company Order 

number 

Alexa Fluor® 488 

anti-mouse TCR β 

chain Antibody 

 

H57-597 

1:100 BioLegend 109215 

APC anti-mouse 

CD4 Antibody 

 

GK1.5 

1:100 BioLegend 100412 

Brilliant Violet 510™ 

anti-mouse CD24 

Antibody 

 

M1/69 

1:200 BioLegend 101831 

Brilliant Violet 650™ 

anti-mouse/human 

CD44 Antibody 

 

IM7 

1:200 BioLegend 103049 

CD45R (B220) 

Monoclonal Antibody 

 

RA3-6B2 

1:100 eBioscience 47-

0452-82 
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Antibody Clone Working 

Concentration 

Company Order 

number 

(RA3-6B2), APC-

eFluor 780 

FITC anti-mouse 

CD1d (CD1.1, Ly-38) 

Antibody 

 

1B1 

1:100 BioLegend 123507 

FITC anti-mouse 

CD3 Antibody 

 

17A2 

1:100 BioLegend 100204 

Goat anti-Rabbit IgG 

(H+L) Highly Cross-

Adsorbed Secondary 

Antibody, Alexa 

Fluor 568 

Polyclonal 1:800 Invitrogen A11036 

Pacific Blue™ anti-

mouse CD45 

Antibody 

 

30-F11 

1:100 BioLegend 103126 

PE anti-mouse CD19 

Antibody 

 

6D5 

1:100 Biolegend 115508 

PE anti-mouse CD8a 

Antibody 

 

53-6.7 

1:200 BioLegend 100708 

PE/Cyanine7 anti-

mouse NK-1.1 

Antibody 

 

PK136 

1:100 BioLegend 108714 

PE/Cyanine7 anti-

mouse α-

GalCer:CD1d 

complex Antibody 

 

L363 

1:100 BioLegend 140516 

PerCP/Cyanine5.5 

anti-mouse CD25 

Antibody 

 

3C7 

1:50 BioLegend 101912 
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Antibody Clone Working 

Concentration 

Company Order 

number 

Phospho-p70 S6 

Kinase (Thr389) 

(108D2) Rabbit mAb 

108D2 1:100 Cell 

Signaling 

9234P 

 

3.9 Cell sorting 

Thymocytes/splenocytes were resuspended in 500 ul 2% FCS/PBS. Up to 5 x 

107 cells were stained with CD4-APC (1:100) and CD8-PE (1:100) or B220-

APC-AF780 (1:100) and CD19-PE (1:100) for 30 min, 4 °C (Table 17). Next, 

cells were washed and resuspended in 1 ml 2% FBS/PBS. DP T cells 

(CD4+CD8+) and B cells (B220+CD19+) were sorted on a BD FACS AriaTMIII. 

Sorted cells were span down (350 g, 4 °C) and cultured for activation of 2E10 

hybridoma cells or cell pellets were frozen at -80 °C for RNA isolation. 

3.10 Cells and cell culture 

Cells were cultured in the incubator at 37 °C, 100% saturated humidity and 

5% CO2. The 2E10 NKT hybridoma cell line was generated and kindly 

provided by Dashtsoodol Nyambayar, M.D., Ph.D (Department of Hematology 

and Medical Oncology, Klinikum rechts der Isar and TranslaTUM Cancer 

Center, Technische Universität München, München, Germany) [151]. This cell 

line was cultured in RPMI 1640 medium supplemented with 10% FBS, 2 mM 

L-glutamine, 1 mM sodium pyruvate, 1% penicillin/streptomycin and 10 mM 

HEPES in 10 cm culture dishes. 

3.11 Activation of 2E10 hybridoma cells 

1.25 x 106 sorted DP T cells from pTa-Crewt/wt-Lamtor2f/f, pTa-Creki/wt-

Lamtor2wt/wt or pTa-Creki/wt-Lamtor2f/f mice we pre-incubated with 100 mM aGC 

for 1 h in a 96-well plate. Next, 2.5 x 105 2E10 NKT hybridoma cells were co-

cultured with DP T cells to examine the ability of LAMTOR2-deficient DP 

thymocytes to stimulate IFN-γ release the 2E10 cells. DP T cells or 2E10 

hybridoma cells served as controls. Supernatants were collected after 24 h of 
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incubation and production of IFN-γ was quantified by Enzyme-linked 

Immunosorbent Assay (ELISA). 

3.12 Enzyme-linked Immunosorbent Assay 

Levels of IFN-γ were determined by Enzyme-linked Immunosorbent Assay 

(Mouse IFN-gamma DouSet ELISA) and performed according to the 

manufacturer’s instructions. Prior to detection 100 µl pre-warmed 

eBioscience™ TMB Solution (1X) were added per well. After ca. 20 min of 

incubation at RT in the dark, the reaction was stopped by adding 50 µl stop 

solution (1M H3PO4) to each well. Spectrometric analysis at 450 nm (Synergy 

H1 Hybrid Reader) was obtained and IFN-γ concentrations were calculated 

based on standard curves. 

3.13 In vivo administration of aGC 

In oder to analyze the ability of aGC presentation on DP T cells, 6-8 weeks old 

mice were injected intraperitoneally (i.p.) with 2 µg aGC in a final volume of 

100 µl sterile PBS, supplemented with 0.5% Tween® 20 and 5.6% Sucrose, 

at day 0 and day 4. As controls, mice were injected with 100 µl diluent (sterile 

PBS + 0.5% Tween® 20 and 5.6% Sucrose). One hour after the second 

injection, mice were sacrificed and thymocytes, splenocytes and hepatocytes 

were isolated and washed with 10 ml 2% FBS in PBS. Red blood cells were 

lysed with 1 ml RBC Lysis Buffer at RT for 5 min. Cells were washed with 10 

ml 2% FBS in PBS and resuspended in 1 ml 2% FBS in PBS. 1 x 107 

cells/sample were stained with cell surface antibodies/tetramer (Table 17 and 

Table 5, respectively) for 30 min at 4 °C. NKT cell populations and aGC-loading 

onto CD1d was analyzed by flow cytometry. 

3.14 In vivo bromodeoxyuridine incorporation 

To analyze iNKT cell proliferation, 6-8 weeks old mice were injected i.p. with 1 

mg/ml bromodeoxyuridine (BrdU), diluted 100 µl sterile PBS, followed by 2 

days of supplying BrdU in drinking water (1 mg/ml BrdU, light protected, daily 

water change). Mice were sacrificed, thymocytes were isolated, washed with 

10 ml 2% FBS in PBS and 1 x 107 cells/sample were stained with cell surface 
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antibodies/tetramer and Fixable Viability Stain (FVS) (Table 5 and 17) for 30 

min at 4 °C. Next, cells were prepared for BrdU incorporation analysis using 

the BrdU Flow Kit according to the manucaturer’s instructions (BD 

Pharmingen). Briefly, cells were fixed, permeabilized, treated with DNase, and 

stained with anti-BrdU-APC. The BrdU incorporation was measured by flow 

cytometry at a speed of 800 events/sec. 

3.15 In vivo acute thymic involution (ATI) mouse model 

To investigate, whether iNKT cells contribute to thymic inflammation, we 

applied a toxin-induced acute thymic involution (ATI) mouse model, using 

carbon tetrachloride (CCL4), as previously described by Scholten et al. [152]. 

For the induction of an ATI, mice were injected once with 1 ml CCl4/kg body 

weight i.p., diluted in a final volume of 100 µl sterile corn oil. 48 hours after the 

injection, mice were weighted and sacrificed. The thymus was isolated, 

weighted and processed to single cell suspensions. Cells were washed with 1 

ml 2% FBS in PBS and up to 2 x 107 cells/sample were stained in 100 ul 2 % 

FBS in PBS for FACS analysis. 

3.16 Statistical analysis 

Statistical analysis was performed using Prism software (GraphPad Software 

Inc.). Differences between groups were analyzed by ANOVA or Student’s t-

test. Data are presented as mean ± standard deviation. Results showing a p-

value <0.05 were considered statistically significant. 
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4. Results 

4.1 Generation of pTα-Cre-Lamtor2flox/flox mice 

To investigate the role of LAMTOR2 during early T cell development, we 

generated pTα-Cre-Lamtor2flox/flox mice by crossing pTa-Creki/wt mice 

(Ptcratm1(icre)Hjf; C57BL/6J background, generated by Prof. Dr. Hans Jörg 

Fehling, Ph. D., provided by EMMA Mouse Repository, Dr. Susan Marschall) 

and Lamtor2flox/flox mice ([13], C57BL/6J background, provided by Prof. Dr. 

Lukas Alfons Huber, M.D.). These conditional KO mice exhibit a T cell-specific 

deletion of Lamtor2, starting at T cell developmental stage DN2/DN3 (Fig. 9A). 

Efficient Lamtor2 deletion of mRNA was confirmed in CD3+B220- and CD3-

B220- T cells in the thymus as well as in CD3+B220- T cells in the lymph nodes 

(LN) of pTα-Cre-Lamtor2fl/fl mice by qPCR (Fig. 9B). Furthermore, LAMTOR2 

protein was neither detectable in CD3+B220- and CD3-B220- thymic T cells nor 

CD3+B220- T cells from LN of pTα-Cre-Lamtor2fl/fl mice by Western Blot 

analysis (Fig. 9C). 

As mice with expression of the Cre recombinase lack one allele of the pre-

TCRα gene (ptrca), which might lead to toxicity, off-target effects or might have 

a direct effect on T cell development, we used both pTa-Crewt/wt-Lamtor2f/f and 

pTa-Creki/wt-Lamtor2wt/wt mice as control mice in our studies. pTa-Crewt/wt-

Lamtor2f/f control mice are referred to as WT mice, pTa-Creki/wt-Lamtor2wt/wt 

control mice are referred to as Cre transgene control mice and pTa-Creki/wt-

Lamtor2f/f are referred to as KO mice in the further analyses. 

Initial characterization of WT, Cre transgene control and KO mice revealed no 

significant differences of thymus weight and total thymocyte cell numbers in 

KO mice (2.60±0.87 g/103, 0.54±0.24 x107) compared to WT (3.51±1.31 g/103, 

0.75±0.30 x107) and Cre transgene control  (3.16±0.99 g/103, 0.63±0.22 x107) 

mice (Fig. 9D). Cre transgene control mice had only slightly but not significantly 

reduced thymus weight and total thymocyte cell numbers compared to WT 

mice. 
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Figure 9: Generation of pTaCre-Lamtor2fl/fl mice. A) Schematic overview of the 
pTaCre-Lamtor2fl/fl mouse model. In this mouse model, deletion of Lamtor2 is induced 
specifically in T cells upon expression of pre-TCRα at developmental stage DN2-DN3. 
B) qPCR for analysis of mRNA deletion efficiency of Lamtor2 in T cells of thymus and 
lymph nodes (LN) of pTaCre-Lamtor2fl/fl mice. Lamtor2 mRNA was efficiently deleted 
in B220-CD3+ and B220-CD3- thymic T cells as well as in B220-CD3+ T cells in the 
lymph nodes. Data (mean ± SD) shown are calculated from 3 independent 
experiments with 2-4 mice per genotype. C) Western Blot for analysis of protein 
deletion efficiency of LAMTOR2 in T cells of thymus and LN of pTaCre-Lamtor2fl/fl 
mice. LAMTOR2 protein was not detected in B220-CD3+ and B220-CD3- thymic T cells 
and in B220-CD3+ T cells from lymph nodes. Data are representative of 3 independent 
experiments with 2-4 mice per genotype. D) Analysis of the thymus weight and 
numbers of thymocytes/thymus in pTaCre-Lamtor2fl/fl mice. Thymus weight per body 
weight and the total number of cells per thymus did not differ significantly between 
WT (pTaCrewt/wt-Lamtor2fl/fl), Cre (pTaCreki/wt-Lamtor2wt/wt) and KO (pTaCreki/wt-
Lamtor2fl/fl) mice. Data (mean ± SD) shown are calculated from 3-5 independent 
experiments with 2-4 mice per genotype. 

 

4.2 LAMTOR2 is dispensable for conventional T cell 

development after stage DN2/3 

Immunophenotypic analysis of conventional T cell progenitor subsets revealed 

normal proportions of double negative (DN) CD4-CD8- committed T-cell 
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precursor, double positive (DP) CD4+CD8+ T cells, CD4+ single positive (CD4 

SP) T cells, and CD8+ single positive (CD8 SP) T cells of KO mice compared 

to WT and Cre transgene control mice (Fig. 10A and 10B). We also assessed 

the earliest developmental stages DN1-DN4 by analysis of the expression of 

CD25 and CD44 antigens on DN cells (DN1: CD44+CD25-, DN2: 

CD44+CD25+, DN3: CD44-CD25+, DN4: CD44-CD25-). DN1-DN3 early T cell 

developmental stages were similar in WT, Cre transgene control and KO mice. 

However, KO mice (1.60±0.66 x106) exhibited significantly more cells in stage 

DN4 compared to WT (0.67±0.35 x106) and Cre transgene control (0.76±0.43 

x106) mice, but further conventional T cell development was not impaired, as 

shown in normal numbers of DP and SP cells (Fig. 10B). Therefore, we 

propose that LAMTOR2 is not required for conventional T cell development 

after early developmental stage DN2/DN3.  

 

Figure 10: Normal conventional T cell development in Lamtor2 KO mice. A) 
Representative flow cytometry based immunophenotyping of conventional T cell 
developmental stages in WT, Cre transgene control and Lamtor2 KO mice. Data are 
representative of 3 independent experiments with 2-4 mice per genotype. B) 
Quantification of absolute numbers of conventional T cells in each developmental 
stage in WT, Cre transgene control and KO mice. Lamtor2 KO mice exhibit a 
significantly increased total number of T cells in developmental stage DN4 as 
compared with WT and Cre transgene control mice, but no significant differences in 
DP, CD4 SP and CD8 SP were observed. Data (mean ± SD) shown are calculated 
from 3 independent experiments with 2-4 mice per genotype. 
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4.3 LAMTOR2 is required for thymic iNKT cell development 

iNKT cells specifically bind to glycolipid-loaded CD1d tetramers (e.g., 

PBS57/CD1d tetramer, provided by the NIH tetramer core facility [50]), which 

can be used to uniquely identify them. Flow cytometry analysis showed a 

significant reduction of PBS57/CD1d tetramer+TCRβ+ iNKT cells in the thymus, 

spleen and liver of Lamtor2 KO mice (0.01±0.01%, 0.01±0.01%, 0.17±0.20%) 

compared to WT (0.53±0.22%, 0.62±0.16%, 4.92±2.08%) and Cre transgene 

control (0.60±0.29%, 0.57±0.28%, 3.86±1.87%) mice (Fig. 11A and 11B), 

suggesting that LAMTOR2 is required for iNKT cell development. 

 

Figure 11: Impaired iNKT cell development in Lamtor2 KO mice. A) 
Representative flow cytometry analysis of iNKT cell proportions in thymus, spleen and 
liver of WT, Cre transgene control and Lamtor2 KO mice (n = 3 experiments, 2-4 mice 
per genotype). B) Quantification of iNKT cell proportions as percentage of whole 
thymocytes/splenocytes/hepatocytes in WT, Cre transgene control and Lamtor2 KO 
mice. Proportions of iNKT cells are significantly reduced in thymus and peripheral 
organs in Lamtor2 KO mice. Data (mean ± SD) shown are calculated from 
3 independent experiments with 2-4 mice per genotype. 
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4.4 Rearrangement of invariant TCR is intact in LAMTOR2-

deficient T cells 

iNKT cells express a limited repertoire of invariant TCRs [48]. Each TCR 

contains a single Vα14 and Jα18 DNA segment combined with one of three 

Vβ segments (Vβ8, Vβ2, or Vβ7). To test whether LAMTOR2 is required for 

the rearrangement of the Vα14 to the Jα18 gene segment at the CD4+CD8+ 

DP developmental stage, we quantified the expression levels of Vα14-Jα18 

transcripts in sorted DP T cells, whole thymocytes and sorted splenic B cells 

by qPCR (Fig. 12). mRNA levels of Vα14-Jα18 transcripts in DP T cells were 

normal in KO mice, suggesting that TCR rearrangement at the DP stage 

remains intact and iNKT lineage commitment has successfully occurred in the 

absence of LAMTOR2. However, Vα14-Jα18 transcripts were significantly 

reduced in whole thymocytes of Lamtor2 KO mice (fold change 0.38±0.16), 

compared to WT (fold change 6.48±3.60) and Cre transgene (fold change 

8.35±4.03) controls, which reflects the strong overall reduction of thymic iNKT 

cell numbers in Lamtor2 KO mice (positive control). Vα14-Jα18 transcripts 

were undetectable in sorted splenic B cells in all samples, confirming qPCR 

primer specificity (negative control). In summary, our data suggests that 

LAMTOR2 is not required for TCR rearrangement in iNKT cells. 

 

Figure 12: Va14-Ja18 TCR rearrangement is normal in Lamtor2 KO mice. qPCR 
analysis showed that Va14-Ja18 mRNA expression in sorted DP T cells is not altered 
in Lamtor2 KO mice, indicating functional Va14-Ja18 TCR rearrangement. Reduced 
amounts of Va14-Ja18 mRNA in whole thymocytes in Lamtor2 KO mice reflect 
reduced overall numbers of thymic iNKT cells in Lamtor2 KO mice. As a control, 
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sorted splenic B cells from WT, Cre transgene control and Lamtor2 KO mice were 
tested negative for Va14-Ja18 mRNA expression. Data (mean ± SD) shown are 
calculated from 3 independent experiments with 2-4 pooled mice per genotype. 

 

4.5 iNKT cell development in LAMTOR2-deficient mice is 

blocked at early developmental stages  

To investigate which step of iNKT cell development is affected by deletion of 

Lamtor2, we systematically analyzed the developmental stages during iNKT 

cell maturation. First, positively selected iNKT cells downregulate CD4 and 

CD8 and become DPdull cells, before they move on to become CD4+ or DN 

iNKT cells [150,153-155]. Flow cytometric analysis revealed reduced 

proportions of CD1d:PBS-57-tetramer+TCRβ+ iNKT cells in the DPdull gate in 

Lamtor2 KO mice (Fig. 13A and 13B), suggesting that positive selection of 

iNKT cells might be impaired. Next, we analyzed iNKT cell developmental 

stage 0 (ST0: CD1d:PBS-57-tetramer+TCRβ+CD24+), stage 1 (ST1: 

CD1d:PBS-57-tetramer+TCRβ+CD24-CD44loNK1.1−), stage 2 (ST2: 

CD1d:PBS-57-tetramer+TCRβ+CD24-CD44hiNK1.1−) and stage 3 (ST3: 

CD1d:PBS-57-tetramer+TCRβ+CD24- CD44hiNK1.1+). Whereas frequencies of 

iNKT cells in developmental stages ST0, ST1, and ST2 were increased in 

Lamtor2 KO mice, proportions of iNKT cells in ST3 were significantly reduced 

(Fig. 13C and 13D). Quantification of absolute numbers of iNKT cells in the 

individual stages revealed strongly reduced numbers of ST2 (WT: 0.21±0.10 

x105, Cre: 0.22±0.12 x105, KO: 0.0022±0.0010 x105) and ST3 (WT: 3.28±0.99 

x105, Cre: 4.12±1.56 x105, KO: 0.0003±0.0008 x105) iNKT cells, indicating that 

cells do not develop beyond ST1 in Lamtor2 KO mice (Fig. 13E). Therefore, 

we propose that LAMTOR2 plays an important role in positive selection and/or 

early iNKT cell development. 
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Figure 13: iNKT cells of Lamtor2 KO mice do not develop beyond developmental 
stage ST1. A) Flow cytometry analysis of proportions of DPdull iNKT cells in thymus of 
Lamtor2 KO mice. Data are representative of 4 independent experiments with 2-4 
mice per genotype. B) Quantification of proportions of thymic DPdull iNKT cells in WT, 
Cre transgene control and Lamtor2 KO mice. Lamtor2 KO mice exhibit reduced 
proportions of DPdull iNKT cells. Data (mean ± SD) shown are calculated from 4 
independent experiments with 2-4 mice per genotype. C) Proportions of 
developmental stages ST0, ST1, ST2 and ST3 in WT, Cre transgene control and 
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Lamtor2 KO mice. Data are representative of 4 independent experiments with 2-4 
mice per genotype. D) Quantification of proportions of thymic iNKT cells in ST0-ST3 
in WT, Cre transgene control and Lamtor2 KO mice. Lamtor2 KO mice exhibit 
increased proportions of cells in developmental stages ST0, ST1 and ST2, but 
reduced proportions of ST3 iNKT cells. Data (mean ± SD) shown are calculated from 
4 independent experiments with 2-4 mice per genotype. E) Absolute numbers of iNKT 
cells in each stage (ST0-ST3). Lamtor2 KO mice lack iNKT cells in ST2 and ST3. 
Data (mean ± SD) shown are calculated from 3 independent experiments with 2-4 
mice per genotype.  

 

4.6 aGC presentation of DP T cells is reduced in LAMTOR2-

deficient mice leading to impaired positive selection of iNKT 

cells 

Once the Vα14-Jα18 rearrangement has occurred in a DP T cell, the lineage 

specified Vα14-Jα18-Vβ8/2/7 TCR allows its positive selection mediated by 

CD1d-presented glycolipids expressed on another DP T cell [39]. aGC is a 

synthetic glycolipid antigen and it is commonly used as a potent agonist to 

selectively activate iNKT cells [95]. To assess the ability of DP thymocytes to 

present αGC onto CD1d, we treated sorted DP thymocytes from WT, Cre 

transgene control and Lamtor2 KO mice with αGC for the indicated time points 

and analyzed the surface expression of αGC-loaded CD1d using an antibody 

specifically detecting the αGC-CD1d complex (clone L363) by flow cytometry. 

Upon aGC stimulation for 24 h, we detected an increased proportion of αGC-

CD1d-complex+ DP T cells from WT (5.33%) and Cre transgene control 

(4.61%) mice, while DP T cells from Lamtor2 KO mice (0.33%) failed to load 

aGC onto CD1d (Fig. 14A and 14B).  

As a second line of evidence, we examined the ability of LAMTOR2-deficient 

DP thymocytes to stimulate IFN-γ release of an iNKT cell hybridoma cell line 

(2E10) upon aGC treatment (Fig. 14C). Co-cultivation of NKT hybridoma with 

WT and Cre transgene control DP T cells in the presence of aGC significantly 

increased IFN-γ release, compared to NKT hybridoma cells alone. In contrast, 

Lamtor2 KO DP T cells failed to present aGC efficiently towards NKT 

hybridoma cells, which is reflected in reduced IFN-γ release measured by 

ELISA (WT: 0.59±0.16, Cre: 0.70±0.32, KO: 0.28±0.35, above NKT 

background (in fold change)). 
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Lipid antigen (e.g. aGC) presentation on DP T cells is crucial for positive 

selection of iNKT cells in vivo [49,156]. To assess the ability of DP thymocytes 

to present αGC onto CD1d in vivo, mice were injected with 2 µg aGC per 

mouse on day 0 and day 4 and sacrificed 1 hour after the second injection. We 

detected significantly increased proportions of αGC-CD1d-complex+ DP T 

cells in aGC-injected WT (fold change 2.05±0.77) and Cre transgene control 

(fold change 2.95±0.94) mice, compared to Lamtor2 KO (fold change 

0.69±0.20) mice (Fig. 14D and 14E). 

Next, we determined the surface expression of overall CD1d on DP T cells in 

vivo upon i.p. injection of aGC by flow cytometry (Fig. 14F and 14G). CD1d 

mean fluorescence intensity (MFI) was slightly reduced in Lamtor2 KO mice, 

compared to WT and Cre transgene control mice, but this effect was 

independent of aGC injection in all samples. 

In summary, our ex vivo and in vivo studies show that aGC-loading onto CD1d 

is defective in DP T cells of LAMTOR2-deficient mice, suggesting that 

LAMTOR2 is critical for positive selection of iNKT cells. 
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Figure 14: Impaired aGC presentation by LAMTOR2-deficient DP T cells. A) 
Representative flow cytometry analysis of ex vivo aGC-loading of DP T cells from WT, 
Cre transgene control and Lamtor2 KO mice after aGC stimulation for indicated 
timepoints. aGC-loading onto CD1d was detected using a CD1d-aGC complex-
specific antibody. Data are representative of 3 independent experiments with 2-4 
pooled mice per genotype. B) Quantification of CD1d-aGC+ DP T cells from WT, Cre 
transgene control and Lamtor2 KO mice 0, 6 and 24 hours after stimulation with aGC 



Results 

45 
 

ex vivo. CD1d-aGC presentation on LAMTOR2-deficient DP T cells is reduced 
compared to WT and Cre transgene control DP T cells. Data are representative of 3 
independent experiments with 2-4 pooled mice per genotype. C) IFN-γ release from 
2E10 NKT hybridoma cell line upon co-cultivation with DP T cells (+/- aGC). Co-
cultivation of NKT hybridoma with WT and Cre transgene control DP T cells in the 
presence of aGC led to significant increase in IFN-γ release. Co-cultivation of NKT 
hybridoma with KO cells only slightly increased IFN-γ release, compared with NKT 
hybridoma alone. Data (mean ± SD) shown are calculated from 4 independent 
experiments with 2-4 pooled mice per genotype. D) Representative flow cytometry 
analysis of in vivo aGC-loading of DP T cells in WT, Cre transgene control and 
Lamtor2 KO mice two days after i.p. injection of 2 µg aGC. The CD1d-aGC complex 
was detected using a CD1d-aGC complex-specific antibody. Data are representative 
of 3 independent experiments with 2 mice per group. E) Quantification of CD1d-aGC+ 
DP T cells from WT, Cre transgene control and Lamtor2 KO mice injected with. 2 µg 
aGC (i.p.). In vivo CD1d-aGC presentation on LAMTOR2-deficient DP T cells is 
reduced compared to WT and Cre transgene control DP T cells. Data (mean ± SD) 
shown are calculated from 3 independent experiments with 2 mice per group. F) 
Representative flow cytometry analysis of CD1d overall surface expression on DP T 
cells in WT, Cre transgene control and KO mice +/-2 µg aGC injection. Data are 
representative of 3 independent experiments with 2 mice per group. G) Quantification 
of CD1d MFI in DP T cells in WT, Cre transgene control and KO mice +/-2 µg aGC 
injection. CD1d MFI in LAMTOR2-deficient DP T cells is reduced compared to WT 
and Cre transgene control cells. However, CD1d surface expression is not influenced 
by aGC injection in WT, Cre transgene control and KO mice. Data (mean ± SD) shown 
are calculated from 3 independent experiments with 2 mice per group. 

 

4.7 LAMTOR2-deficient mice exhibit increased cell death at 

iNKT cell developmental stage ST1 

In 4.6, we have shown that LAMTOR2 plays an important role in positive 

selection of iNKT cells. However, Lamtor2 KO mice exhibit a few residual cells 

at ST0 and ST1 (Fig. 13E), which are developmental stages following positive 

selection. Therefore, we propose that LAMTOR2 plays another important role 

in iNKT cell development after positive selection. Potential causes for a 

reduction of iNKT cells at ST1 in KO mice could be reduced proliferation or 

increased cell death of developing iNKT cells. To investigate proliferation 

during early iNKT cell development, we performed in vivo BrdU incorporation 

assays. In parallel, we assessed cell death by using a fixable viability stain 

(FVS) before fixation of the harvested cells. Surprisingly, LAMTOR2-deficient 

mice incorporated more BrdU (35.31±6.45% BrdU+) as compared to WT 

(6.62±1.73% BrdU+) and Cre transgene control (5.89±1.20% BrdU+) mice, 

when gating for all iNKT cells (Fig. 15A and 15B). 
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However, individual iNKT cell developmental stages are known to have 

different capacities of proliferation and cell death, e.g., iNKT cells at ST3 are 

non-cycling cells and show only very low frequencies of cell death compared 

to ST0, ST1 and ST2 [62]. To determine whether the observed differences 

were due to a different composition of cells in the individual developmental 

stages or due to increased proliferation and cell death in the individual stages, 

we gated on the specific ST0, ST1, ST2 and ST3 developmental stages. 

Interestingly, we observed similar proportions of BrdU+ cells in the 

developmental stages ST0, ST1, ST2 and ST3 in WT, Cre transgene control 

and KO mice, indicating that thymic iNKT cell proliferation is normal in Lamtor2 

KO mice and increased overall proliferation of iNKT cells results from reduced 

proportions of non-cycling ST3 cells in KO mice.  

Cell death analysis showed more cell death (FVS+ cells) in the whole iNKT cell 

population in KO mice (FVS+ cells: WT 4.74±2.07%, Cre 3.73±1.38%, KO 

28.11±6.80%). Interestingly, analysis of the individual stages revealed 

significantly increased cell death at developmental stage ST1 in LAMTOR2-

deficient mice (FVS+ cells: WT 28.59±9.86%, Cre 20.69±9.25%, KO 

53.47±18.35%). Therefore, we propose that increased cell death of iNKT cells 

in developmental stage ST1 impairs iNKT cell development beyond ST1 in the 

absence of LAMTOR2. 

 

4.8 mTORC signaling in iNKT cell developmental stage ST1 

is reduced in LAMTOR2-deficient mice 

The transition from developmental stage ST1 to ST2 is critically regulated by 

mTORC1 signaling [157]. As LAMTOR2 has been shown to regulate mTORC 

signaling in a spatiotemporal fashion [11,12], we investigated mTORC1 

signaling at ST0 and ST1 by Phosflow analysis of ribosomal protein S6 kinase 

beta-1 (p70S6K), a component of the mTORC1 pathway (Fig. 15C and 15D). 

Whereas the frequency of phospho-p70S6K(p-p70S6K)+ cells in ST0 was low 

and comparable between WT, Cre transgene control and KO mice, the 

proportion of p-p70S6K+ cells was reduced in LAMTOR2-deficient mice at 

ST1, compared to WT and Cre transgene control mice (WT: 72.57±15.08%, 
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Cre: 76.80±10.61%, KO: 52.40±14.81%. Based on these findings, we propose 

that LAMTOR2 may be critical for effective mTORC1 signaling at ST1. 

 

Figure 15: iNKT cells of LAMTOR2-deficient mice undergo more cell death and 
show reduced mTORC1 signaling at developmental stage ST1. A) Representative 
flow cytometry analysis of BrdU+ and FVS+ cells in all iNKT cells and the individual 
developmental stages in WT, Cre transgene control and Lamtor2 KO mice. Data are 
representative of 2 independent experiments with 3 mice per genotype. B) 
Quantification of BrdU+ and FVS+ cells in all iNKT cells and ST0-ST3. KO mice exhibit 
a significantly higher proportion of overall proliferating iNKT cells. However, no 
significant differences in proliferation were observed in the individual stages ST0-ST3. 
KO mice exhibit more cell death in the whole iNKT cell population, in particular 
reflected by increased cell death in developmental stage ST1. Data (mean ± SD) 
shown are calculated from 2 independent experiments with 3 mice per genotype. C) 
Representative Phosflow analysis of p-p70S6K in ST0 and ST1 iNKT cells from WT, 
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Cre transgene control and Lamtor2 KO mice. Data are representative of 3 
independent experiments with 1-3 mice per genotype. D) Quantification of p-p70S6K+ 
iNKT cells in developmental stage ST0 and ST1. The percentage of p-p70S6K+ cells 
in ST0 is low in WT, Cre transgene control and KO mice. In ST1, more p-p70S6K+ 
cells were detected in WT and Cre transgene control mice, compared to Lamtor2 KO 
mice. Data (mean ± SD) shown are calculated from 3 independent experiments with 
1-3 mice per genotype. 

 

4.9 Lamtor2 KO mice are protected from CCL4-induced acute 

thymic involution 

Acute thymic involution (ATI) can be caused by infections, stress, pregnancy, 

malnutrition, chemotherapy and other toxins [158]. Glucocorticoids and pro-

inflammatory cytokines have been shown to drive ATI, however, it is not known 

whether thymic iNKT cells contribute to it. To investigate if the lack of thymic 

iNKT cells protects Lamtor2 KO mice from toxin-induced ATI, we administered 

CCl4 (1 ml /kg body weight) i.p. and sacrificed the mice 48 hours later, as 

previously described [159]. Interestingly, thymus weight per body weight 

decreased significantly upon injection of CCl4 in WT (-0.94±0.52 x103) and Cre 

transgene control (-1.76±0.46 x103) mice but not in Lamtor2 KO (-0.39±0.44 

x103) mice, indicating that loss of LAMTOR2 protects from developing ATI (Fig. 

16A). 

ATI is often characterized by remodeling the thymic T cell compartment 

associated with a loss of DP T cells [160,161]. Flow cytometric analysis of T 

cell progenitor stages revealed no difference in DP T cell proportions in WT 

KO mice, suggesting that conventional T cells do likely not play a role in driving 

ATI development (Fig. 16B and 16C). However, we observed a significant 

reduction of DP T cells in Cre transgene control mice, which might originate by 

chance from a low number of mice (2 mice per group in 2 independent 

experiments). Further studies are required to confirm this effect. 

Interestingly, we found a significant increase in iNKT cell proportions after CCl4 

administration in WT (0.88±0.18% (+94% increase)), Cre transgene control 

(1.82±0.64% (+381% increase)) and KO (0.015±0.006% (+13878% increase)) 

mice (Fig. 16B and 16C), which indicates that iNKT cells play a role in 

inflammatory processes during development of ATI. 
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In summary, our studies suggest that lack of iNKT cells protects from ATI 

development in Lamtor2 KO mice. 

 

Figure 16: Lamtor2 KO mice are protected from CCL4-induced acute thymic 
involution (ATI). A) Thymus weight per body weight in WT, Cre transgene control 
and KO mice after i.p. administration of diluent control or 1 ml CCl4/kg CCL4 for 2 
days. WT and Cre transgene control mice but not KO mice lose thymus weight in 
response to CCl4. Data (mean ± SD) shown are calculated from 2 independent 
experiments with 2 mice per group. B) Flow cytrometry analysis of conventional T cell 
Progenitor stages and thymic iNKT cell proportions upon CCl4 injection in WT, Cre 
transgene control and KO mice. Data are representative of 2 independent 
experiments with 2 mice per group. C) Quantification of proportions of thymic DP T 
and iNKT cells from mice injected with diluent or CCl4. DP T cells are significantly 
reduced in Cre transgene control mice in response to CCl4, but not in WT and KO 
mice iNKT cells significantly increase in WT, Cre transgene control and KO mice after 
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CCl4 injection. Data (mean ± SD) shown are calculated from 2 independent 
experiments with 2 mice per group. 

 

4.10 Peripheral iNKT cells of Lamtor2 KO mice do not respond 

to aGC-mediated activation  

In previous reports, proportions of peripheral CD44+NK1.1- iNKT cells 

increased in response to aGC injection [162,163]. The authors suggested an 

activation-induced downmodulation of NK1.1 surface receptors as a possible 

explanation. To investigate the function of LAMTOR2 in iNKT cells in 

peripheral aGC-mediated activation, mice were injected with 2 x 2 µg 

aGC/mouse (day 0 and day 4) and sacrificed 1 hour later for flow cytometry 

analysis.  

Overall iNKT cell proportions in the thymus, spleen and liver did not increase 

in WT, Cre transgene control and KO mice upon aGC treatment (Figure 17A 

and 17B). However, WT and Cre transgene control mice, but not KO mice, 

exhibited an altered iNKT cell compartment, as detected by an increased 

proportion of CD44+NK1.1- iNKT cells in spleen (WT: 59.88±4.88%, Cre: 

69.28±5.57% KO: 35.35±7.74%) and liver (WT: 58.52±17.92%, Cre: 

61.77±10.85% KO: 6.80±6.62%) in response to aGC (Fig. 18A and 18B). Thus, 

we conclude that LAMTOR2 might play an important role aGC-induced 

activation and effector function of iNKT cells in peripheral organs. 
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Figure 17: Proportions of iNKT cells in WT, Cre transgene control and Lamtor2 
KO mice do not change upon aGC injection. A) Representative flow cytometry 
analysis of iNKT cell proportions in thymus, spleen and liver of WT, Cre transgene 
control and Lamtor2 KO mice after i.p. injection of diluent or aGC. Data are 
representative of 3 independent experiments with 2 mice per group. B) Quantification 
of iNKT cell proportions as percentage of whole thymocytes/splenocytes/hepatocytes 
in WT, Cre transgene control and Lamtor2 KO mice. Proportions of iNKT cells are 
significantly reduced in thymus and peripheral organs in Lamtor2 KO mice, but aGC 
injection does not affect iNKT cell proportions in all genotypes. Data (mean ± SD) 
shown are calculated from 3 independent experiments with 2 mice per genotype. 



Results 

52 
 

 

Figure 18: Lamtor2 KO mice do not modulate their peripheral iNKT cell 
compartment upon aGC injection. A) Representative flow cytometry analysis of 
splenic and hepatic CD44-NK1.1-, CD44+NK1.1- and CD44+NK1.1+ iNKT cells after i.p. 
injection of diluent or aGC. Data are representative of 3 independent experiments with 
2 mice per group. B) Quantification of CD44+NK1.1- iNKT cells in spleen and liver 
upon diluent/aGC injection. Consistently with previous reports, the peripheral iNKT 
compartment was modulated towards CD44+NK1.1- iNKT in WT and Cre transgene 
control mice after treatment with aGC. In contrast, Lamtor2 KO mice did not respond 
to aGC. Data (mean ± SD) shown are calculated from 3 independent experiments 
with 2 mice per group. 
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5. Discussion 

5.1 LAMTOR2 regulates iNKT cell development in mice 

Previous studies showed that LAMTOR2 is a crucial regulator of mTORC1 and 

ERK signaling on late endosomes in various cells of the immune system [9-

12,127]. It is involved in many fundamental cellular processes including 

motility, lipid biosynthesis, cell growth, apoptosis, proliferation, protein 

synthesis, differentiation, and autophagy [15-19]. 

To the best of our knowledge, the presented PhD thesis provides the first 

evidence that LAMTOR2 plays a fundamental role in regulating iNKT cell 

development in mice. Using conditional KO mice that exhibit a T cell-specific 

deletion of Lamtor2, starting at T cell developmental stage DN2/DN3, we 

observed a significant reduction of iNKT cells in the thymus, spleen and liver, 

while conventional T cell development remained intact (Fig. 10, 11). Therefore, 

LAMTOR2 seems to have a critical function in iNKT cells, while it is not 

essential for conventional T cell development. To investigate the role for 

LAMTOR2 in iNKT cells, we systematically analyzed the three major steps 

during iNKT cell development: (i) iTCR rearrangement for lineage commitment, 

(ii) positive selection, and (iii) the expansion and differentiation of positively 

selected iNKT cells [44,154]. 

5.2 LAMTOR2 mediates glycolipid presentation for positive 

selection of iNKT cells 

Our data demonstrated that LAMTOR2 plays an important role in the 

presentation of glycolipids onto CD1d molecules on DP thymocytes to mediate 

positive selection of iNKT cells. Using an aGC-CD1d complex-specific 

antibody, we found reduced aGC-loading on DP T cells of Lamtor2 KO mice 

in vivo and ex vivo (Fig. 13 A, B, D, E). Furthermore, sorted LAMTOR2-

deficient DP T cells failed to induce efficient aGC-mediated IFN-γ release in 

NKT hybridoma cells (Fig. 13 C). These results are consistent with reduced 

proportions of DPdull iNKT cells, which are the first upcoming iNKT cells after 

positive selection, in Lamtor2 KO mice (Fig. 12 A, B). Our results support the 
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paradigm that CD1d-mediated glycolipid antigen presentation on DP T cells is 

crucial for iNKT cell positive selection [36,56,57,59]. Glycolipid antigens are 

processed in the endo-lysosomal system prior to the presentation towards 

iNKT cells. Endosomal adaptor proteins (AP1, AP3) support endo-lysosomal 

trafficking of glycolipid antigens [33,36,61,156], however, this process seems 

to involve more adaptor proteins. Previously, our laboratory and others 

described that LAMTOR2 regulates endosomal trafficking of lysosomal-related 

organelles (e.g., azurophilic and lytic granules, and melanosomes) in 

neutrophils, CTLs and melanocytes [22,30,164-166]. These findings are in line 

with our results and point towards a putative role of LAMTOR2 during endo-

lysosomal trafficking of glycolipid antigens in DP T cells. Furthermore, our 

findings provide insights why the development of conventional T cells is not 

affected in Lamtor2 KO mice, because processing of protein antigens and 

presentation on MHC complexes towards precursor conventional T cells for 

positive selection does not involve the endo-lysosomal system (MHCI) or a 

different endo-lysosomal trafficking pathway (MHCII) [36,49,167]. Although our 

results demonstrate that LAMTOR2 is involved in the presentation of glycolipid 

antigens by DP T cells towards iNKT cell precursors, further work is needed to 

determine the detailed mechanisms of LAMTOR2-mediated intracellular 

trafficking and loading of glycolipid antigens onto CD1d of DP T cells. 

5.3 LAMTOR2 is crucial for iNKT cell differentiation from ST1 

to ST2 cells 

Our data showed that LAMTOR2 plays a fundamental role in the transition 

from iNKT developmental stage ST1 to ST2 after positive selection. Using flow 

cytometry, we found significantly reduced numbers of absolute ST2 and ST3 

iNKT cells in thymi of Lamtor2 KO mice (Fig. 12 E). Although analysis of 

proliferation did not reveal any differences, cell death was increased in ST1 

iNKT cells of LAMTOR2-deficient mice (Fig. 14 B), providing an explanation 

for reduced absolute numbers in subsequent developmental stages. 

Furthermore, our results showed reduced phosphorylation of p70S6K, a 

component of the mTORC1 signaling pathway, in ST1 iNKT of Lamtor2 KO 

mice (Fig. 14 C, D). This finding raises the question whether LAMTOR2 
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regulates mTORC1 signaling during early iNKT cell development. mTORC1 

signaling has been shown to be crucial for the transition of developmental 

stage ST1 to ST2 [81,157]. Moreover, previous mouse studies have 

demonstrated that LAMTOR2 regulates mTORC1 signaling in various cell 

types, e.g. LCs, DCs and podocytes [14,20,22]. Based on these data, it is 

suggestive that LAMTOR2 plays an important role in mTORC signaling and 

survival during early iNKT cell development. Potentially, LAMTOR2 regulates 

mTORC signaling in a spatiotemporal fashion, as spatiotemporal regulation of 

signaling pathways by LAMTOR2 has been described previously [11,12]. 

Therefore, timing and localization of signaling molecules in the mTORC1 

pathway should be studied in more detail in ST0 and ST1 iNKT cells. However, 

at this point, we cannot exclude the confounding influence of other signaling 

pathways, which might also be affected by Lamtor2 deletion. For example, in 

epidermal cells and myeloid cells LAMTOR2 plays important roles in ERK 

and/or signal transducer and activator of transcription 3 (STAT3) signaling 

([13], unpublished data).  

It would be interesting to investigate whether loss of LAMTOR2 results in 

reduced iTCR signaling as well, because it has been previously shown that 

iTCRs on iNKT precursor cells send stronger signals subsequently to positive 

selection for their survival and proliferation compared to signals from the TCR 

on conventional T cells [168-170]. This could be another explanation why 

LAMTOR2-deficient mice exhibit a defective iNKT cell development, but 

normal conventional T cell development. Future work on testing the impact of 

Lamtor2 deletion on different signaling pathways mediating survival of 

precursor iNKT cells is needed. 

5.4 The contributions of both LAMTOR2-regulated 

processes (positive selection and ST1-ST2 transition) to the 

observed phenotype need to be determined 

Our results point towards a putative role of LAMTOR2 in both the glycolipid 

presentation for positive selection and the transition from ST1 to ST2 precursor 

iNKT cells. It is tempting to speculate that the addition of both defective 

mechanisms leads to the loss of mature iNKT cells in the thymus and 
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peripheral organs upon deletion of LAMTOR2. However, our current data does 

not provide exact information on the contributions of each of the processes to 

this phenotype. For example, analysis of mixed bone marrow chimera would 

provide crucial insights into these LAMTOR2-regulated processes for iNKT cell 

development in mice. 

5.5 iNKT cells exhibit a relevant function in a toxin-induced 

ATI mouse model 

We observed that Lamtor2 KO mice with lack of iNKT cells in the thymus are 

protected from CCL4-induced ATI (Fig. 15 A), whereas increased ATI in WT 

and Cre transgene control mice correlated with increased iNKT cell numbers 

(Fig. 15 B, C). These findings support previous reports, that ATI is driven by 

inflammatory processes in the thymus [161,171], but the mechanisms of ATI 

development are poorly understood. Our work offers new insights into the type 

of immune cells driving inflammation during ATI. However, further confirmatory 

and mechanistic studies on the contribution of iNKT cells to ATI development 

are needed. It would be interesting to investigate whether iNKT cells are 

involved in ATI development irrespectively of the trigger for ATI or if this 

mechanism is specific for CCL4-induced ATI. Gaining a better understanding 

on the development of ATI might have therapeutic implications for humans 

suffering from ATI in response to toxins, viral infections, malnutrition or 

chemotherapy.  

5.6 The peripheral iNKT cell response is defective in 

LAMTOR2-deficient mice 

Finally, we analyzed the activation-induced downregulation of NK1.1 upon 

aGC injection in peripheral iNKT cells. Our studies showed that the few 

residual splenic and hepatic Lamtor2 KO iNKT cells did not respond towards 

aGC (Fig. 16 A, B). However, we cannot exclude that the few remaining 

detected iNKT cells in spleen and liver are not actually iNKT cells, but a few 

unspecifically stained cells detected by flow cytometry, which is a limitation of 

our used method. Another explanation could be that the few remaining iNKT 

cells are WT cells, due to an incomplete conditional KO of Lamtor2. 
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State-of-the-art single RNA-sequencing approaches might shed light on 

whether these residual cells are true/can be categorized as iNKT cells. It is 

tempting to speculate that the strong reduction of absolute numbers of iNKT 

cells and unresponsiveness of the few remaining iNKT cells in the spleen and 

liver are relevant for various iNKT cell-mediated immune conditions in mice 

and humans. iNKT cells bridge the innate and adaptive immune system and 

have been implicated in various immunological processes against 

microorganisms [96]. They can promote anti-tumor immunity and autoimmune 

conditions, however immune-modulating functions of iNKT cells have been 

reported as well [38,108]. For example, during development of liver disease, 

iNKT cells can play protective or pathogenic roles in mouse models of CCl4-

induced liver fibrosis [144,145]. To determine the impact of the lack of iNKT 

cells in the periphery of LAMTOR2-deficient mice, modeling human diseases 

in mice, for example applying a CCl4-induced liver fibrosis mouse model, would 

shed light on these questions. 

5.7 Conclusions and outlook 

In summary, we have uncovered a fundamental role for LAMTOR2 in thymic 

iNKT cell development and function. However, additional work has to be done 

to clearly define the mechanistic role of LAMTOR2 during iNKT cell 

development and peripheral effector function. Furthermore, studies with 

human material are needed to confirm that our findings translate to humans. 

Our observations in mice indicate LAMTOR2 as a potential therapeutic target 

for humans suffering from ATI or other iNKT cell-driven pathological 

conditions, e.g., liver fibrosis and auto-inflammatory diseases.  
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