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Summary 

T cells play an essential role in the immune system. Engaging the T cell receptor (TCR) 

initiates a cascade of signaling events that activates the T cells. Neutral 

sphingomyelinase (NSM) is a member of a superfamily of enzymes responsible for the 

hydrolysis of sphingomyelin into phosphocholine and ceramide. Sphingolipids are 

essential mediators in signaling cascades involved in apoptosis, proliferation, stress 

responses, necrosis, inflammation, autophagy, senescence, and differentiation.  

Upon specific ablation of NSM2, T cells proved to be hyper-responsive to CD3/CD28 

co-stimulation, indicating that the enzyme acts to dampen early overshooting activation 

of these cells. It remained unclear whether a deregulated metabolic activity supports 

the hyper-reactivity of NSM2 deficient T cells. This work demonstrates that the ablation 

of NSM2 activity affects the metabolism of the quiescent CD4+ T cells. These 

accumulate ATP in mitochondria and increase basal glycolytic activity by increasing 

the basal glucose uptake and GLUT1 receptor expression, which, altogether, raises 

intracellular ATP levels and boosts cellular respiration. The increased basal metabolic 

activity is associated with rapid phosphorylation of S6, a mTORC1 target, as well as 

enhanced elevation total ATP levels within the first hour after CD3/CD28 costimulation. 

Increased metabolic activity in resting NSM2 deficient T cells does, however, not 

support sustained stimulated responses. While elevated under steady-state conditions 

and elevated early after co-stimulation in NSM2 deficient CD4+ T cells, the mTORC1 

pathway regulating mitochondria size, oxidative phosphorylation, and ATP production 

is impaired after 24 hours of stimulation. Taken together, the absence of NSM2 

promotes a hyperactive metabolic state in unstimulated CD4+ T cells yet fails to 

support sustained T cell responses upon antigenic stimulation without affecting T cell 

survival.
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Zusammenfassung 

T-Zellen spielen eine wesentliche Rolle im Immunsystem. Die Aktivierung des T-Zell-

Rezeptors (TCR) löst eine Kaskade von Signalereignissen aus, die die T-Zellen 

aktivieren. Neutrale Sphingomyelinase (NSM) gehört zu einer Superfamilie von 

Enzymen, die für die Aufspaltung von Sphingomyelin in Phosphocholin und Ceramid 

verantwortlich sind. Sphingolipide sind wesentliche Mediatoren in Signalkaskaden, die 

an Apoptose, Proliferation, Stressreaktionen, Nekrose, Entzündung, Autophagie, 

Seneszenz und Differenzierung beteiligt sind. NSM2-depletierte T-Zellen erwiesen 

sich als hyper-reaktiv gegenüber CD3/CD28-Kostimulation, was darauf hinweist, dass 

das Enzym eine überschießende Aktivierung dieser Zellen dämpft. Es blieb unklar, ob 

die Hyperreaktivität NSM2-defizienter T-Zellen durch eine deregulierte 

Stoffwechselaktivität unterstützt wird. Diese Arbeit zeigt, dass NSM2-Insuffizienz den 

Metabolismus ruhender CD4+-T-Zellen beeinflusst: Diese akkumulieren ATP in 

Mitochondrien und zeigen eine erhöhte basale glykolytische Aktivität, die auf einer 

erhöhten Glukoseaufnahme und Expression des GLUT1-Rezeptors beruht und mit 

einer  Erhöhung intrazellulärer ATP-Werte und gesteigerten Zellrespiration einhergeht. 

Aufgrund ihrer bereits erhöhten basalen metabolische Aktivität zeigen NSM2 defiziente 

T Zellen eine im Vergleich zu Kontrollzellen schnellere, effizientere Aktivierung nach 

Kostimulation, die sich in  Phosphorylierung von S6, eines mTORC1 Targets, sowie  

erhöhtem ATP Spiegel manifestiert. Dies kann jedoch nicht aufrechterhalten werden: 

Die mTORC1-Aktivierung, die die Größe der Mitochondrien, die oxidative 

Phosphorylierung und die ATP-Produktion reguliert, unter stationären Bedingungen in 

NSM2-defizienten CD4+-T-Zellen erhöht ist, ist nach 24-stündiger Kostimulation 

beeinträchtigt. Insgesamt scheint die NSM2-Aktivität wesentlich für die Regulation der 

basalen metabolischen Aktivität ruhender T-Zellen und der Vermeidung 
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überschiessender Antworten nach Kostimulation zu sein, jedoch ebenso wichtig für die 

dauerhafte Aufrechterhaltung des Aktivierungssignals zu sein.  
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1. Introduction 

1.1. Sphingolipid metabolism 

Sphingolipids (SLs) include a class of bioactive lipids found in the cellular membranes 

and modulate the biophysical properties of membranes [1]. SLs control a broad range 

of cellular functions: cell cycle, apoptosis, cell migration, and inflammation [2]. SL 

metabolism is highly compartmentalized within the cell (Fig.1), and different enzymes 

are involved in the synthesis of various sphingolipids. Concerning the structure, the 

sphingolipids have a standard 18 carbon amino-alcohol sphingosine (Sph) backbone 

[3]. The combination of fatty acid with sphingosine gives the necessary building 

element of all SLs—ceramide (Cer), which is the central hub of SL metabolism.  

Formation of Cer can occur via three different pathways within specific organelles [4]: 

(1) de novo synthesis pathway in the endoplasmic reticulum; (2) salvage pathways in 

lysosomes and (3) catabolic pathway on the cellular membranes. 

(1) The synthesis of 3-ketosphinganine by the condensation of L-serine and palmityl-

CoA catalyzed by the enzyme serine palmitoyltransferase is the first step of the de 

novo pathway. Next, 3-ketosphinganine is reduced to sphinganine, which is acylated 

to dihydroceramide. The last step is the oxidation of dihydroceramide to ceramide 

catalyzed by dihydroceramide desaturase. 

(2) In the salvage pathway, acid ceramidase converts released ceramides into Sph. 

(3) In the catabolic pathway, sphingomyelin (SM) is hydrolyzed by sphingomyelinases 

(SMases) resulting in Cer, and phosphocholine formation. Ceramide can also be 

synthesized in the mitochondria-associated membranes.  
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Newly synthesized Cer can be further converted into five different lipids: ceramide-1-

phosphate (C1P), sphingomyelin (SM), ceramide phosphoethanolamine (CPE), 

galactosylceramide (Galβ1–10Cer) and glucosylceramide (GlcCer) [5]  

 

 

 

Figure 1. Key pathways of sphingolipid metabolism. (Adapted from Bochénska and Gabig-Cimínska, 

2020 [6]) 

 

1.2. Characterization of neutral sphingomyelinase 2 

Neutral sphingomyelinase 2 (NSM2) is an enzyme that hydrolyzes SM and generates 

ceramide at neutral pH 7,0. Initially, NSM2 was discovered in the rat brain [7]. Four 

mammalian neutral sphingomyelinases have been identified [8], [9]. NSM2 is the most 

studied. It is 655 amino acid protein with a molecular mass of 71 kDa coded by the 

SMPD3 gene. NSM2 protein contains two hydrophobic segments at the N-terminus 

and catalytic site at C-terminus [10] (Fig. 2).  

Neutral pH, divalent cations (Mg2+ or Mn2+), and interaction with anionic lipids within 

the plasma membrane are mandatory for NSM2 activity [11]. 
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NSM2 localization to the Golgi organelles was demonstrated in several cell lines [10]. 

NSM2 was shown to localize to the cytosolic leaflet of the plasma membrane (PM), 

suggesting the presence of SM pool at the cytosolic leaflet of the PM [12]. In T cells, 

NSM2 is localized predominantly at the PM [13]. However, the mechanism underlying 

specific localization of NSM2 and its potential trafficking between multiple intracellular 

locations is unclear.  

 

 

 

Figure 2. Schematic illustration of domains in human NSM2 (GenBank accession numbers Q9NY59). 

HD: hydrophobic domain, MB: Mg 2+ binding domains P: Palmitoylation site. (Adapted from Wu et al., 

2010. [14]) 

 

1.2.1. NSM2 as a modulator of cellular growth and stress responses 

NSM2 plays a vital role in regulating bone development and formation. In 2005, the 

NSM2 knock-out mouse was generated and showed characteristic embryonic and 

juvenile dwarfism phenotype [15]. The published data show that NSM2 knockout 

animals have impaired production of growth hormones and decreased concentrations 

of serum insulin-like growth factor leading to the prolonged cell cycle and hypoplasia 

observed in NSM2 deficient mice. The development of fragilitas ossium was attributed 

to the mutation of the SMPD3 gene in the fro/fro mouse [16]. The phenotype of the 

fro/fro mouse is characterized by smaller size at birth, multiple fractures in long bones 

and ribs, with severely impaired mineralization of the bones but healthy cartilage 

growth.  
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In addition to its regulatory role in acute stress responses, NSM2 is also implicated in 

cell growth inhibition and tumorigenesis. Upregulation of NSM2 mRNA and protein 

caused a cell cycle arrest in the G0/G1 phase with consequent increases in ceramide 

levels, especially in the very long chain C(24:1) and C(24:0) ceramides in MCF7 cells 

[17], [18]. A study of primary osteoblasts found that treatment with conditioned medium 

from a prostate cancer cell line (PC-3) significantly reduced NSM2 expression [19]. 

Mutations in the SMPD3 gene were identified in cancer [20]. 5% of acute myeloid 

leukemias and 6% of acute lymphoid leukemias have mutations in the NSM2 coding 

gene. NSM2 modulates stress-induced bronchial and lung injury in pulmonary 

diseases. H2O2 induced activation of NSM2 ceramide generation and apoptosis, and 

Glutathione (GSH) inhibited this phenomenon. Oxidant exposure was also suggested 

to affect NSM2 localization with oxidant exposure causing trafficking to the PM, 

whereas in contrast, exposure to GSH resulted in NSM2 trafficking to the nucleus [21]. 

NSM2 inhibitor GW4869 was shown to inhibit hypoxia-induced pulmonary 

vasoconstriction in vivo [22]. NSM2 is implicated in diverse physiological processes 

and can be activated for different signals. Consistent with the stimulation of NSM2 

activity by cytokines, studies have also shown that NSM2 plays a role in the 

inflammatory response [23]–[25]. Among the various inflammatory stimuli, tumor 

necrosis factor - α (TNF-α) is one of the broadest studied activators of NSM2.  

Functionally, NSM2 was found to be upstream of the TNF-α-stimulated expression of 

vascular cell adhesion molecule-1 (VCAM) and intercellular adhesion molecule-1 

(ICAM) in lung epithelial cells [26] (Fig. 3).  
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Figure 3. Mechanisms of NSM2 activation and regulation. (Adapted from Clarke and Hannun, 2006 [27])  

 

1.2.2. NSM2 as a regulator of T cell function 

NSM2 enzymatic activity is transiently induced by TCR ligation in the presence and 

absence of CD28 mediated co-stimulation [28]. NSM2 induces the formation of 

ceramide-rich platforms, which has the potential to modify plasma membrane 

microdomains and TCR receptor-proximal signaling clusters [29]. 

Ceramide-rich domains are hydrophobic, which leads to the exclusion of cholesterol 

from these areas [30], [31], thereby modifying downstream signaling and affecting the 

outcome of antigen-stimulation [13]. The accumulation of ceramide-rich domains at the 

plasma membrane leads to the reduction of actin cytoskeleton dynamics, which is 

important for the spreading and polarization of T cells [32]. NSM2-deficient T cells are 

strongly dependent on CD28 co-stimulation and are unable to mobilize Ca2+ at low 

antigen doses indicating NSM2 role in TCR signal amplification [33]. NSM2 can be 

activated by the measles virus (MV) surface interaction with a not yet described 
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receptor on the cells of hematopoietic origin. Prolonged activation of NSM2 by MV 

leads to the paralyzed cytoskeleton and is partially responsible for the proliferative 

inhibition of T cells [34].  

 

 

1.3. Immunometabolism  

 

Immunometabolism is an emerging field that connects immunology and metabolism. 

In recent years, advanced technologies allow immunologists to observe the 

modifications in metabolites and uncover their role in immune response coordination 

[35]. Immune cells are responsible for controlling and protecting the organism against 

pathogens [36]. Cell type-specific metabolic profiles affect cell quiescence state, 

immune activation, and their proliferative capacity [37]. Metabolic pathways must be 

dynamic to adapt the cell demands for energy and biosynthesis. Metabolic flexibility is 

crucial to help cells to rapidly adjust to antigenic signals and nutrient availability [38]. 

The functional specificity of each immune cell subset determines its biochemical 

profile, which is associated with cell subset specific metabolic phenotypes. For 

example, T cells, naïve, effector, and memory cells have distinct metabolic profiles that 

are crucial for their maintenance and function [39].  
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1.4. Metabolic pathways 

A metabolic pathway is, by definition, a step-by-step series of interconnected 

biochemical reactions that convert a substrate molecule through a series of metabolic 

intermediates, eventually yielding a final product [40]. Metabolic pathways are very 

diversified in terms of final products but have an interconnected nature (Fig. 4). That 

means the products from one pathway can is used as a precursor in a second pathway. 

T cells are very specialized cells and activate several pathways at the same time, 

depending on their activation state and subset [41]. T cells coordinate over six major 

metabolic pathways: glycolysis, oxidative phosphorylation, fatty acid oxidation, fatty 

acid synthesis, pentose phosphate pathway, and amino acid pathway.  

 

 

 

Figure 4. Simplified metabolic pathways in T cells. (Adapted from H. Hashimoto et al., 2020 [42]) 
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1.5. Metabolic profile of quiescent T cells 

T cells are critical immune cells and vital to create a proper adaptive immune response. 

They are highly dynamic in metabolic response to the antigens. Quiescent T cells are 

mature naïve T cells that had recently emigrated from the thymus or memory T cells 

that circulate in the blood. They are small in size and are resting in the G0 phase of the 

cell cycle. Quiescent T cells (also named resting T cells) have low basal metabolic 

activity, and little or no expression of activation markers [43], [44]. Up to 95% of the 

ATP production of quiescent T cells comes from the oxidative phosphorylation 

(OXPHOS) [45]. The OXPHOS is responsible for producing 30 to 36 ATP molecules 

from 10 NADH and 2 succinate molecules. OXPHOS is very advantageous in helping 

cells to build large stores of ATP with less energetic investment. During the quiescent 

state, T cells need ATP to maintain membrane integrity, protein turnover, and nutrient 

transport across the membrane [46]. Glucose and mitochondrial metabolism are critical 

regulators of quiescence. Quiescent T cells relay on mitochondria OXPHOS energy, 

whereas mitochondrial activity and glucose uptake sharply increase upon activation 

[47], [48]. 

Although the cells in the quiescent state are often characterized as “metabolic inactive,” 

this state needs to be actively maintained to prevent unspecific or autoimmune 

reactions. Intrinsic signals regulate the survival of quiescent T cells, such as tonic TCR 

signaling, IL-7, and lysosphingolipid sphingosine-1-phosphate (S1P), which control the 

quiescence state (Fig. 5) [49], [50].  

Tonic TCR signaling in dense lymphoid tissues is responsible for activating 

transcription factors FOXO1 and FOXO3 and inducing IL-7 receptor- (IL-7R) 

expression and signaling [51]. The IL-7-IL7R-AKT signaling is responsible for 

sustaining the basal glycolytic flux by inducing basal GLUT1 expression [52]. Kruppel-

like factor 2 (KLF2) belongs to the group of transcription factors highly expressed in 
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peripheral naïve cells and can actively regulate the quiescence [53]. KLF2 can prevent 

Jurkat cells from entering the cell cycle; therefore, stopping the proliferation and 

inhibiting expression of c-myc, an important transcription factor involved in the 

activation [54], [55]. FOXO and KLF family members together can regulate the 

expression of molecules that are crucial to the homing of naïve T cells: CC-chemokine 

receptor 7 (CCR7), S1P, and CD62L [56]. S1P levels in the blood and lymph fluid 

regulates T cell egress from draining lymph nodes. S1P binding to the sphingosine-

phosphate receptor 1 (S1PR1) on the T cell surface suppresses mitophagy to maintain 

their mitochondrial content and keep the optimal OXPHOS levels [50]. Metabolic 

quiescence state is also regulated by the tuberous sclerosis complex (TSC) [57]. TSC 

is responsible for suppressing the mTORC1 activation on naïve T cells and prevent 

aberrant activation [58]. TSC also inhibits glycolysis forcing the cells to sustain the 

metabolism through mitochondria/OXPHOS [59]. 

Summarizing, well-coordinated quiescence supports long-term survival of T cells in the 

periphery, shapes the activation of naïve, and reactivation of memory cells controlling 

the expansion and memory phases of the immune response.  
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Figure 5. Cell intrinsic mechanism that regulates T cell quiescence (Adapted from Chapman et al., 2020 

[60]) 
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1.6. Metabolic characteristics of activated T cells 

After antigen recognition, T cells undergo an activation process. Cells need to modify 

their metabolic activity to supply energy that is required for growth, proliferation, and 

differentiation into T effector (Teff). Teff cells include several T cell types responding 

to stimulation: regulatory (Treg), helper, and cytotoxic T cells. CD4+ helper (Th) cells 

stimulate macrophages, B cells, and killer T cells to mount appropriate immune 

response [61], [62]. T cells endure a process called the metabolic switch or metabolic 

reprogramming to meet the new energetic requirements upon activation [63]. 

During the metabolic switch, the main source for ATP production is changed from 

OXPHOS to glycolysis, even in the presence of oxygen. The aerobic glycolysis, also 

known as the “Warburg effect” was first characterized by Otto Warburg in cancer 

cells.[64], [65]. Generally, glycolysis seems to be less beneficial in comparison to 

OXPHOS regarding the ATP yield: 4 ATP and 36 ATP molecules produced, 

respectively. Glucose metabolism is important to trigger proper proliferation [66]. 

In the absence of glucose, T cells do not proliferate, even if high levels of glutamine 

added to the cell culture. Several studies suggest that T cells increase the glycolytic 

metabolism to increase the availability of glycolytic precursors for biosynthetic 

reactions [37], [67], [68]. Some glycolytic intermediates are used to generate 

precursors for protein, nucleotide, and lipid synthesis [69].  

Another reason to prefer glycolysis over OXPHOS is to avoid the increase in the 

intracellular ROS concentration that can lead to apoptosis [70]. During activation, T 

cells upregulate OXPHOS about 2-fold, while the glycolysis is up-regulated up to 5 

times.[71], [72]. The differentiation and effector functions of inflammatory Th1, Th2, 

and Th17 cells relies on the engagement of aerobic glycolysis. Memory T cell and Treg 

functionality depend on fatty acid oxidation (FAO) pathways (Fig. 6). 
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Figure 6. CD4+ T cell subsets use distinct metabolic programs. (Adapted from Salmond, 2018 [73]) 

 

1.7. Signaling pathways in metabolic reprogramming 

Metabolic reprogramming is initiated by the early signaling events in T cell activation. 

T cell activation is dependent on two signals: (1) interaction of the antigenic peptide 

with the TCR and (2) interaction of co-stimulatory molecules and their ligands, i.e., 

CD28 and CD80/CD86 [74]. Both signals are cooperating in an increase in nutrient 

uptake, especially glucose. After TCR engaging and co-stimulation with CD28, T cells 

induce activation of phosphatidylinositol 3’-kinase (PI3K)-AKT signal pathway. This 

pathway is responsible for upregulating the expression and trafficking of GLUT1 to the 

cell surface [75], [76]. AKT signaling increases glycolysis by inducing hexokinase 

activity [77] and phosphorylating phosphofructokinase-2 (PFK-2) [78], two vital 

enzymes in the glycolytic pathway. Downstream of TCR/CD28, there are several 

canonical regulators of T cell metabolism upon T cell activation, among the most 

important ones are kinases: mechanistic target of rapamycin (mTOR) and AMP-

activated kinase (AMPK). 
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mTOR is an evolutionarily conserved serine/threonine kinase that coordinates nutrient 

sensing and activation [79]. mTOR exists in two independent complexes (Fig. 7). 

Rapamycin and nutrient-sensitive mTORC1 complex are composed of mTOR, the 

regulatory-associated protein of mTOR (RAPTOR), mammalian lethal with SEC13 

protein 8 (MLST8) and proline-rich Akt substrate (PRAS) 1 and endogenous regulator 

DEP domain-containing mTOR-interacting protein (DEPTOR). mTORC2 complex is 

insensitive to acute inhibition by rapamycin and contains mTOR, rapamycin-insensitive 

companion of mTOR (RICTOR), GβL, and mammalian stress-activated protein kinase 

interacting protein 1 (mSIN1) [58]. Key downstream targets of mTORC1 include the 

translational regulators 4E-binding proteins (4E-BPs) and ribosomal protein S6 kinases 

(S6Ks). The existence of two mTOR complexes allows the regulation of the same 

protein by different stimuli. While mTORC1 responds to nutrient availability, mTORC2 

is stimulated by cytokines and growth factors [80]. In addition to the upregulation of 

glycolytic metabolism, T cell activation increase the uptake and hydrolysis of amino 

acids through the amino acid transporter SLC7A5 and glutamine transporter SLC1A5 

that in turn, sustain mTORC1 activation [81]. Precisely regulated mTOR activation is 

mandatory for the cells to reach the maximum of its metabolic capacity and coordinate 

the cell fate. TCR stimulation can lead to asymmetric division of mTORC1 activity in 

mother and daughter cells. In such a way, daughter cells with high mTORC1 activation 

have elevated glycolytic flux and generate effector T cells, and T cells with lower 

mTORC1 activity differentiate in memory cells [82]. 

AMPK can affect mTORC1 activation by phosphorylation of TSC2 and RAPTOR 

to inhibit mTOR signaling [83]. AMPK itself is activated when the cellular AMP/ATP 

ratio increases in response to nutrient starvation [84]. In contrast to mTOR, studies 

demonstrated that AMPK is not important to control cell differentiation in normal 

nutrient conditions [85]. The lack of AMPK was not vital to interrupt the cells to acquire 
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an effector phenotype. Still, it is crucial to help the cells to adapt to a different 

environment; for example, in a highly hypoxic and glucose deprived tumor 

microenvironment, cells that lack AMPK have increased cell death rates [86], [87].  

 

 

 

 

Figure 7. The mTOR pathway. (Adapted from Linke et al., 2017 [88]) 
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1.8. Mitochondria – the powerhouse of the (T) cell 

Mitochondria are well known as the cellular “powerhouse” [89]. Mitochondria are the 

primary source for ATP biosynthesis; however, the role of mitochondria in the immune 

responses and coordination of T cell activation extends beyond the ATP production. 

For example, mitochondria are crucial to the generation of fatty acids, Ca2+ 

homeostasis, iron metabolism, regulating innate immunity, and apoptotic cell death 

[90]–[92]. They are the organelles with a double membrane. The outer mitochondrial 

membrane (OMM) contains proteins mitofusin1 and 2 (Mfn-1 and Mfn-2) regulating 

mitochondrial dynamics, [93], [94], the anti-apoptotic proteins, such as B-cell 

lymphoma 2 (BCL-2) [95], mitochondrial antiviral signaling protein (MAVS) [96] and 

mitochondrial voltage-dependent anion channel (VDAC) proteins [97], [98]. The inner 

mitochondrial membrane (IMM) contains a different pool of membrane transporters 

and is less permeable than the OMM. Electron Transport Chain (ETC) proteins sit in 

the IMM. They are responsible for transferring electrons provided by NADH and FADH2 

to oxygen, while generating differential membrane potential (ΔΨm) across the 

mitochondrial inner membrane, leading to a gradient utilized to produce ATP.  

The mitochondrial matrix is enclosed by the IMM and contains ribosomes, nucleotides, 

soluble enzymes, and the mitochondrial DNA (mtDNA) necessary for replication, DNA 

repair, recombination, and transcription [99]. 

The tricarboxylic acid (TCA), commonly known as the Krebs cycle or citric acid cycle, 

takes place in the mitochondria matrix and its metabolites can also be used for the 

production of cholesterol, nucleotides, and amino acids [100]. Taken together, 

mitochondria bridge nutrient metabolism to fulfill the bioenergetic demands of the cell 

through the coordination of the TCA cycle and ETC (Fig. 8).  
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Figure 8. The TCA cycle and OXPHOS are tightly coordinated. (Adapted from Martinez-Reyes et al., 

2020 [101]) 

 

 

1.8.1. The role of mitochondrial dynamics in T cell activation 

Mitochondria are highly dynamic organelles that undergo continuous fission and 

fusion. The constant turnover through mitochondrial biogenesis and mitophagy to 

maintain mitochondrial morphology, homeostasis, and inheritance. The four major 

proteins involved in mitochondrial dynamics are members of dynamin-like guanosine 

triphosphatases (GTPases), which include: Mfn1 and 2, optic atrophy 1 (Opa1) and 

dynamin-related protein 1 (Drp1) [102]. Mfn1 and Mfn2 are localized to the OMM, and 

Opa1 is localized to the IMM. The binding of two mitochondria mediates mitochondrial 

fusion. While Mfn 1 and 2 mediate the merging of the two OMMs, the IMM fusion is 

supported by Opa1 [103]. The loss of mitochondrial ΔΨm induces OPA1 cleavage by 

protease OMA1, a process that further dampens mitochondrial fusion [104].  
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The process of mitochondrial fission not only acts to eliminate dysfunctional 

mitochondria but is also an adaptation that occurs in response to the changes in energy 

demand [105] in low proliferating cells, and decreased ATP production by OXPHOS 

[106]. Mitochondria fusion occurs under starvation conditions or higher OXPHOS 

activity. This increases cristae formation and provides more surface area for OXPHOS 

and FAO. Memory T cells, commonly in a quiescent state, have fused mitochondria 

phenotype, associated with the increased FAO rates. In activated T cells, the 

mitochondria are fragmented [107] (Fig. 9). The cellular functions are also affected by 

the mitochondrial distribution within cells and this depends on their interaction with the 

cytoskeleton and molecular motors. The movement in the cell depends on micro-

anchoring proteins in the OMM that interact with molecular motors (kinesin or dynein) 

in the microtubules [108]. The size of mitochondria may impact mitochondrial transport 

across the cell. In that sense, small mitochondria can be transported easier than larger 

ones, easily reaching the immune synapses. 

 

 

 

Figure 9. Mitochondrial fusion-fission cycle. (Adapted from Seo et al., 2010 [109]) 
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1.8.2. Regulation of mitochondria ATP transport 

The mitochondrial VDAC, also known as the mitochondrial porin, is the most abundant 

protein in the outer mitochondrial membrane and is responsible for regulating the ion 

and metabolite flux between mitochondria and cytosol [110]–[112]. Several molecules 

are capable of modulating VDAC conductance, for example, adenine nucleotides, 

tubulin, and hexokinase (HK) [113]–[115]. ATP/ADP ratios and NAD(P)H levels 

modulate outer mitochondrial membrane permeability and respiration rates [113]. The 

inhibition of VDAC by free tubulin limits mitochondrial respiration and could be a reason 

for the Warburg effect. Once, activated cells require tubulin to support rapid division. 

The increase in free tubulin by microtubule destabilizing compounds as rotenone and 

nocodazole are also able to decrease the mitochondrial membrane potential [116]. 

Free tubulin can decrease VDAC conductance and ultimately lead to outer 

mitochondrial membrane permeabilization and cell death [117]. The role of HK in 

mediating the VDAC closure is controversial, once the closure would inhibit nucleotide 

exchange and burden the ATP supply by which HK depends on for its enzymatic 

activity [118]. The VDAC shutdown due to HK detachment leads to mitochondrial 

swelling and, consequently, to cell death via an undefined pathway [119].  

 

1.8.3. The sphingolipid influence in mitochondrial metabolism  

Several studies reported the importance of sphingolipid metabolism in sustaining 

mitochondria functionality. Mitochondrial neutral sphingomyelinase activity and 

ceramides contribute to the damage of mitochondrial integrity and impaired OXPHOS 

in the heart reperfusion damage model [120]. In skeletal muscle myotubes, neutral 

sphingomyelinase inhibits ATP production, mitochondrial gene expression, and 

enhance fatty acid-induced lipotoxicity [121]. Furthermore, astrocytes ceramides 

regulate mitochondrial ATP release [122]. ASM inhibition is implied in impaired 
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Akt/mTOR pathway activation in α-CD3/CD28 stimulated human naive, memory, and 

Th17 differentiated CD4+ T-cells [123].  

2. Aim of the thesis 

Previous work has established the role of neutral sphingomyelinase 2 in the regulation 

of signaling and activation of T cells. The importance of sphingolipid metabolism in 

sustaining mitochondria functionality has been documented for cells of non-

hematopoietic origin but still not totally comprehended. Little is known about the role of 

sphingomyelinases in the regulation of T-cell metabolic activity.  

This thesis aims to define the role of NSM2 in the general understanding of molecular 

mechanisms involved in sphingomyelinase dependent control of T-cell energy 

metabolism. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Introduction 

20 

 

 

 

 

 

 

 

 

 

 



Materials 

21 

3. Materials 

3.1. Cell Lines 

Table 1 - Cell lines 
 
 

Cell line Cell type Species Origin 

CRISPR/Cas9 NSM KD 

Jurkat T cells (ΔNSM) 

Lymphoblast T cells human University Bern, 

Prof. Dr. Annette 

Draeger 

HEK 293T  Human embryonic kidney 

cells transformed by SV40 

T-antigen  

human Virology Würzburg  

Jurkat (CTRL) Lymphoblast T cells human Virology Wurzburg 

 

3.2. Primary cells 

Primary cells were isolated from leukocyte reduction chambers supplied by the 

University Hospital of Wurzburg, Institute for Transfusion Medicine and Hemotherapy 

(ethically approved, vote S. Schneider-Schaulies).  

 

3.3. General buffers, solutions, and media 

Table 2 - General buffers, solutions, and media 
 
 

Buffers/solutions/Media Manufacturer/content 

Acrylamide/bisacrylamaid  AppliChem  

APS  Carl Roth  

ATP  Thermo Fischer  

ATP Determination Kit Invitrogen 

ATP Lysis Buffer PSB (w/o Ca2+/Mg2+) 

1% Triton-X 

ATV  

 

136,89 M NaCl  

5,36 M KCl  

3,22 M D(+)-glucose  
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6,90 M NaHCO3  

0,05 % trypsine  

0,54 M EDTA  

ad aqua dest., pH 7,4  

BCA Sigma-Aldrich 

BSA Serva 

Chemiluminescent Western Blot Detection ThermoScientific 

Complete, EDTA-free, Protease Inhibitor 

Cocktail 

Roche 

D-Glucose Sigma-Aldrich 

DMEM  Gibco  

DMSO  AppliChem  

Dynabeads Human T-Activator CD3/CD28 Invitrogen 

EDTA  Sigma-Aldrich  

EGTA Sigma-Aldrich 

FACS buffer PBS (w/o Ca2+/Mg2+) 

0,5 % (w/v) BSA 

0,02 % (w/v) NaN3 

FCS  Biochrome AG  

Gel Red  Sigma-Aldrich  

HEPES Sigma-Aldrich  

Histopaque-1077  Sigma-Aldrich  

HMU-PC  Moscerdam Substrates  

HMU-PC solution  1,35 mM HMU-PC  

0,25 M Na-acetate  

30 µM Na-taurochlorate  

ad aqua dest., pH 7,4  

HPLC-grade water  AppliChem  

Ingenio® Electroporation solution MirusBio 

Lysis buffer  1% (w/w) Nonidet P-40 (NP-40)  

120mM NaCl  

10mM NaF, pH=7.2  

50mM Hepes, pH=7.4,  

40mM b-glycerophosphat  

1mM EDTA  

1 tablet protease inhibitors cocktail  
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per 10ml lysis buffer  

MACS Buffer 10mM EGTA 

3% FCS 

PBS (-/-) 

MagniSort™ Human CD4 T cell Enrichment 

Kit 

Thermofischer 

MEM  Gibco  

Mitochondria Isolation Media 300mM sucrose 

10mM HEPES 

200µM EDTA  

1mg/mL BSA, pH 7.4 

Mitochondria Isolation Media w/o BSA 300mM sucrose 

10mM HEPES 

200µM EDTA  

pH 7.4 

Mounting media  Southern Biotech  

NaCl  AppliChem  

NSM Assay lysis buffer 20 mM HEPES pH 7,4 

10 mM b-glycerolphosphate 

protease inhibitor cocktail  

ad aqua dest. 

NSM Assay resuspension buffer 20 mM HEPES pH 7,4 

15 mM MgCl2 

10 mM b-glycerolphosphate 

protease inhibitor cocktail 

ad aqua dest. 

NSM Assay stop buffer 0,2 M glycine 

0,2 M NaOH 

0,25 % Triton-X 

ad aqua dest., pH 11 

Paraformaldehyde (PFA)  AppliChem  

PBS 137 mM NaCl 

2,7 mM KCl 

10 mM Na2HPO4 x H2O 

1,8 mM KH2 PO4 

1 mM CaCl2 x 2 H2O 
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0,5 mM MgCl2 x 6 H2O 

ad aqua dest. 

PBS (w/o Ca2+, Mg2+); PBS (-/-) 137 mM NaCl 

2,7 mM KCl 

10 mM Na2HPO4 x H2O 

1,8 mM KH2 PO4 

ad aqua dest. 

Penicillin/Streptomycin (100 i.e./mL) Sigma-Aldrich 

Plasmid Maxi Kit QIAGEN 

Plasmid Mini Kit QIAGEN 

Poly-L-Lysine Sigma-Aldrich 

Propidium Iodide  Immunotools  

Pyruvate Sigma-Aldrich  

RPMI-1640 Gibco 

Saponin Sigma-Aldrich 

SDS  AppliChem  

Seahorse XF Basis Medium DEMEM Agilent 

Seahorse XF Calibrant Solution  Agilent 

Sucrose Sigma-Aldrich 

TEMED  Carl Roth  

Tris  Carl Roth 

Triton-X Sigma-Aldrich 

Trypan-blue 0,25 % (w/v) in PBS (w/o Ca2+ /Mg2+) 

TWEEN-20  VWR  

Versene PBS (w/o Ca2+, Mg2+) 

EDTA 0.02% 

WB blocking buffer  5 % w/v skim-milk in PBS  

WB loading buffer  200 mM Tris pH 6.8  

4 % w/v SDS 20 % w/v glycerol  

0.02 % w/v bromophenolblue  

200 mM DTT  

WB washing buffer  PBS/0.05 % Tween-20  
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3.4. Chemicals, Inhibitors, and siRNAs 

Table 3 - Chemicals, Inhibitors, and siRNAs 
 

Chemicals/Inhibitors/siRNAs Manufacturer 

2-Deoxyglucose  Sigma-Aldrich 

Antimycin A Sigma-Aldrich 

CTRL non-targeting siRNA Sigma-Aldrich 

D-Glucose Sigma-Aldrich 

ES048 A gift from Christoph Arenz 

FCCP Sigma-Aldrich 

GW4869 Sigma-Aldrich 

Nocodazole Sigma-Aldrich 

Oligomycin Sigma-Aldrich 

Rotenone Sigma-Aldrich 

siRNA targeting human SMPD3 (NSM2)  

(5′-UGCUACUGGCUGGUGGACC-3’ 

 5′-GGCUCCACCAGCCAGUAGCA-3′)   

Sigma-Aldrich 

 

3.5. Antibodies and dyes 

Table 4 - Antibodies and dyes 
Antigen/Target/Dyes Catalog 

no. 

Manufacturer Dilution/concentration 

6-NBDG 13961 Cayman Chemicals 50µM 

α-CD28 (Clone: 

CD28.2)  

555725 Beckton-Dickinson 

Biosciences 

Pharmingen 

1:1000 

α-CD3 (Clone: UCHT-

1) 

555329 Beckton-Dickinson 

Biosciences 

Pharmingen 

1:1000 

α-CD4-FITC 21459043 Immunotools 1:100 (FACS) 

α-CD69-FITC 21459693 Immunotools 1:100 (FACS) 

α-CD25-PE  21270254 Immunotools 1:100 (FACS) 

α-mouse IgG 115-035-

146 

Dianova 25µg/mL 

GLUT1 ab115730 Abcam 1:50 (FACS) 

MitoTracker Green FM 9074S Cell Signalling 200nM 
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MitoTracker Red 

CMXRos 

9082S Cell Signalling 200nM 

Secondary antibody 

Alexa488 chicken anti-

rabbit 

A-21441 Life Technologies 1:100 (FACS, IF) 

Phospho-mTOR 

(Ser2448) (D9C2) 

5536S Cell Signalling 1:50 (IF) 

1:2000 (WB) 

Phospho-S6 Ribosomal 

Protein (Ser235/236) 

4858S Cell Signalling 1:50 (FACS) 

1:2000 (WB) 

 

 

3.6. Disposable Material 

 

Table 5 – Disposable material 
Disposable Material Manufacturer 

6, 12, 24 well cell culture plates  Greiner Bio-One  

75 25 cm2 cell culture flasks  Greiner Bio-One  

96 well flat bottom plate, black Nunc 

96 well flat bottom plate, white Corning®  

Cover glass for IF Marienfeld-Superior 

Cuvettes – semi-macro Hartenstein 

Electroporation cuvettes VWR 

FACS-tubes  Falcon  

Lab-Tek® II Slide, 8 Chamber Emsdiasum 

Leucocyte reduction chambers  University Hospital Würzburg  

Pasteur pipettes  Hartenstein  

Pipette tips  Brand  

Plastic pipettes (5, 10, 25 mL)  Sarstedt  

Plastic tubes (50, 15 mL)  Greiner Bio-One  

Reaction tubes (0.5, 1.5, 2.0 mL)  Eppendorf  

Seahorse XF96 V3 PS Cell Culture Microplates Agilent 

Seahorse XFe96 sensor cartridges Agilent 

Sterile Filter (Attachment for Disposable Syringes): 

Diameter 50 mm, Pore Size 0.2 μm  

Sartorius Stedium Biotech  
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3.7. Equipment 

Table 6 – Equipment 

 Apparatust Manufacturer 

Accu-jet pro  Brand  

Amaxa® Nucleofector®  Lonza 

BioPhotometer Model #6131 Eppendorf 

Centrifuge Mikro 200  Hettich  

Centrifuge Rotanta 460 R  Hettich  

Confocal microscope LSM 780  Zeiss  

EasySep™ Magnet StemCell Technologies 

FACScan Calibur  Becton Dickinson  

Fluorescent microscope DMi8  Leica  

Heating block  Liebisch  

Incubator 37 °C, 5 % CO2  Heraeus  

Laminar workflow Gelman 

Luminometer Centro XS3 LB960 Berthold 

Microliter pipettes  Brand, Eppendorf  

Neubauer cell counting chamber  Hartenstein  

Odyssey FC Li-Cor 

PH meter  Mettler Toledo  

Safire2 – Fluorescence plate reader  Tecan  

Seahorse XFe96 Analyzer Agilent 

Shaker platform WS5  Edmund Bühler  

Vortex Mixer  Neo Lab  

Water bath  Kotterman  
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3.8. Software 

Table 7 – Software 

Software Company 

CellQuest Pro  Becton Dickinson  

FlowJo_v10 FlowJo  

GraphPad Prism 6  GraphPad Software Inc.  

Image Studio Lite Li-Cor 

ImageJ  NIH  

MikroWin Berthold 

Office Excel Home 

Office PowerPoint Home  

Office Word Home 

Microsoft 

Tecan-i-controlTM 1.7  Tecan  

Wave Agilent 

Zen Zeiss 
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4. Methods 

4.1. Cell Culture 

4.1.1. Cell lines 

Cells were culture in plastic flasks proper for cell culture with filter lids in a humified 

incubator at a temperature of 37ºC and a 5% CO2 atmosphere. CTRL and ΔNSM 

Jurkat T cells were cultured in RPMI 1640 media, supplemented with 

Penicillin/Streptomycin (100i.e/mL) and 100% heat-inactivated fetal calf serum (FCS). 

The serum was heat-inactivated at 50ºC for 1h. Jurkat cells were split every 2 to 3 days 

at a ratio of 1:3 to keep a density between 1x105 and 1x106 viable cells per mL. 

 

4.1.2. Thawing and cryopreservation of cells 

For long-term storage, 1x107 cells were centrifuged (5 min, 280 x g, RT), and the pellet 

was resuspended in 1 mL freezing medium containing FCS + 10% DMSO and 

transferred to -20ºC for 2h and subsequently to -80ºC for overnight. Finally, the cells 

were transferred to -140°C. For thawing, standard cell culture media is heated to 37°C, 

and frozen cells are quickly thawed and diluted in 10 mL of the medium. The medium 

is changed after 24 h to minimize cellular stress.  

 

4.1.3. Isolation of Primary Human T Cells 

Peripheral blood mononuclear cells (PBMCs) were obtained from blood samples with 

permission of the ethics committee of the medical faculty from the department of 

transfusion medicine of the Universitätsklinikum Würzburg as leucocyte reduction 

chambers. The blood in the chamber was first transferred into a 50mL canonical tube 

and diluted with Versene in a 1:5 dilution, final volume 50mL, and mixed gently 

thoroughly a plastic pipette. The final volume of 50mL was divided into two and added 



Methods 

30 

smoothly in tubes containing 9 mL of Histopaque to form 2 layers. The density gradient 

was performed at 160g for 30 min at room temperature. During centrifugation, cells 

can be separated accord to their density. Graphical representation of the tube before 

and after centrifugation is illustrated in the figure below (Fig. 10). 

 

 

 

Figure 10. Illustration of Layer distribution before (left) and after (right) density gradient centrifugation. 

 

After centrifugation, the layer contained the PBMCs were yield and washed three times 

with sterile and pre-warmed PBS (-/-) and resuspended in RPMI 1640 5% FCS and 

incubated for 2h at 37º C. This step allows the monocytic and leucocytic fractions to 

be separated, during this time the monocytic cells will adhere to the plastic, while the 

T cells and B cells will remain in suspension. Peripheral blood lymphocytes (PBLs), 

the non-adherent fraction, are used as a source for primary human T cells. 

MagniSort™ Human CD4 T cell Enrichment Kit was used to recover only the positive 

CD4 cells from the PBLs pool using magnetic separation by negative selection. PBLs 

were counted, centrifuged, and resuspended in a density of 1x107 cells per 100µL in 

MACS buffer. Firstly, 20µL of Enrichment Antibody Cocktail was added per 100µL of 

cells, mixed and incubated at RT for 10 minutes. The Enrichment Antibody Cocktail 

contains Anti-Human CD8 Biotin, Anti-Human CD11b Biotin, Anti-Human CD14 Biotin, 
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Anti-Human CD16 Biotin, Anti-Human CD19 Biotin, Anti-Human CD20 Biotin, Anti-

Human CD36 Biotin, Anti-Human CD56 Biotin, Anti-Human CD123 Biotin, Anti-Human 

CD235a Biotin, and Anti-Human γδ TCR Biotin. After incubation, cells were washed 

one time with MACS buffer and centrifuged. After the centrifugation, cells were 

resuspended in MACS buffer in 1x107 cells per 100µL density. MagniSort® Negative 

Selection Beads B were added, mixed, and incubated for 5 minutes at RT. Later, cells 

were collected and transferred to a canonical 5mL tube and placed in an EasySep™ 

Magnet. After 5 minutes, the cells in the tube were collected by pouring into a different 

tube. The magnet step was repeated 1x. Cells were counted, centrifuged, and cultured 

in a density of 4x106 cells per mL. The purity of about 95% is achieved. Workflow can 

be observed in figure 11. 

 

 

Figure 11. Illustration of workflow from CD4+ isolation procedure. Source: MagniSort™ Human CD4 T 

cell Enrichment Kit protocol 

 

4.1.4. Co-stimulation with soluble antibodies 

Co-stimulation were performed by adding α-CD3 (clone UCHT-1) together with CD28-

specific antibody (clone CD28.2) (1 µg/ml) (both:Beckton-Dickinson Biosciences 

Pharmingen) on ice for 20 min, subsequently transferred to plates pre-coated with 25 

µg/ml α-mouse IgG (Dianova) (2 h at 37 ºC). Cells were stimulated for different time 

points. 
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4.1.5. Labeling with C16 ceramide  

A total of 5×107 CTRL or ΔNSM cells were extensively washed and resuspended in 

186 RPMI/2% FBS containing 25µM C16-ceramide (Avanti Polar Lipids), incubated 

overnight at  37°C and washed three times with PBS before performing flow cytometry 

or mitochondria isolation. 

 

4.2. Inhibitor treatment and CD4+ cells transfection 

Pharmacological inhibition of NSM was obtained by using treatment with ES048. Cells 

were incubated prior experiment for 2 hours at 37ºC with ES048 1,5µM. The 

concentration and pre-incubation time have been optimized in the laboratory by 

previous students[124]. NSM inhibition was measured with an enzymatic reaction. 

The genetic ablation of NSM was performed using a siRNA system. Primary CD4+ 

cells were transfected with siRNA targeting the NSM gene. The following siRNAs were 

used: 

nSMase2 sense: 5’-UGCUACUGGCUGGUGGACC-3’ 

nSMase2 anti-sense: 5’-GGCUCCACCAGCCAGUAGCA-3’ 

Each transfection was performed using 1x107 cells, cells were centrifuged and 

resuspended in 100µL of transfection medium, and 100pM siRNA, CTRL, or against 

NSM was added, gently mixed, and transferred into a fresh electroporation cuvette. 

For electroporation, cuvettes were placed into Amaxa Nucleofector II, and the pre-

installed program U-14 (T cells, human, high viability) was used. After electroporation, 

cells were placed into 3mL pre-warmed RPMI 10% FCS in a 6-well plate. The 

procedure is repeated on day one, and on day three, the maximum gene knockdown 

is achieved on day 5. NSM inhibition was measured with an enzymatic reaction. 
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4.2.1. NSM activity assay  

The NSM enzyme activity is measured by the conversion of HMU-PC pH 7,4 into a 

reaction product which emits detectable fluorescent light. Cells were collected in a 

density of 1x106, centrifuged, pelleted, and resuspended in a 40µL lysis buffer. The 

tube was placed into -80ºC freezer for 5 minutes and back into RT. A 3 times freeze/ 

thaw cycle was performed. This procedure assures that the whole cell is lysate, and 

the enzyme floats into the supernatant. Cell debris was removed by centrifugation for 

5 minutes at 4ºC at 1200 x g. The following reaction mix is prepared for triplicates per 

sample, plus a background measurement:  

 

NSM Assay Reaction Mix: 
Resuspension buffer 10 µL 
HMU-PC (pH 7,4) 10 µL 
ATP (10 mM) 2,2 µL 
Cell Lysate 10µL 

 
Background Reaction Mix: 
Resuspension buffer 10 µL 
HMU-PC (pH 7,4) 10 µL 
ATP (10 mM) 2,2 µL 
Lysis Buffer 10µL 

 
 
The samples were placed at 37ºC overnight, and the reaction is stopped by the addition 

of a 200µL stop buffer. Samples were transferred into a black flat-bottom 96-well plate, 

and the fluorescence (excitation = 360 nm, emission = 460 nm) was measured. The 

background is subtracted from the sample values (Fig. 10). 
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4.3. Bacterial transformation and plasmid isolation methods 

4.3.1. Transformation of bacteria 

Ecoli XL10-Gold ultracompetent cells were used for plasmid transformation. 50 ng of 

plasmid DNA were added to 50μL of bacteria, mixed, vortexed gently, incubated 30 

min on ice and then for 1 min at 42°C in a water bath followed by cooling on ice for 5 

min. 1mL of antibiotic-free Lennox L Broth (LB) medium was added to the bacteria, 

which were incubated for 1h on a shaker at 220 rpm at 37°C. 50μL of this bacterial 

culture was then spread on an LB agar plate surface, containing 100μg/mL of 

Ampicillin, which were incubated at 37°C for 24h. Colonies formed were selected and 

further inoculated in LB medium for Miniprep and Maxiprep plasmid isolation. 

 

4.3.2. Miniprep and Maxiprep plasmid isolation 

A single bacterial colony from the LB agar plate or 10 μL of colony suspension was 

inoculated in 5 mL of LB medium containing antibiotics and incubated in a bacterial 

shaker at 220 rpm overnight at 37°C. The plasmid Miniprep isolation was performed 

using the QIAGEN Plasmid Mini Kit according to the manufacture’s instruction. The 

isolated plasmids were then diluted in 50 μL of TE buffer, and the O.D. was measured 

using the photometer device and used for restriction enzyme digestion to verify their 

identity. For maxipreparation, 2 mL of the amplified bacterial colony was added to 200 

mL of LB medium containing antibiotics and incubated in a bacterial shaker at 220 rpm 

overnight at 37°C. Bacteria were then recovered by centrifugation at 6000×g for 15 min 

at 4°C, and plasmid DNA was isolated using QIAGEN Plasmid Maxi Kit according to 

manufactures instruction. The plasmid DNA was resuspended in TE buffer at the final 

concentration of 1 μg/μL and stored at -20°C. 
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4.4. Generation of Mitochondria GPF Jurkat cell lines 

4.4.1. Transient transfection 

PEI was used for the transfection of plasmids in HEK 293T. These were seeded in a 

6-well-plate at the density of 1 x 106 cells per well and incubated at 37°C for 24 h and 

were up to 80% confluency. The medium was replaced by MEM 10% FCS without 

antibiotics 5h before transfection. Two mixtures were prepared in separate tubes. Mix 

1: PEI + 150 mM NaCl (vortex for 1 min) and Mix2: Plasmid DNA + 150 mM NaCl (for 

1 μg of total DNA add 4μl of PEI). Mix 1 and Mix 2 were combined, mixed by gentle 

pipetting, and incubated at room temperature for 20-30 mins to enable the formation 

of DNA-PEI complexes, which were then applied as droplets onto the cells kept at 

37°C. The medium was replaced the next day of transfection with an antibiotic-free 

medium, and cells were incubated further for 24-48h. 

 

4.4.2. Generation of lentiviral particles 

For lentiviral delivery of the mitochondrial-targeted pre-sequence of the CoxV (kindly 

provided by V. Kozjak-Pavlovic), a packaging system using psPAX2 and pVSV-G 

packaging plasmids together with pLVTHM vector was used. Transfection of HEK 

293T cells for this purpose was carried out as described above with mixture 1 (PEI 

mix) containing 50 μl PEI + 600 μl 150 mM NaCl (vortexed for 1 min) and mixture 2 

containing 3μg mitochondrial lentiviral construct + 4μg psPAX2 + 4μg pVSV-G + 600 

μL sterile 150 mM NaCl (mixed and vortexed). The supernatant containing viral 

particles was harvested after 2 to 3 days post-transfection. Cell debris was removed 

by centrifugation at 2000-3000 RPM at 4°C in 50 mL centrifuge tubes and subsequent 

sterile filtration (0.2 μM filter pore size) followed by freezing aliquots at -80°C. 
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4.4.3. Lentiviral transduction 

CTRL and ΔNSM Jurkat cells were seeded in a six-well plate at the density of 1x105 

cells per well, and the supernatant containing lentiviral particles was added. To 

increase the efficiency of transduction and obtain maximum expression of target 

genes, plates were centrifuged at 400×g for 30 min at 37°C and then incubated at 37°C 

for 48h. Subsequently, cells were kept in culture for five days, and the efficiency of the 

transduction was measured by flow cytometry. After three passages, cells were sorted 

by FACS, and 98% of GFP cells were recovery and keep in culture until being utilized. 

 

4.5. ATP measurements 

4.5.1. Sample preparation 

Human CD4+ T cells were pre-treated or not with 1 µM oligomycin, 25 mM 2-DG, or 

both for 20 min and with Nocodazole 10µM for 1h. At the end of the incubation period, 

cells were collected, pelleted, and washed once with ice-cold PBS. Cells were 

permeabilized with 1% triton, centrifuged at 8000 RPM for 2 min at 4ºC, and the 

supernatant was collected and used for the ATP assay. The supernatant was kept on 

ice, or frozen in -80º C until the quantification. 

CTRL and ΔNSM Jurkat cells were left untreated or pre-treated with Nocodazole 10µM 

for 1h, and mitochondrial were isolated as described below. A concentration of 1ng 

protein was used in the ATP assay. 
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4.5.2. Mitochondrial isolation 

Cells were harvested, pelleted, and resuspended in cold mitochondrial isolation media 

(MIM, 300mM sucrose, 10mM HEPES, 200µM EDTA, and 1mg/mL BSA, pH 7.4) at a 

ratio of 5x107 per 500µL of MIM. Cells were homogenized with a plastic homogenizer 

for ten strokes. After homogenization, samples were centrifuged at 1600 RPM at 4º C 

for 7 minutes to separate the mitochondria from the remaining cellular material. The 

supernatant was collected and centrifuged at 13000 RPM at 4º C for 10 minutes to 

obtain the mitochondrial pellet. The mitochondrial pellet was washed with cold-BSA 

free MIM. Isolated mitochondria were utilized in different experiments. 

 

4.5.3. ATP Quantification 

Total or mitochondrial ATP was measured by using the ATP determination kit 

(Molecular Probes). The ATP kit is based in a bioluminescence assay for the 

quantitative determination of ATP with recombinant firefly luciferase and its substrate 

D-luciferin. The assay is based on luciferase’s absolute requirement for ATP in 

producing light (emission maximum ~560 nm at pH 7.8) from the reaction:  

 

Figure 12. Luciferin/Luciferase reaction. Source: ATP Determination Kit (A22066) protocol 

On the day of the experiment, samples were thaw on ice and kept cold until 

measurement. Following the manufacture’s protocol, a 10mL Standard Reaction 

Solution (SRS) was prepared, it contains:  
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Reagent Volume Concentration 

dH2O 8.9 mL  

Reaction Buffer 500µL 20X 

DTT 100µL 100µM 

D-luciferin 500µL 10 mM 

Firefly luciferase stock solution.  2.5 µL 5 mg/mL 

Final volume 10mL 

 

The workflow of the experiment consists in adding a volume of 90µL of SRS into a 

white flat bottom 96 well plate, and background measurement. Subsequently, 10µL of 

the sample was added, and a new reading was performed. The Centro XS3 LB960 

luminometer microplate reader was utilized. Using the Mikrowin software, the 

parameter for the measurement was: 20s of shaking + 1s reading.  

 

4.5.4. ATP data 

The results were expressed in arbitrary units, and the files were exported into an excel 

file. To assure the real concentration in each sample, an ATP curve (10mM -> 

0,0001mM) was performed. Using the standard ATP curve, measurements with 

background deducted were interpolated, and real ATP concentration was analyzed. All 

samples were normalized by protein amount. 
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4.6. Flow Cytometry 

The flow cytometry, the technique consists of a laminar flow in which cells are 

singularized and pass through a laser that allows detection of the size (FSC, forward 

scatter), granularity (SSC, sideward scatter) and fluorescent labeling. Different 

fluorescent labels and their intensities are measured and allow the characterization of 

different subpopulations in a mixture of cells. For this purpose, cells are either labeled 

by antibodies linked to fluorescent dyes or dyes are incorporated into cells.  

4.6.1. 6-NBDG uptake 

6-deoxy-6-[(7-nitro-2,1,3-benzoxadiazol-4-yl)amino]-D-glucose (6-NBDG) is a non-

hydrolysable fluorescent glucose analog. And displays an excitation/emission maxima 

of 465/535 nm. Humans CD4+ T cells were kept in RPMI 1% FCS without glucose for 

2h before the experiment. 6-NBDG was diluted in DMSO in a stock concentration of 

50mM. For the uptake experiment, 6-NBDG was diluted in RPMI 0,5% FBS without 

glucose into a concentration of 50µM. Cells were incubated for 60 min at 37°C, then 

washed with FACS buffer twice prior measurement. 

 

4.6.2. Mitochondrial profiling 

For mitochondrial profiling, two different dyes were used: MitoTracker Green FM, which 

stains mitochondria, independently of mitochondrial membrane potential. And displays 

an excitation⁄emission of 490/516 nM. And MitoTracker Red CMXRos that stains 

mitochondria in live cells and its accumulation is dependent upon membrane potential. 

And shows an excitation⁄emission of 579/599 nM. Human CD4+ T cells were collected 

and incubated with 200 nM MitoTracker Green or Red for 30min at 37ºC then washed 

once with FACS buffer prior measurement.  
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4.6.3. Extra and Intracellular stainings 

To determine the levels of the Glucose Transporter, GLUT1 and mTOR activity cells 

were fixed with 4% paraformaldehyde at room temperature for 20min. Then washed 

with FACS buffer, stained for phospho-S6 ribosomal protein (Ser235/236) or Anti-

Glucose Transporter GLUT1 antibody for 1h at 4ºC, antibodies were diluted in PBS 

with 0,3% saponin for intracellular staining, washed and incubated with secondary 

antibody Alexa488 for 30 min at 4ºC. Cells were washed twice with FACS buffer.  

 

4.6.4. Surface Activation Markers 

For quantification of the activation markers with FITC conjugated anti-CD69 and PE-

conjugated anti-CD25 antibodies. CD4+ were co-stimulated for the indicated time 

points, then washed with PBS and incubated for 30 min on ice in the dark with 10µL of 

anti-CD25 and anti-CD69 antibodies in 100µL FACS buffer. Cells were washed twice 

with FACS buffer. 

4.6.5. Viability assay 

For viability assay, we utilized Propidium iodide (PI). PI is a small fluorescent molecule 

that binds to DNA but cannot passively traverse into cells that possess an intact plasma 

membrane. Cells were stimulated on a plate with α-CD3/CD28, and on day five cells 

were collected washed once, and PI incubated with PI for 15 minutes, then cells were 

washed once and measured on FACS. 

 

4.6.6. Sample analysis 

In this study, flow cytometry was performed using the BD FACSCalibur. A minimum of 

15000 events was collected, and data analysis was performed by CellQuestPro or 

FlowJo 10.4.2 software.  
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4.7. Metabolic Profiling  

4.7.1. Seahorse XF Analyzers  

Seahorse XF Analyzers measure oxygen consumption rate (OCR) and extracellular 

acidification rate (ECAR) of live cells, interrogating critical cellular functions such as 

mitochondrial respiration and glycolysis. Real-time measurements of OCR and ECAR 

are made by isolating a tiny volume (about 2 μL) of the medium above a monolayer of 

cells within a microplate. Cellular oxygen consumption (respiration) and proton 

excretion (glycolysis) cause rapid, easily measurable changes to the concentrations of 

dissolved oxygen and free protons in this "transient microchamber," which are 

measured every few seconds by solid-state sensor probes residing 200 microns above 

the cell monolayer. The instrument measures the concentrations for 2-5 minutes then 

calculates the OCR and ECAR, respectively. 

 

4.7.2. Cell Preparation 

The Amaxa electroporation technique used to transfect primary T cells with NSM2 

specific RNA was not compatible with Seahorse technology, which was extremely 

sensitive to the presence of apoptotic or dead cells in transfected T cell culture. During 

the electroporation procedure, cells receive electric pulses that disrupt the integrity of 

the plasma membrane, allowing the siRNA to enter the cells [125].  

The procedure is highly efficient in delivering nucleic acids in the cell. NSM activity was 

reduced by about 50% in both electroporated, and ES048 treated cells. However, it 

can lead to increased cell death due to the necrosis or apoptosis caused by electro 

sensitization [126]–[129]. Therefore, we used pharmacological inhibition of NSM by 

ES048 for the seahorse experiments throughout the thesis. 

Cells were kept without stimulation or co-stimulated for 24h prior experiment. On the 

day of the experiment, cells were washed three times with Seahorse XF Base Medium, 
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pH 7.4. Depending on which experiment, the Seahorse XF Base Medium has different 

compositions. The complete medium contains 250mM Glucose, 1mM Pyruvate, and 

2mM L-Glutamine. Cells were then seeded at a density of 1 x 106 cells/well (8 wells 

per condition) and kept in a 37 ºC incubator without C02 for 1h for calibration. Afterward, 

the plate was placed into the XF96 analyzer.  

 

4.7.3. Metabolic Response Upon Stimulation  

To assess the metabolic response upon stimulation, cells were kept in a complete 

medium, and four basal measurements were performed, followed by one injection with 

α-CD3/CD28 10µg/ml and more ten post-injection measurements. ECAR and OCR 

were measured.  

 

4.7.4. Mitochondria Stress Test 

The mitochondria stress test consists of 3 distinct injections after four cycles each. The 

cells kept in full nutrient medium receive the first injection of 1µM oligomycin, a 

chemical responsible for blocking the mitochondrial ATP production, and stop the 

mitochondrial respiration. The second injection is 1.5µM FCCP, a chemical responsible 

disrupt the potential of the membrane of the mitochondria and assessing the maximal 

cellular respiration, the third injection is a combination of 100µM Rotenone and 1µM 

Antimycin A, both responsible for blocking the complexes I and III, respectively, in the 

electron transport chain. The orders of the injection allow calculations of different 

parameters and more precise results about the mitochondria functionality, as seen 

below:  
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Figure 13. Mitochondria stress test. Source: Agilent 

 

Basal respiration: Oxygen consumption used to meet cellular ATP demand resulting 

from mitochondrial proton leak. Shows the energetic needs of the cell under baseline 

conditions.  

ATP Production: The decrease in oxygen consumption rate upon injection of the ATP 

synthase inhibitor oligomycin represents the portion of basal respiration that was being 

used to drive ATP production. Shows ATP produced by the mitochondria that 

contribute to meeting the energetic needs of the cell. 

H+ (Proton) leak: Remaining basal respiration not coupled to ATP production. Proton 

leak can be a sign of mitochondrial damage or can be used as a mechanism to regulate 

mitochondrial ATP production. 

Maximal respiration: The maximal oxygen consumption rate attained by adding the 

uncoupler FCCP. FCCP mimics a physiological “energy demand” by stimulating the 

respiratory chain to operate at maximum capacity, which causes rapid oxidation of 

substrates (sugars, fats, and amino acids) to meet this metabolic challenge. Shows the 

maximum rate of respiration that the cell can achieve.  
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Spare respiratory capacity: This measurement indicates the capability of the cell to 

respond to an energetic demand as well as how closely the cell is to be respiring to its 

theoretical maximum. The cell's ability to respond to demand can be an indicator of 

cell fitness or flexibility. 

Nonmitochondrial respiration: Oxygen consumption that persists due to a subset of 

cellular enzymes that continue to consume oxygen after the addition of rotenone and 

antimycin A. This is important to get an accurate measure of mitochondrial respiration. 

 

4.7.5. Glycolytic Stress Test  

The glycolytic stress test consists of 3 distinct injections after four cycles each. The 

cells kept without glucose receive the first injection of 10mM glucose to assess the 

basal glucose utilization; the second injection is 1µM oligomycin, a chemical 

responsible for blocking the mitochondrial ATP production, forcing the cells to utilize 

glycolysis, the third injection is 25mM 2-DG. This glucose analog blocks glycolysis. 

The orders of the injection allow calculations of different parameters and more precise 

results about the glycolytic demand, as seen below:  

 

Figure 14. Glycolytic stress test. Source: Agilent 
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Glycolysis: The process of converting glucose to pyruvate. The XF Glycolysis Stress 

Test presents the measure of glycolysis as the ECAR rate reached by a given cell after 

the addition of saturating amounts of glucose.  

Glycolytic capacity: This measurement is the maximum ECAR rate achieved by a cell 

following the addition of oligomycin, effectively shutting down oxidative 

phosphorylation and driving the cell to use glycolysis to its maximum capacity. 

Glycolytic reserve: This measure indicates the capability of a cell to respond to an 

energetic demand as well as how close the glycolytic function is to the cell’s theoretical 

maximum. 

Non-glycolytic acidification: This measure other sources of extracellular acidification 

that are not attributed to glycolysis. 

 

4.8. Confocal Microscopy 

Imaging was performed by the confocal laser scanning microscope LSM 780, Zeiss, 

which is equipped with an incubation system and objectives with the following 

specifications: oil 63x/1.4, oil 40x/1.4, air 40x/0.95, 20x/0.8, 10x/0.45 plan apochromat. 

Fluorescence dyes were excited by laser lines 488 nm and 568nm. 

4.8.1. Immunostaining and fixed-cell microscopy 

Transfected CD4+ T cells were seeded in Lab-Tek® II Chamber Slide System with α-

CD3/CD28 coated beads for different time point. Cells were washed once with PBS 

and fixed with 4% PBS for 30 min RT. After washing, cells were permeabilized using 

triton 0,1% X-100 in PBS 5% BSA for 15 min. Cells were incubated with primary 

antibody Phospho-mTOR (Ser2448) in PBS 5% BSA overnight at 4º C, washed three 

times, and cells were stained with α-rabbit Alexa488-conjugated secondary antibody 

and DAPI for nucleus visualization for 1 h at RT. After washing, the samples were 

mounted into slides.  
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CTRL and ΔNSM mitochondria GFP cells were seeded in Lab-Tek® II Chamber Slide 

System and fixed with 4% PFA for 15 minutes and washed three times with PBS. After 

washing, the samples were mounted into slides.  

4.8.2. Image Analysis 

The confocal images were pre-processed using DAQ software ZEN2012 black. The 

acquired images of cells were taken from different fields of view randomly selected 

across the entire coverslip area, and their mitochondrial morphology was analyzed 

using the semiautomated morphometric tool MiNA [130] within Fiji.  A minimum of 50 

cells was analyzed. 

 

4.9. Protein quantification  

The protein concentration in lysates was measured using BCA, and the rest of the 

samples were stored at -20°C. For protein quantification, 5 μL of samples or protein 

standard was applied to 995 μL of a solution of CuSO4 diluted 1:50 with BCA solution 

(1 mL BCA with 20 μL of CuSO4) in 1.5 mL tubes, vortexed, and incubated at 60°C for 

15 min. Samples were transferred into cuvettes for the protein absorbance 

measurements using the Biophotometer. 

4.10. Western Blot 

The western blot method allows the detection of proteins of interest by separating them 

according to their electrophoretic mobility via Sodium dodecyl sulfate-polyacrylamide 

gel electrophoresis (SDS-PAGE) in the electrical field. Two gels were used to separate 

the proteins; the first gel is known as stacking gel with a neutral pH in which loaded 

proteins are concentrated and a separating gel with pH 8.7. Gels used in this study 

were 8 or 10 % polyacrylamide, and 30 of protein from the cell lysates were used.  
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The lysates were mixed were 3X Laemmeli buffer, incubated at 95°C in a heating block 

for 5 min and loaded onto the gel. The electrophoresis was performed at a constant 

eight mA overnight. Following electrophoresis, proteins we transferred to a 

nitrocellulose membrane. Whatman papers, membrane, and gel were soaked in the 

anode or cathode buffers and placed onto the transfer apparatus. After the transfer at 

125 mA for 1 h, the nitrocellulose membrane was washed 1 x with PBS/0.1% Tween, 

blocked 30 min at RT in 5% non-fat dry milk or BSA in PBS/0.1% Tween (depending 

on the primary antibody) and washed once with PBS/0.1%Tween. The membrane was 

incubated overnight on a shaker at 4°C with the primary antibody diluted in 5% non-fat 

dry milk or BSA in PBS/0,1 % Tween and washed three times 15 min at RT. The 

secondary antibody diluted in 5% milk/PBS/0.1%Tween was added, incubated for 1h 

at RT, and washed three times with PBS/0.1%Tween followed by the acquisition of the 

membrane image in a Li-cor Odyssey Fc Imaging system. The following antibodies 

were used in this study: pMTOR, pS6, VDAC, aldolase, and HK II. 

 

4.11. Statistical Analysis 

Data were analyzed with GraphPad Prism software (GraphPad San Diego, USA). Data 

shown were acquired in at least three independent experiments involving individual 

donors. For statistical analyses of data sets, unpaired Student’s t-test (∗ p < 0.05, ns: 

non- significant) was used throughout the manuscript. Bars show standard deviations 
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5. Results 

5.1. NSM activity is increased after co-stimulation 

To understand the dynamics of NSM2 activity in T cells, we measured the NSM2 

activity in unstimulated cells pre-incubated for 2h with 1,5µM ES048 (SMPD3 specific 

inhibitor) [124] or 1µM GW4869 (SMPD2 and SMPD3 specific inhibitor) before and 

after stimulation for 1h or 24h (Fig 15 A). The results demonstrate that both inhibitors 

have substantial NSM activity inhibition, with ES048 having the best results. We 

choose to work with this inhibitor for the entire thesis. Surprisingly, the NSM activity is 

still increased after 24 hours of co-stimulation, and both  of the inhibitors keep the NSM 

activity low. To confirm if the genetic approach CrispR-CAS9 and siRNA (Fig. 15B) 

have the desired impact on NSM2 expression, we measured the NSM2 activity in those 

cells. The results demonstrated that both techniques could inhibit NSM activity. 
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Figure 15. NSM assay. NSM activity was calculated from the HMU-PC fluorescence, after background 

subtraction. Measurements were normalized. Untreated and unstimulated cells set to 100%. p-value is 

shown on the top of significant (marked with a *) or not a significant difference (ns).  

 

5.2. NSM2 activity is required to maintain the quiescence of T cells 

5.2.1. NSM2 activity interferes in the ATP production 

Previous work from our group demonstrated that NSM deficiency renders T cells hyper-

responsive to T cell receptor (TCR)/CD28 stimulation [32]. Primary NSM2 KD T cells 

transfected with NSM2 specific siRNA show enhanced spreading response on 

stimulatory surfaces and rapid calcium mobilization in the first minutes upon α-CD3/α-

CD28 co-stimulation. Sustained calcium flux and ATP production are essential 

processes in the regulation of T cell signaling and energy metabolism accordingly 

[131]. To investigate if the initially increased response of NSM2 deficient cells is 

energetically supported by ATP production, we first quantified the ATP levels in 

unstimulated primary CTRL and NSM2 KD cells transfected with CTRL and NSM2 

specific siRNAs. For the generation of NSM2 KD cells, we used human CD4+ T cells 

B 
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isolated from peripheral blood that is a mixed population of naïve and memory T cells 

in the quiescent state, which is defined as cells being in G0 stage with low proliferative 

and metabolic activity. Unstimulated NSM2 deficient T cells showed significantly higher 

total ATP levels compared to CTRL cells sufficient for NSM2 (Fig. 16).  
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Figure 16. NSM is essential to dampen ATP production in unstimulated T cells. Unstimulated CTRL and 

NSM2 KD CD4+ T cells were lysed, and total ATP levels were measured. Values obtained from three 

different donors are normalized against CTRL cells set to 100%. Mean values with standard deviations 

are shown. The p-value is shown on the top of significance (marked with asterisks). 

 

Ceramide plays a vital role in keeping the mitochondria functionality, being very 

decisive to control the cellular apoptosis through mitochondria [132]. Recent studies 

demonstrated the critical role of NSM2 generated ceramides in tubulin dynamics and 

association with VDAC in mitochondria-associated membranes (MAMs), thereby 

regulating mitochondrial ADP/ATP transport in astrocytes [33], [122]. To evaluate the 

T cell-specific role of tubulin in cellular ATP production and accumulation in the 
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mitochondria, CD4+ human primary T cells were left untreated or pretreated with 

nocodazole, a drug which disrupts microtubule assembly/disassembly dynamics, for 

1h and ATP levels were measured in the lysates of CTRL and NSM2 specific siRNA 

transfected cells (A) or mitochondria isolated from untreated CTRL and NSM2 inhibitor 

ES048 treated cells (B) (Fig. 17). The results demonstrated that nocodazole treatment 

did not affect the total ATP levels (Fig. 17A). Interestingly, preincubation with 

nocodazole increased ATP levels in the isolated mitochondria from both: untreated 

CTRL and ES048 treated cells (Fig. 17B). Taken together, these results demonstrate 

that NSM2 and tubulin are essential to regulate the accumulation of ATP in 

mitochondria. 
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Figure 17. Tubulin and NSM2 dependent regulation of ATP production. Unstimulated CD4+ were left 

untreated or pre-treated with nocodazole 10µM for 1h, and total (A) or mitochondrial ATP (B) levels were 

measured. CTRL or untreated cells in black bars. NSM2 KD or ES048 grey bars. Mean values with 

standard deviations are shown. p-values are shown on the top of significant (marked with asterisks) or 

not significant differences (ns).  
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We wanted to investigate the source of the total ATP increase in NSM2 deficient 

T cells. Therefore, unstimulated CTRL or NSM2 siRNA transfected CD4+ T cells were 

pre-treated with 1µM oligomycin, to block the mitochondrial ATP production, 25mM 2-

Deoxy-D-glucose (2-DG), to prevent the glycolytic ATP production, or with oligomycin 

and 2-DG together for 20 min. Cells were harvested, and total ATP levels were 

measured (Fig. 18). The results demonstrate that CTRL cells rely more on the oxidative 

phosphorylation (OXPHOS) in mitochondria, with the significant inhibition coming from 

the oligomycin treatment. This is expected from quiescent cells that have reduced 

glycolytic activity, and rely more on mitochondria to produce ATP [133]. On the 

contrary, the NSM2 KD cells exhibit a significant ATP production inhibition after both 

treatments: oligomycin and 2-DG. This indicates that NSM2 KD cells increase glucose 

utilization during T cell quiescent state while simultaneously keeping the ATP 

production by OXPHOS. 
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Figure 18. ATP production by OXPHOS and glycolysis in resting NSM2 deficient T cells.  Unstimulated 

CD4+ T cells were pre-treated with 1µM oligomycin or 25mM 2-DG or both together for 20 minutes. Total 

ATP levels were measured. Mean values with standard deviations are shown. p-values are shown on 

the top of significant (marked with asterisks) or not significant differences (ns).  

 

5.2.2. Enhanced glucose uptake in NSM2 deficient T cells 

Enhanced ATP levels in resting NSM2 deficient cells indicated a heightened 

glycolytic activity of those cells. Glucose uptake assay was performed to investigate 

the role of NSM2 in the homeostatic regulation of the glycolytic pathway in 

unstimulated, non-proliferating T cells. CD4+ T cells were preincubated in the cell 

culture medium without glucose for 2h, followed by further incubation in medium 

supplemented with 100µM 6-NBDG, a non-metabolized glucose analog, for 1h and the 

uptake was measured by flow cytometry. The results showed an elevated 6-NBDG 
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uptake in NSM2 deficient cells (Fig. 19). Both: pharmacological inhibition with ES048 

(Fig. 19A) or genetic ablation (Fig. 19B) of NSM2 resulted in significantly enhanced 

uptake of glucose analog.  

0

5 0

1 0 0

1 5 0

6
-N

B
D

G
 U

p
ta

k
e

(u
n

tr
e

a
te

d
 s

e
t 

to
 1

0
0

%
)

p=0.0401

*

u n tre a te d

E S048

 

0

5 0

1 0 0

1 5 0

6
-N

B
D

G
 U

p
ta

k
e

(C
T

R
L

 s
e

t 
to

 1
0

0
%

)

p<0.0001

***

CTRL

NSM 2 KD

 

Figure 19. Enhanced glucose uptake in NSM2 deficient T cells. Unstimulated CD4+ T cells with 

pharmacologically inhibited (A) or genetically ablated (B) NSM2 were kept in media without glucose for 

2h then incubated with 100µM 6-NBDG for 1h and analyzed by FACS.  Representative histograms (left 

graphs) and a summary of three independent experiments (right graphs) are shown. Data are 

normalized. Mean values with standard deviations are shown. p-values are shown on the top of 

significant (marked with asterisks) or not significant differences (ns).  

Further on, we analyzed the surface expression of glucose transporter 1 

(GLUT1) by flow cytometry. GLUT1 is the most expressed glucose transporter in T cell 

and, facilitates the transport of glucose across the plasma membranes to fuel the 

glycolysis [133]. In line with the elevated glucose uptake, the results demonstrated that 

ES048 treatment (Fig. 20A) and NSM2 genetic ablation (Fig. 20B), both induced 

enhanced expression of GLUT1 on the cell surface.  
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Surprisingly, when the total levels of GLUT1 were quantified, we observed an 

increase of the protein levels in the NSM KD cells (Fig. 21A), but not in 

pharmacologically inhibited, ES048 treated T cells (Fig. 21B), which possibly are not 

able to increase GLUT1 protein expression within 2 hours of ES048 pretreatment. The 

results indicate an essential role of basal NSM2 activity in the regulation of GLUT1 

surface expression in T cells. 
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Figure 20. GLUT1 surface expression is increased in NSM2 deficient T cells. Unstimulated CD4+ T cells 

were pharmacologically inhibited (A), or genetically ablated (B) were kept in media without glucose for 

2h. GLUT1 surface expression was measured by flow cytometry. Representative histograms (left 

graphs) and a summary of three independent experiments (right graphs) are shown. Mean values with 

standard deviations are shown. p-values are shown on the top of significant (marked with an asterisk) 

or not significant differences (ns). 
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Figure 21. GLUT1 total expression in NSM2 deficient T cells. Unstimulated CD4+ T cells were genetically 

ablated (A) or pharmacologically inhibited (B) and kept in media without glucose for 2h. GLUT1 total 

expression was measured by flow cytometry of permeabilized cells.  Mean values with standard 

deviations are shown. p-values are shown on the top of significant (marked with an asterisk) or not 

significant differences (ns) 

 

As previously shown, NSM2 deficient cells do not support tubulin polymerization and 

dynamics. Now we show increased ATP accumulation in mitochondria upon 

nocodazole treatment or NSM2 inhibition, indicating that both: tubulin and NSM2 are 

essential regulators of mitochondrial ATP transport in T-cells, and NSM2 is affecting 

mitochondrial ATP accumulation through deregulation of tubulin dynamics. 

 

5.2.3. Hyperactive homeostatic metabolism in NSM2 deficient T cells 

NSM2 inhibition promotes enhanced glucose uptake and ATP production via 

the glycolytic pathway. We performed a metabolic flux analysis, using a seahorse 96XF 

technology to find out if previously shown data reflects enhanced basal metabolic 

activity of NSM2 deficient T cells. The seahorse is a powerful tool for measuring 

glycolysis through medium acidification after lactate production. The OXPHOS is 

measured as the oxygen consumption rate.  
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All metabolic flux experiments were performed in T cells treated with the NSM2 

inhibitor ES048 since the process of repeated electroporation of specific RNA was 

increasing cell death in transfected cultures, rendering them unsuitable for seahorse 

technology depending on high-quality cell culture [134]. Cells were pre-treated for 2 h 

with ES048, and the glycolytic stress test was performed subsequently. The glycolytic 

stress consists of 3 following injections: 10mM glucose, 1µM oligomycin, and 25mM 2-

DG at different time points after initiation of measurement of the Extracellular 

Acidification Rate (ECAR). Supporting the previous findings, the NSM inhibition shows 

the enhanced glycolytic function in unstimulated T cells. The glycolytic stress test in T 

cells allowed us to calculate non-glycolytic acidification and glycolysis, both of them 

being significantly elevated in ES048 treated CD4+ T cells, supporting the role of NSM 

in suppressing the homeostatic glycolytic activity in resting T-cells (Fig. 22).  
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Figure 22. Glycolytic stress test. Unstimulated CD4+ T cells were pre-treated with ES048 for 2h, and 

kinetics of extracellular acidification rate was measured using a seahorse 96XF analyzer. A 

representative graph of a glycolytic stress test is shown with glucose, oligomycin, and 2-DG injections 

at subsequent time points. In B, parameters calculated from three independent experiments are shown: 

non-glycolytic acidification and glycolysis. Mean values with standard deviations are shown. p-values 

are shown on the top of significant (marked with an asterisk).  

 

As shown above, ATP was accumulating in mitochondria of NSM2 deficient T 

cells. To determine if the NSM inhibition affects the mitochondrial activity to produce 

ATP, a mitochondrial stress test was performed. The test consists of 3 subsequently 

injections (1µM oligomycin, 1,5µM FCCP and 100µM Rotenone (R)/1µM Antimycin(A)) 

at distinct time points. Kinetics of oxygen consumption rates (OCR) of untreated CTRL 

and ES048 treated CD4+ T cells were measured. T cells showed slightly but 

significantly elevated OCR after pharmacological NSM2 inhibition. All the measurable 

parameters (basal respiration, ATP production, maximal respiration, spare respiratory 

capacity, proton leak, and non-mitochondrial respiration) were elevated, indicating that 

NSM2 regulates mitochondria metabolic activity in unstimulated T cells (Fig. 23). 

Taken together, NSM activity is essential to maintain metabolic homeostasis of 

quiescent T cells. 
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Figure 23. Enhanced metabolic activity of mitochondria in NSM2 deficient cells. Mitochondria stress test 

was performed in unstimulated CD4+ T cells pre-treated with ES048 for 2h. Oxygen consumption rates 

were measured using a seahorse 96XF analyzer. Representative graph of a mitochondrial stress test is 

shown in A. Calculated parameters of mitochondria functionality from three independent experiments: 

basal respiration, ATP production, maximal respiration, spare respiratory capacity, proton leak, and non-

mitochondrial respiration, are shown in B. Mean values with standard deviations are shown. p-values 

are shown on the top of significant (marked with an asterisk) or not significant differences (ns).  

 

5.3. NSM2 regulates early metabolic responses to antigenic stimulation in T 

cells  

As previously described, the disruption in the NSM activity leads to an enhanced basal 

metabolic phenotype. The TCR ligation with co-stimulatory molecule CD28 triggers an 

increase in metabolic activity, induces ATP production to support and initiate cell 

expansion [135]. The glycolytic switch that occurs following activation plays a vital role 

in the proliferation and acquisition of effector function [136], [137]. Tonneti et al. [138] 

described that NSM could be activated after antibody ligation of TCR, indicating the 

potential role of the enzyme in the regulation of the immune system. The knowledge of 

the NSM role in TCR dependent signaling is expanding [13], [139], but the relation of 

sphingolipid and energy metabolism in T cells is still in need to define.  
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To better apprehend the role of NSM2 in the regulation of the metabolic responses 

immediately after antigenic stimulation, α-CD3/CD28 antibodies were added to the T 

cells pretreated or not with ES048 in seahorse metabolic flux analyzer by direct 

injection followed by measurement of ECAR (Fig. 24A) and OCR (Fig. 24B) levels for 

several hours. Initially, basal metabolism was measured for 12 minutes before the 

injection of the stimulatory antibodies. Correlating with the enhanced ATP levels and 

increased glucose uptake in unstimulated NSM2 deficient cells, the basal levels of 

ECAR and OCR were higher in ES048 treated compared to untreated T cells. After the 

injection of α-CD3/CD28 antibodies, T cells enhanced glycolysis about two-fold within 

minutes after TCR/CD28 stimulation as measured by ECAR, reaching a peak within 

15 min and kept the enhanced glycolysis for the duration of the assay. Quantification 

of the glycolytic flux showed the enhanced ECAR levels in ES048 treated T cells before 

and immediately after α-CD3/CD28 antibody stimulation (Fig. 24A right graph). OCR 

levels reflecting mitochondria activity showed a similar tendency, being enhanced in T 

cells treated with NSM2 inhibitor immediately before and early after TCR/CD28 

stimulation (Fig. 24). Quantification of OCR revealed that NSM2 inhibition promoted 

an increase of basal and stimulated respiration (Fig. 24B).  
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Figure 24. Upregulated ECAR and OCR levels in ES048 treated T cells. ECAR and OCR quantification 

– Unstimulated CD4+ T cells were pre-treated ES048 for 2h, and metabolic flux was analyzed using a 

seahorse 96XF metabolic flux analyzer. (A) ECAR and (B) OCR were analyzed before and after α-

CD3/CD28 injection. The curves of seahorse measurements are shown on the left. Quantification and 

statistical analysis are shown on the right. Mean values with standard deviations are shown. p-values 

are shown on the top of significant (marked with asterisks) differences. 

 

The state of energetic metabolism can be pictured as the cell energy phenotype 

reflecting the relationship of glycolytic and mitochondria respiration activities (Fig. 25). 

Summarizing the data shown above, the downregulation of NSM2 activity in 
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unstimulated T cells leads to the highly energetic phenotype which is contained within 

the first hours after TCR/CD28 co-stimulation. 

 

 

 

 

 

 

 

 

Figure 25. The highly energetic phenotype of ES048 treated T cells. The cell energy phenotype was 

analyzed using Seahorse Calculator and data shown in Fig.24. Mean values with standard deviations 

are shown.  

As shown above, unstimulated NSM2 deficient T cells produce more 

intracellular ATP and have enhanced metabolic activity. To investigate if the increased 

burst of the OCR and ECAR after TCR/CD28 stimulation correlates with an increase 

in ATP production, the kinetics of ATP levels was measured in CTRL, and NSM KD 

CD4+ T cells stimulated with -CD3/CD28 antibodies for 1 hour. We observed a 

gradual increase of ATP production in both: CTRL and NSM KD cells, within the first 

20 minutes after stimulation, whereas ATP levels in NSM2 deficient cells were 

significantly higher in comparison with the NSM2 sufficient cells (Fig.26A). The boost 

in ATP production is correspondent with increased GLUT1 surface expression after 

stimulation with -CD3/CD28 antibodies (Fig. 26B). Summarizing, the unstimulated 

NSM KD cells are highly metabolically active in comparison to CTRL cells and respond 

more vigorously to TCR/CD28 stimulation producing higher levels of ATP early after 

engagement with stimulatory antibodies. 
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Figure 26. ATP production and GLUT1 surface expression in response to -CD3/CD28 stimulation. 

CTRL and NSM KD CD4+ T cells were stimulated with α-CD3/CD28antibodies, each 1µg/mL for different 

time points. ATP levels in cell lysates were measured (A) or surface GLUT1 expression (B). Mean values 

with standard deviations are shown. The p-values are shown on the top of significant (marked with 

asterisks). 

 

 

5.4. NSM2 is required to sustain the metabolic activity of stimulated T cells 

As shown above, NSM2 is vital to keep the energetic homeostasis of resting T 

cells. The NSM2 deficiency leads to enhanced metabolic activity and ATP production 

in unstimulated or shortly stimulated T cells within the first hour of TCR/CD28 ligation. 

To analyze the effects of NSM2 ablation in the long-term stimulation, untreated or 

ES048 pretreated CD4+ T cells were co-stimulated for 24h on a plate with -CD3/CD28 

1µg/mL for 24h and used for the analysis of energetic metabolism in stimulated T cells. 

Mitochondria are essential to support T cell proliferation and effector functions [140]. 

Therefore, first, we analyzed mitochondria functionality and performed a mitochondrial 

stress test using a seahorse metabolic flux analyzer. Overall levels of OCR were 

increased in activated CD4+ T cells. Nevertheless, the ES048 treated cells showed 

significantly impaired levels of basal respiration, ATP production, maximal respiration, 

and non-mitochondrial respiration (Fig. 27).  
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Figure 27. Mitochondrial stress test in activated primary T cells. CD4+ T cells were pre-treated with 

ES048 for 2h and co-stimulated on a plate with α-CD3/CD28 for 24h and Oxygen Consumption Rate 

(OCR) was measured using a seahorse 96XF metabolic flux analyzer. Representative graph of one 

mitochondrial stress test (A) and quantification of basal respiration, ATP production, maximal respiration, 

spare respiratory capacity, proton leak, and non-mitochondrial respiration (B) are shown. Mean values 

with standard deviations are shown. p-values are shown on the top of significant (marked with asterisks) 

or not significant differences (ns).  

 

To better understand how the NSM2 affects the metabolism of activated T cells, 

we also used Jurkat cells: an immortalized human T cell line [141]. We investigated 

the mitochondria functionality of Jurkat cells, in which NSM2 was genetically depleted 

by CrispR/Cas9 [33], from now called ΔNSM. The usage of this cell line gave us the 

advantage to analyze the effect of NSM2 long term genetic ablation on stimulated T 

cell metabolism in comparison to the pharmacological inhibition of NSM2 by ES048. 

Mitochondria stress test performed in ΔNSM cells confirmed the data obtained in 

primary ES048 treated CD4+ T cells. CTRL cells showed the heightened basal 

respiration in comparison with the ΔNSM. After FCCP injection, the maximal 

respiration was significantly reduced in ΔNSM cells, suggesting that the mitochondria 

functionality is impaired in the absence of NSM. All the calculated mitochondria 

untreated ES048 
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parameters, except for the non-mitochondrial oxygen consumption, demonstrated 

around 50% decrease in comparison with the CTRL cells (Fig. 28).  
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Figure 28. Impaired mitochondria functionality in NSM2 deficient Jurkat cells. Oxygen consumption rate 

(OCR) was measured in CTRL and ΔNSM Jurkat cells using a seahorse 96XF metabolic flux analyzer. 

Representative graph of a mitochondrial stress test (A) and quantification of basal respiration, ATP 

production, maximal respiration, spare respiratory capacity, proton leak, and non-mitochondrial 

respiration (B) are shown.  Mean values with standard deviations are shown in the graphs. p-values are 

shown on the top of significant (marked with asterisks) or not significant differences (ns).  

 

A glycolytic stress test was performed to evaluate the effects of NSM inhibition 

on the glycolytic pathway in activated T cells. Unexpectedly, the stress test did not 

show significant differences between glycolytic activities of untreated and ES048 

pretreated cells (Fig. 29). Only non-glycolytic acidification was significantly decreased 

in ES048 treated cells, which could be related to the NSM2 regulated production of 

respiratory CO2 generated by the TCA cycle.  

CTRL ΔNSM 
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Figure 29. Glycolytic stress test in TCR/CD28 stimulated T cells. CD4+ T cells were pre-treated with 

ES048 for 2h and co-stimulated on a plate with α-CD3/CD28 for 24h. Extracellular acidification rate 

(ECAR) was measured using a seahorse 96XF metabolic flux analyzer. Representative graph of a 

glycolytic stress test (A) and quantification of non-glycolytic acidification, glycolysis (B) are shown. Mean 

values with standard deviations are presented. p-values are shown on the top of significant (marked 

with asterisks) or not significant differences (ns). 

 

The glycolytic stress test performed in ΔNSM Jurkat cells confirmed NSM2 

independent regulation of glycolytic activity of activated T cells (Fig. 30). 
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Figure 30. Glycolytic stress test in NSM2 deficient Jurkat cells. CD4+ T cells were pre-treated with ES048 

for 2h and co-stimulated on a plate with α-CD3/CD28 for 24h. Extracellular acidification rate (ECAR) 

was measured using a seahorse 96XF metabolic flux analyzer. Representative graph of a glycolytic 

stress test (A) and quantification of non-glycolytic acidification, glycolysis (B) are shown. Mean values 

with standard deviations are presented. p-values are shown on the top of significant (marked with 

asterisks) or not significant differences (ns).  
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To analyze the glycolytic activity in NSM2 deficient cells, we measured GLUT1 

protein levels (Fig. 31) and the glucose uptake (Fig. 32) in CD4+ T cells treated with 

ES048 (Fig. 31A/32A) transfected with NSM2 specific siRNA (Fig. 31B/32B) or ΔNSM 

Jurkat cells (Fig. 31C). 
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Figure 31. GLUT1 total expression– CD4+ were co-stimulated on a plate with α-CD3/CD28 for 24h. 

CD4+ pharmacologically inhibited (A), genetically ablated (B), or Crispr/cas9 Jukarts (C) were kept in 

media without glucose for 2h. GLUT1 total expression by flow cytometry. On the left, representative 

histograms. Mean values with standard deviations are shown. p-values are shown on the top of 

significant (marked with asterisks) or not significant differences (ns) 
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Figure 32. 6-NBDG uptake – CD4+ were co-stimulated on a plate with α-CD3/CD28 for 24h. CD4+ 

pharmacologically inhibited (A) or genetically ablated (B) was kept in media without glucose for 2h, and 

100µM 6-NBDG was added for 1h and measured by flow cytometry. On the left, representative 

histograms. Mean values with standard deviations are shown. p-values are shown on the top of 

significant (marked with asterisks) or not significant differences (ns).  

 

We analyzed expression levels of glycolytic enzymes: hexokinase II, aldolase a 

and GAPDH, in CTRL and NSM2 KD cells after 24 and 48 hrs of co-stimulation. Both 

CTRL and NSM2 KD T cells upregulated the expression of those proteins upon 

stimulation (Fig. 33) with NSM KD cells showing even enhanced protein levels after 
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stimulation. The results demonstrated that NSM2 absence could negatively affect the 

GLUT1 expression induced by TCR/CD28 activation (Fig. 31 A, B). For a 

consequence, a decrease in 6-NBDG uptake was also observed in those cells (Fig. 32 

A, B). 

 Nevertheless, after stimulation, cells can upregulate different types of glucose 

and amino acids transporters, in line with the unimpaired glycolytic stress test in the 

NSM deficient cells, there is no difference in the glycolytic stress test (Fig. 29) [142]. 

We did not observe the downregulation of GLUT1 proteins in ΔNSM Jurkat cells (Fig 

31C). Cancer cells are more dependent on glycolysis [143]; therefore, they can sustain 

the elevated GLUT1 protein levels, even if they lack NSM2. 

 

Figure 33. Glycolytic protein expression is unaltered in NSM2 KD cells. CD4+ T cells were left 

unstimulated or co-stimulated on a plate with α-CD3/CD28 for 24h, or 48h, and expression of key 

glycolytic enzymes was analyzed by western blot.  

 

Activated T cells increase ATP production to meet the enhanced energetic 

requirements [144]. We measured the ATP production in overnight stimulated CTRL, 

or NSM2 specific siRNA transfected CD4+ T cells. Correlating with the stress tests (Fig. 

22 and 23), CTRL cells have 45% more ATP then NSM KD cells. We also analyzed 

which metabolic pathways are used to produce ATP in activated NSM2 deficient T cells 
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(Fig. 34). 2DG treatment was highly effective in CTRL cells, inhibiting the ATP 

production by about 70%. 

In contrast, the oligomycin treatment reduced ATP production by approximately 25%, 

indicating that the glycolytic pathway is a significant source of ATP in TCR/CD28 co-

stimulated T cells. In contrast, stimulated NSM KD CD4+ T cells show significantly 

reduced ATP levels which are not affected considerably by oligomycin and 2DG 

treatments. Altogether, results indicate that NSM2 is necessary for the metabolic 

switch to glycolysis as the primary source for energy in TCR stimulated T cells. 
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Figure 34. ATP production in stimulated T-cells is NSM2 dependent. CD4+ T cells were co-stimulated 

on a plate with α-CD3/CD28 for 24h, left untreated or pre-treated with oligomycin, 2-DG, or both for 20 

minutes and total ATP levels were measured in cell lysates. Mean values with standard deviations are 

shown. p-values are shown on the top of significant (marked with asterisks) or not significant differences 

(ns). 
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Even so stimulated NSM2 sufficient and deficient T cells showed similar 

glycolytic stress responses, only NSM2 expressing T cells use glycolysis as the main 

source for ATP production to support activation. Next, we investigate if NSM2 can 

regulate the VDAC protein expression, and therefore affect the mitochondrial 

functionality (Fig. 35). We observed that CTRL and NSM2 cells do not show differences 

in VDAC levels in any of the time points analyzed by western blot. 

 

 

 

 

Figure 35. NSM2 independent VDAC protein expression T cells. CTRL and NSM KD CD4+ T cells were 

stimulated with α-CD3/CD28 antibodies for different time points, and VDAC was detected by Western 

blot.  

 

Taken together, the results establish dependency of NSM2 in the regulation of 

mitochondrial activity, without directly affecting the aerobic glycolysis.  
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5.5. NSM2 is necessary to sustain mTOR pathway activity in activated T cells  

To uncover what determines the downregulation of mitochondrial activity, we 

aimed to analyze the mammalian target of rapamycin (mTOR). According to its role as 

a master regulator of cell growth, nutrient sensor, and mitochondria oxidative 

metabolism, mTORC1 activity is modulated by different extracellular signals and 

intracellular mechanisms [145], [146]. To understand how mTOR signaling is affected 

by NSM ablation, we analyzed the phosphorylation of MTOR upon stimulation using 

confocal microscopy and phosphorylation of its downstream target ribosomal protein 

S6 by flow cytometry and Western blot. We observed fast and strong phosphorylation 

of MTOR in the synapses between NSM2 KD T cells and stimulatory -CD3/CD28 

coated beads, as shown by the confocal microscopy images and quantification of the 

mean fluorescence after 20 min of stimulation (Fig. 36A). Phosphorylation of S6 

analyzed by flow cytometry followed the pattern of pMTOR by significantly increased 

mean fluorescence of pS6 in NSM2 deficient cells 20 and 30 min after stimulation (Fig. 

36B) is repeated with fast and robust phosphorylation happening in the NSM2 KD cells, 

in the first minutes. These results corroborate with previously published results 

showing hyperactive early signaling in NSM2 KD T cells [32]. 
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Figure 36. NSM2 dampens the early activation of the mTOR pathway in T cells. pMTOR and pS6 

quantification– CTRL and NSM2 KD cells were stimulated with α-CD3/CD28 coated beads (A) or soluble 

α-CD3/CD28 antibodies (B) for different time points, and pMTOR (A) and pS6 (B) was measured by 

confocal microscopy or flow cytometry accordingly. Mean values with standard deviations are shown. 

p-values are shown on the top of significant (marked with asterisks) or not significant differences (ns).  

 

To analyze the mTOR pathway in activated T cells NSM2 KD and CTRL cells were 

stimulated with -CD3/CD28 for 24 hours, and signal intensities of phosphorylated 

mTOR and S6 proteins were analyzed by confocal microscopy and flow cytometry (Fig. 

37). 
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Surprisingly, the strong and robust phosphorylation of mTOR and S6 observed in 

NSM2 deficient cells shortly after stimulation was not sustained and was significantly 

reduced after 24h of -CD3/CD28 co-stimulation. Data analysis showed about a 30% 

reduction in mean fluorescence intensities of pMTOR and pS6 in stimulated NSM2 KD 

CD4+ T cells.  
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Figure 37. NSM2 is necessary for sustained MTOR pathway activity in stimulated T cells. CTRL and 

NSM2 KD cells were stimulated with α-CD3/CD28 soluble antibodies for 24h and mTOR (A), and pS6 

(B) was measured by confocal microscopy or flow cytometry. Mean values with standard deviations are 

shown. p-values are shown on the top of significant (marked with asterisks).   
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Western blot analysis of S6 phosphorylation kinetics within 24 hours of a-

CD3/CD28 co-stimulation confirmed the data obtained by flow cytometry analysis. S6 

was phosphorylated after 30 min of stimulation in NSM2 deficient T cells, but the signal 

was not preserved after 24 hours (Fig. 38). Taken together, the results revealed the 

critical role of NSM2 to sustain the TCR/CD28 signal mediated MTOR pathway activity. 

[147]. 

 

 

 

Figure 38. NSM2 is necessary for sustained S6 phosphorylation in stimulated T cells. CTRL and NSM 

KD cells were stimulated with α-CD3/CD28 on a plate for different time points, and pS6 was measured 

by western blot. 

 

5.6. NSM2 regulates mitochondria biogenesis and membrane potential in 

Jurkat cells  

As shown above, mitochondrial respiration and ATP production were 

significantly impaired in stimulated NSM deficient T cells. Mitochondria functionality is 

strongly related to their morphology changes, which are required for metabolic 

reprogramming of T cells upon TCR ligation. To analyze mitochondria morphology in 

NSM2 deficient T cells, we developed a Jurkat cell line stably expressing mitochondria-

targeted GFP protein (mito-GFP). CTRL (Fig. 39A) and ΔNSM (Fig.39B) was visualized 

in confocal microscopy and z-stack analyzed in shown below:  
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Figure 39. Representation of a z-stack confocal image of Jurkat cell line stably expressing mito-GFP – 

CTRL (A) and ΔNSM (B) Nuclei were stained with DAPI shown in blue. 

 

 

We quantified the mitochondria size by confocal microscopy using the MinaTool, 

a plugin within the Fiji program, that can quantify the fluorescence signal related to the 

mitochondria and translate it into mitochondrial network morphology [130]. Using this 

tool, we were able to compare the degree of mitochondria size and fragmentation in 

CTRL and ΔNSM Jurkat cells stably transfected with mito-GFP. We determined the 

area/volume of the GFP signal, interpreted as the mitochondrial footprint. 
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The mitochondrial footprint revealed significantly reduced mitochondria mass in ΔNSM 

cells (Fig. 40). Unfortunately, the mitochondria of Jurkat cells were densely packed, 

and the plugin was not suitable for the quantification of the structural details within the 

organelles.  
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Figure 40. Reduced mitochondria volume in NSM2 deficient Jurkat cells. CTRL and ΔNSM Jurkat cells 

stably expressing mito-GFP were analyzed by confocal microscopy. Representative images (A) and 

analysis of mitochondrial footprints by MiNA Tool (B) are shown. Green color– mitochondria, blue – 

DAPI. Mean values with standard deviations are shown. The p-value is shown on the top of the 

significant (marked with asterisks) difference.  
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To validate the mitochondria morphological analysis data obtained by confocal 

microscopy and to analyze mitochondria respiration, we used MitoTracker Green and 

Red to perform flow cytometry analysis of the mitochondria mass and mitochondria 

membrane potential, respectively. Mitochondria mass and membrane potential were 

significantly reduced in the ΔNSM cells as compared to the CTRL cells (Fig. 41A). 

Results obtained by flow cytometry analysis correlated with the impaired mitochondria 

volume and reduced respiration measured by confocal microscopy and Seahorse 

metabolic flux analyzer respectively in ΔNSM cells. NSM2 activity is associated with 

ceramide generation at the plasma membrane of T cells. To investigate the impact of 

ceramides on mitochondria functionality, we fed CTRL and ΔNSM2 Jurkat cells with 

ceramide C16 overnight and analyzed mitochondria size, membrane potential, and 

ATP levels (Fig. 41B). We did not observe improvement in the parameters examined. 

Results suggest that the NSM2 dependent functionality of mitochondria in stimulated 

T cells is not solely reliant on ceramides. 
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Figure 41. The upregulation of mitochondria mass and functionality is NSM2 but not ceramide 

dependent. CTRL and ΔNSM Jurkat cells were cultured in medium supplemented or not with ceramide 

C16 overnight. Subsequently, mitochondria mass and membrane potential were analyzed by flow 

cytometry using MitoTracker green and red, respectively. Alternatively, mitochondria were isolated, and 

ATP levels were measured.  Mean fluorescence (MFI) values are shown within the flow cytometry 

histograms  

 

We also used NSM2 deficient primary CD4+ T cells generated by genetic NSM2 

depletion or treated with pharmacological NSM2 inhibitor ES048 for the labeling with 

MitoTracker Red or Green. The cells were left unstimulated or -CD3/CD28 stimulated 

for 24 hours before mitochondria mass and membrane potential were measured by 

flow cytometry (Fig. 42 and 43). The non-significant tendency of reduced mitochondria 

membrane potential was observed only for stimulated (Fig. 43) but not for unstimulated 

(Fig. 42) NSM2 deficient T cells.  
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Figure 42. Mitochondria mass and membrane potential in unstimulated primary T cells deficient for 

NSM2 activity. Untreated or ES048 treated (A) or CTRL, NSM KD (B) CD4+ T cells were left 

unstimulated, labeled with MitoTracker Red or Green, and analyzed by flow cytometry. Mean 

fluorescence intensity (MFI) values are shown within the histograms. 
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Figure 43. Mitochondria mass and membrane potential in stimulated primary T cells deficient for NSM2 

activity. Untreated or ES048 treated (A) or CTRL, NSM KD (B) CD4+ T cells were stimulated for 24h 

with α-CD3/CD28 antibodies and subsequently analyzed by flow cytometry. Mean fluorescence intensity 

(MFI) values are shown within the histograms. 
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5.7. NSM2 activity supports T cell expansion 

Being aware of the NSM2 as the important effector of cell metabolism and 

mitochondrial activity in stimulated T cells, we wanted to determine the role of NSM2 

in the T cell exit of quiescence and proliferation. First, we analyzed if CTRL and NSM 

KD cells would differentially upregulate activation markers CD69 (human 

transmembrane C-type lectin) and CD25 (alpha subunit of IL2 receptor). CTRL and 

NSM KD cells were stimulated on a plate with α-CD3/CD28 for 24h, 48h, and 72h. No 

significant differences were observed between CTRL and NSM KD cells (Fig. 44A). 

Nevertheless, the difference is only visible after five days of co-stimulation (Fig 44B), 

indicating that NSM2 is important to sustain proper activation in the following points.  
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Figure 44. NSM2 independent CD69 and CD25 expression in activated T cells. Purified CTRL and NSM 

KD CD4+ T cells were stimulated with α-CD3/CD28 for 24h, 48h, and 72h (A). Purified CD4+ T cells were 

left untreated or pre-treated with ES048 for 2h and stimulated with α-CD3/CD28 for 3 and 5 days. The 

surface expression of CD25/CD69 was measured by flow cytometry. Representative plots (upper 

panels/left panels) and a summary of three independent experiments (bottom graph/right graph) are 

shown. Mean values with standard deviations are shown. The p-values are shown on the top of not 

significant differences (ns). 

 

Further, we analyzed if efficient activation and exit of quiescence would resolve in the 
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expand after being activated [148]. Cells were left untreated or pre-treated with ES048 

for 2h and stimulated on a plate for five days, on the day before the measurement, 

cells were loaded with 3H-Thymidine to measure the proliferation (Fig 45A). ES048 

CD4+ T cells showed a three-fold reduction in proliferation, indicating the important role 

of NSM2 in long term expansion of T cells. To rule out that the low proliferation is due 

to the increase in mortality rates. We performed a viability assay with propidium iodide 

(PI) in cells co-stimulated for five days (Fig. 45B). The results demonstrated NSM2 

affects T cell expansion without affecting cell survival. 
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Figure 45. NSM2 supports T cell expansion without affecting survival. Purified CD4+ T cells were left 

untreated or pre-treated with ES048 for 2h. and subsequently stimulated on a plate for five days. Or one 

day before the measurement, cells were loaded with 3H-Thymidine (A). Cells were loaded after five days 

of stimulation with PI, and cell viability was measured by FACS (B). Mean values with standard 

deviations are shown. p-value is shown on the top of the significant (marked with asterisks) difference. 
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6. Discussion 

6.1. NSM2 regulates metabolic activity of quiescent T-cells 

T cells are an important part of immunity and need precise metabolic coordination to 

mount a proper adaptive immune response. Precisely regulated energy metabolism in 

T cells in a resting state affects the immune responses to chronic viral infections, the 

efficiency of anti-tumor responses, and the functionality of aging cells [149]–[151] 

Quiescent T cells have reduced mitochondrial activity and glucose uptake, producing 

ATP mainly from the mitochondrial oxidative phosphorylation [133]. The regulation of 

T cell metabolism upon exit from quiescence and activation is relatively well studied, 

whereas the regulatory role of sphingolipid metabolism there is still purely addressed. 

Our results demonstrate that the pharmacological inhibition or genetic ablation of 

NSM2 deregulates the energy metabolism of T cells in the quiescent state 

characterized by increased accumulation of intracellular ATP and enhanced basal 

glycolytic activity.  

Several reports reveal sphingolipids ceramides as essential regulators of mitochondria 

membrane functionality. Ceramides can form the channels in mitochondria 

membranes or bind voltage-dependent anion-selective channel protein VDAC2 to 

initiate mitochondria-mediated cell apoptosis [152], [153]. VDAC1 is established as the 

primary channel promoting the exchange of ATP, ADP between mitochondria and 

cytoplasm [154]. Maldonado et al. [155] showed that free tubulin could modulate the 

mitochondrial membrane potential in cancer cells. A recent study described ceramides 

interacting with cytoplasmic tubulin in mitochondria-associated membranes and 

regulating VDAC1 dependent ATP transport to the cytoplasm [156]. NSM2 plays a vital 

role in sphingolipid metabolism: its absence leads to a 50% decrease in the total 

amount of cellular ceramide [18]. Remarkably, NSM2 deficiency in T cells leads to the 
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specific reduction of plasma membrane-localized ceramides [157], leaving organelle 

associated ceramide pool unchanged. NSM2 also supports tubulin polymerization in T 

cells [33]. We used nocodazole, a drug well-known to disrupt microtubule 

assembly/disassembly, for the treatment of primary T cells. NSM2 deficient and 

nocodazole treated human primary T cells, both showed ATP accumulation within 

purified mitochondria, indicating that NSM2 and tubulin are involved in the transport of 

mitochondria ATP to the cytoplasm (Fig. 17). It is shown previously that nocodazole 

treatment and NSM2 deficiency enhance free depolymerized tubulin levels in the 

cytosol. Therefore, the accumulation of cytoplasmic tubulin, which interacts with 

VDAC1 in mitochondria membranes and blocks ATP transport to the cytosol, could be 

the possible mechanism explaining enhanced ATP levels within mitochondria of NSM2 

deficient T cells.  

In contrast, the total levels of ATP were not affected by nocodazole treatment, 

indicating that the regulation of ATP redistribution between mitochondria and 

cytoplasm is independent of tubulin dynamics. Nevertheless, the overall levels (Fig. 

17) of ATP were significantly increased upon NSM2 inhibition/ablation in unstimulated 

CD4+ T cells. The metabolic source for enhanced ATP production was investigated, 

and the results demonstrated that resting T cells are mainly dependent on mitochondria 

OXPHOS for ATP supply (Fig. 18) [158]. In contrast, the NSM2 ablated cells were 

affected equally by the treatments with oligomycin or 2-DG, which block the OXPHOS 

and glycolysis accordingly (Fig. 18) [159], [160], indicating the NSM2 deficient T cells 

upregulate glucose metabolism in the unstimulated state. The regulation of ATP/ADP 

levels in the cytoplasm is vital to keep the balance between the OXPHOS and 

glycolysis, and the low ATP/ADP ratio can promote glycolysis as an additional source 

for energy [161]. Possibly NSM2 deficient T cells accumulate ATP in mitochondria, and 

increased levels of cytoplasmic ADP lead to the upregulation of glycolysis in resting T 
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cells. In line with the hypothesis of a more glycolytic phenotype, we evaluated the 

glucose uptake of the cells, using 6-NDBG [162], a non-metabolized fluorescent 

glucose analog, by flow cytometry. The data confirmed that in the absence of NSM2 T 

cells increased the uptake of glucose analog, correlating with the rise of total ATP 

levels (Fig. 19). GLUT1 is the most abundant and most used glucose transporter in T 

cells due to its high affinity for glucose [163], [164]. The GLUT1 plasma membrane 

expression is regulated by vesicular trafficking and translocation to the cell surface of 

the cytoplasmic GLUT1 to support enhanced glucose demand upon TCR activation 

[165]. Our results demonstrated an up-regulation of GLUT1 on the cell surface 

accompanied by the increased total expression upon NSM2 genetic ablation by siRNA 

in T cells, supporting increased glucose uptake (Fig. 20). Notably, the absolute levels 

of GLUT1 were not increased upon pharmacological inhibition. The results possibly 

reflect the fact that the 2h time frame of the treatment with NSM2 inhibitor was not long 

enough to upregulate GLUT1 expression.  

The previous data indicate a significant impact of the NSM2 absence on the 

basal glycolytic metabolism in resting CD4+ T cells. The changes in the metabolic 

pathways can be analyzed by different tools, such as radiometric assay, metabolomics, 

or extracellular flux analysis [166]–[168]. From all the technics available, we favored 

the Seahorse extracellular flux analyzer (Seahorse XF) as it is a radioactive label-free 

technic, allowing the real-time measurements of the extracellular metabolites upon 

different treatments and stimuli. Another advantage is the possibility to measure the 

Oxygen Consumption Rates (OCR) and Extracellular Acidification Rates (ECAR) 

simultaneously, granting evaluation of the proportionate contribution of both energetic 

pathways [169]. 

ECAR measured in Seahorse glycolytic stress test was significantly higher in 

unstimulated CD4+ T cells after NSM2 inhibition (Fig. 22). The glycolytic stress test 
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allows us to measure the key parameters of glycolytic flux. The non-glycolytic 

acidification was slightly but significantly enhanced in ES048 treated cells kept in 

medium without glucose, indicating that the tricarboxylic acid (TCA) cycle is more 

active in generating respiratory CO2, which is converted to HCO3
- and H+. ECAR 

increase after glucose injection was significantly higher in NSM inhibited unstimulated 

cells, correlating with the increased capacity of cells to uptake and metabolize glucose. 

Importantly, the injection of oligomycin, a drug used to assess the maximum glycolytic 

capacity by blocking the mitochondria and forcing the cells to produce ATP only from 

glycolysis, did not improve the ECAR. This could be explained by the fact that 

quiescent and naïve T cells have rather low glycolytic flux, and it is already at the 

maximum after injection with saturated levels of glucose [170], [171]. Results described 

above support the hypothesis of increased glycolysis in resting NSM2 deficient T cells.  

The increased levels of non-glycolytic acidification in ES048 treated T cells indicate 

NSM dependent regulation of the TCA cycle, which can feed in mitochondrial ATP 

production by OXPHOS. Indeed, basal cellular respiration measured by oxidative 

phosphorylation (OCR) was enhanced after ES048 treatment (Fig. 23). One of the final 

products of glycolysis is pyruvate, which can be converted into lactate, or be imported 

to the mitochondria through the mitochondrial pyruvate carrier (MPC) or VDAC to feed 

the TCA cycle [172], [173]. Therefore, enhanced glycolysis can support an increase in 

basal respiration after pyruvate transport to the mitochondria of NSM2 deficient T cells. 

Further on, NSM2 inhibited T cells responded more vigorously in the mitochondria 

stress test. More than 50% of basal respiration was linked to ATP production in 

untreated cells, and this was significantly enhanced in ES048 treated cells. Similar, 

maximal respiration after challenge with Carbonyl cyanide-4-phenylhydrazone (FCCP) 

that interferes with the proton gradient in mitochondria, was increased in ES048 cells 

indicating highly “fit” mitochondria. Summarizing, the data reveal the important role of 
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NSM2 to control the basal metabolism of quiescent peripheral blood CD4+ T cells, and 

its deficiency leads to the activated phenotype by increasing the uptake of glucose and 

ATP production.  

 

6.2. NSM2 dampens early metabolic responses to antigenic stimulation of T-

cells 

Upon TCR/CD28 co-stimulation, naïve T cells initiate activation-dependent metabolic 

reprogramming to start the exit from quiescence [174]. In the first minutes after TCR 

engagement, T cells enhance aerobic glycolysis and OXPHOS to support the 

activation with energy [175], [176]. The results described above show the elevated 

basal glucose uptake and ATP production in NSM2 deficient CD4+ T cells. Within the 

first minutes after −CD3/CD28 co-stimulation, T cells increase glucose usage and 

mitochondrial respiration (Fig. 24). Remarkably, ES048 treated cells show significantly 

higher OCR and ECAR values within the first 2 hours of TCR/CD28 stimulation 

compared to untreated cells, indicating a more active initial response in the absence 

of NSM2 activity. It was shown that NSM2 is activated after TCR ligation alone or after 

co-stimulation with -CD28 and the NSM2 deficiency leads to the hyper-

responsiveness early after activation [28], [32]. The important role of NSM2 in 

modifying of plasma membrane lipids and amplifying of TCR signaling is established 

[33]. Results are indicating that lack of NSM2 activity increases the T cell energy 

requirements before and shortly after co-stimulation, resulting in enhanced metabolic 

activity early after stimulation resolving in a more “energetic” phenotype (Fig. 25). 

When the ATP concentrations were measured, an increase of ATP levels was 

observed, reaching a maximum within the first 30 minutes of stimulation (Fig. 26). That 

correlated to the increase of ECAR/OCR after the injection of stimulatory antibodies. 
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This is associated with the initiation of the cellular growth phase, where the cells 

increase the global metabolism by rapid upregulation of ATP production and activation 

of metabolic pathways. [177], [178] The initial burst in ECAR is followed by an 

increased GLUT1 surface expression. The enhanced surface expression of GLUT1 

and amino acid transporters is a part of the stimulation dependent metabolic 

reprogramming of activated T cells [52]. NSM ablated unstimulated T cells showed 

elevated GLUT1 expression on the surface even before stimulation, supporting fast 

and robust glycolytic response after stimulation of NSM2 inhibitor-treated cells. 

 

6.3. NSM2 supports mitochondria functionality in stimulated CD4+ T cells 

T cell exit from quiescence is precisely regulated, and after co-stimulation, naïve T-

cells fully complete the metabolic switch 16-24h after stimulation. Six steps can be 

distinguished during the time of T cell transition to activated state: cell growth, cell cycle 

entry from G0 to S phase, autocrine and paracrine IL-2 signaling, anabolic metabolism, 

nutrient uptake, and reprogramming of mitochondrial function. All these steps 

culminate in T cell clonal expansion and differentiation [174]. Several studies have 

reported the link between abnormal cellular metabolism and dysregulated resting state 

and exit from quiescence in T cells [57], [179]. The results presented above 

demonstrate that T cells treated with pharmacological NSM2 inhibitor ES048 have 

decreased mitochondria functionality after 24h of co-stimulation, as shown in figure 27. 

Similar, reduced mitochondria membrane potential and lower performance in 

mitochondria stress tests were measured in ΔNSM Jurkat (Fig. 28). Basal respiration, 

ATP production, and maximal respiration, parameters that were increased during 

NSM2 inhibition of unstimulated cells, were reduced about 12-25% in ES048 treated 

cells after 24 hours of stimulation. Börtlein et al. [33] demonstrate that ΔNSM Jurkats 

failed to release IL-2 after 48h stimulation with PMA/Ionomycin.  
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This could implicate reduced autocrine/paracrine IL-2 signaling affecting mitochondria 

functionality [40].  Prevention of ceramide accumulation by NSM2 inhibition could 

directly affect mitochondria activity and signaling [180]. Reduced plasma membrane 

ceramide levels in NSM2 deficient Jurkat cells prevent PKCζ membrane recruitment 

[139], proper microtubule cytoskeleton reorganization[33], and cholesterol ester (CE) 

accumulation [31], [181] events that could affect mitochondria performance in 

stimulated T cells. 

Importantly, the proper and robust T cell activation needs precise coordination of TCR 

and CD28 co-stimulatory signaling to control the metabolic changes upon stimulation 

[178], [182], [183]. After 24h of TCR/CD28 co-stimulation, T cells increase ATP 

production to support the new energetic requirements needed for cell 

proliferation[137]. After TCR engagement, T cells switch the ATP production from 

mitochondrial to the glycolytic pathway and utilize the mitochondria mainly for the 

building of the metabolic blocks necessary for macromolecule synthesis. The glycolytic 

switch is advantageous to T cells because the products of glycolysis provide anabolic 

metabolites that can be used in different biosynthetic pathways [184]–[186]. NSM2 

ablated cells were able to increase the ATP production upon long term stimulation, 

indicating that the cells are activated, but they produced 50% less ATP in comparison 

with CTRL cells. The ATP production in stimulated CTRL and NSM2 deficient T cells 

was provided mostly by the glycolytic pathway, as observed after 2-DG treatment (Fig. 

34). Notably, there were no significant alterations in the glycolytic metabolism when 

analyzed by seahorse in primary ES048 treated CD4+ T cells (Fig. 29) or ΔNSM Jurkat 

(Fig. 30). The upregulation of GLUT1 and an increase in the glucose uptake are 

indicators of the glycolytic switch [187]–[189]. However, when analyzed by FACS, the 

GLUT1 surface expression levels and glucose uptake were downregulated in NSM2 

ablated/inhibited CD4+ T cells (Fig. 31).  
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Additionally, T cells can upregulate other glucose transporters GLUT3 or GLUT4 to 

supply the uptake of glucose. The upregulation of glycolysis could explain why the 

glycolytic stress test does not show the difference at the same time the GLUT1 protein 

levels are low, and the uptake is also impaired.  

In summary, diminished ATP production in stimulated NSM2 deficient T cells is instead 

reflecting mitochondria dysfunction at the intact glycolytic activity. The results 

demonstrate that NSM2 is important to sustain mitochondria functionality during T cell 

activation.  

 

6.4.  NSM2 maintains mTOR signaling pathway in TCR/CD28 stimulated T 

cells 

mTORC1 is an evolutionary conserved ser/thr master kinase regulator for quiescence 

exit and activation of T cells. It integrates antigen receptor signaling and nutrient 

sensing [73], [190]–[192]. The results demonstrate fast and robust phosphorylation of 

mTORC1 and the downstream target of mTORC1 S6 within the first 30 min after 

TCR/CD28 stimulation of NSM2 deficient CD4+ T cells (Fig. 36). Glucose levels are 

also known to regulated mTORC1 by shaping the activity of the negative regulator 

AMPK [193], [194]. In the absence of NSM2, T cells initially increase the glucose 

uptake and glycolytic activity (Fig. 24), correlating with the sufficient mTOR pathway 

activation. Results presented here demonstrate that NSM2 deficient T cells fail to 

sustain the mTOR pathway activity after 24h of co-stimulation (Fig. 36). Published 

studies show that IL-2 and IL-15 are important to assist the activation of mTOR [195], 

[196]. In contrast, NSM Jurkat cells are unable to produce IL-2 after unspecific phorbol-

12-myristate-13-acetate (PMA) stimulation [124] It is not clear if TCR signal-dependent 

IL-2 production would be similar impaired in NSM2 deficient CD4+ T cells.  



Discussion 

101 

The lipid composition of the plasma membrane, which is deregulated in NSM2 deficient 

T cells, is crucial for optimal TCR clustering and signaling [66], [67], and can be 

important to sustain mTOR activation. The accumulation of plasma membrane 

ceramides and CE was prevented, and intracellular cholesterol accumulation was 

enhanced in ΔNSM Jurkats, whereas  TCR clustering was not disturbed in NSM2 

deficient Jurkat cells [13]. There is no evidence that plasma membrane sphingolipids 

can directly affect the mTOR pathway. Similarly, the role of intracellular cholesterol 

accumulation in the regulation of mitochondria and lysosome-associated mTORC1 

activity or transport is not known and should be investigated.  

mTOR signaling is important to promote aerobic glycolysis [197]. The deregulation of 

mTOR activity influences T cell metabolic capacity and cell fate, due to the important 

role of regulating the gene expression of both glycolysis and OXPHOS. [58], [198]. In 

recent years, several pieces of evidence have established the role of mTORC1 as a 

central mitochondrial regulator affecting mitochondrial biogenesis, mitophagy, and 

fission and fusion processes [199], [200]. Published data show that mTOR co-interact 

with mitochondria and can be associated with the outer mitochondrial membrane. This 

association is so strong that when cells were treated with mitochondrial inhibitors, the 

activity of mTORC1 was decreased [201], vice versa when mTOR/raptor complex was 

inhibited with rapamycin or with RNAi the mitochondrial metabolism was affected 

negatively [202]. Results are shown above, and published data together suggest that 

ineffective mitochondrial performance observed in NSM2 inhibited CD4+ T cells after 

24h co-stimulation could be associated with the deregulated mTORC1 signaling.  
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6.5. NSM2 regulates mitochondria biogenesis and membrane potential in 

Jurkat cells  

Mitochondria are important organelles for the production of ATP in eukaryotic cells. 

Mitochondrial can quickly adapt to new conditions due to well-evolved communication 

with other cell compartments [203]. Mitochondria functionality is maintained through 

mitochondrial dynamics expressed as their fusion, fission, mobility, biogenesis, and 

degradation [106], [204]. Mitochondria supports T cell activation [205] by uptake of 

cytosolic calcium [206], ROS signaling [207], and mitochondria-derived ATP that act 

on purinergic receptors [208].  

Using a lentiviral construct, we could create a cell line with mitochondria-targeted GFP 

to analyze the impact of NSM2 on mitochondrial biogenesis. Using a unique calculation 

tool, we were able to analyze mitochondria localization and measure their footprints 

expressed as area/mass of the mitochondria. Mitochondria distribution was not 

affected by ΔNSM cells. The massive T cell nucleus forces the mitochondria to 

accommodate together, giving the impression of clamped mitochondria. That is why it 

was not possible to speculate about the levels of fusion and fission in the T cell 

mitochondria. Remarkably, mitochondrial size (Fig. 40 and 41) and mitochondria 

membrane potential (Fig. 41) were significantly impaired in ΔNSM Jurkat cells 

correlating with the low functionality of mitochondria shown by stress test. 

A cell line is a valuable tool to facilitate the visualization of mitochondria. It can be used 

to avoid the enormous variability of primary T cells isolated from healthy human donors. 

Still, it cannot accurately replicate the processes in primary cells [209]. Reduced 

mitochondria mass and potential were observed continuously in ΔNSM Jurkat cells. In 

contrast, using the MitoTracker dyes in primary CD4+ T cells gave highly varying 

results. It showed a mild not significant tendency of lower mitochondria mass and 
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potential in NSM KD, or ES048 treated CD4+ T cells after TCR/CD28 stimulation (Fig. 

43). 

Nevertheless, analysis of the mitochondrial functionality by stress test in Seahorse 

metabolic flux analyzer showed significantly impaired mitochondria-related OCR after 

24h co-stimulation (Fig. 27). As previously discussed, the mTOR pathway can regulate 

mitochondrial respiratory activities [210]. It can also adjust the expression of the 

mitochondrial electron transport chain (ETC) protein complexes I, II, and IV [211]. The 

aberrant mTORC1 activity affects mitochondria biogenesis. Data shown here suggest 

that the mitochondria in NSM2 deficient T cells have a functional defect in the ETC 

complex, indicated by the reduced mean fluorescence intensity of MitoTracker red. It 

is not clear if the ETC function is defective due to the impaired expression of ETC 

protein complexes. Voltage-dependent anion channel (VDAC) protein expression 

levels were similar in CTRL and NSM KD cells, suggesting functional deregulation in 

mitochondria ATP transport (Fig. 35). 

The sphingolipid metabolism plays an important role in the cells, due to its highly 

compartmentalized nature. The well-known is the sphingolipid ceramide involved in the 

induction of apoptosis [152]. Ceramides form channels in the mitochondria membrane 

and regulate its function [212]. NSM2 is located at the inner leaflet of the plasma 

membrane [12], [13]. It is not known if the ceramide synthesized by NSM2 can be found 

in the mitochondria. Studies suggest that ceramides produced in the ER or plasma 

membrane can reach the mitochondria through the interaction between organelles and 

plasma membrane [14], [213]. Yu et al. [214] have shown that an increase in ceramide 

production through Ceramide Synthase (CerS) damages the respiratory chain in the 

mitochondria. ΔNSM Jurkats have less ceramide and increased levels of 

sphingomyelin in the plasma membrane[13]. It is not clear to what extent NSM2 

regulated sphingolipids can directly affect mitochondria functions as there is no 
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evidence of the deregulated levels of sphingomyelin and ceramide in the mitochondria 

of NSM2 deficient T cells. 

6.6. NSM2 activity supports T cell expansion 

Energetic metabolism is a phenomenon that supports T cell activation and regulates T 

cell functions [215] and differentiation [216]. CD25/CD69 are known as early activation 

markers but can be found on the surface of stimulated T cell more than five days after 

the antigen encounter [217]. The results demonstrate that NSM2 absence did not affect 

the surface expression of CD25 and CD69 up to three days of co-stimulation (Fig. 

44A). The sustained upregulation of the activation markers could be linked with an 

increase in cell-cell contact in the stimulatory plate [218]. The results suggest that the 

NSM KD T cell activation phase is not affected by impaired mitochondrial activity. 

Chang et al. [136] demonstrated that OXPHOS is needed to sustain the proliferation 

of activated T cells for at least two days after stimulation. NSM KD T cells showed 

reduced proliferation measured five days after TCR/CD28 stimulation (Fig. 45). The T-

cell exhaustion is described as a state when T cells are incapable of proliferating or 

production of effector molecules [219]. Increased basal metabolic activity, enhanced 

early signaling, and reduced proliferative response are all phenomena observed in 

NSM deficient T cells and in literature are linked to the exhausted or aged T cells [220]. 

Taken together, the TCR signaling induced NSM2 activity coordinate the metabolic 

activity of quiescent and antigen engaged T cells, and its downregulation forces the T 

cells into an exhausted phenotype. 
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7. Conclusions  

Data shown here reveal that sphingolipid metabolism at the plasma membrane inner 

leaflet communicates with cellular energy metabolism. NSM2 deficiency drives 

quiescent CD4+ T cells into a state more characteristic for exhausted immune cells with 

enhanced basal glycolytic activity. The absence of NSM2 promotes a hyperactive 

metabolic state in unstimulated CD4+ T cells yet fails to support sustained T cell 

responses upon antigenic stimulation.  

 

 

Figure 46. Graphical abstract of the main findings of the thesis. 
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Galβ1–10Cer galactosylceramide 

GAPDH Glyceraldehyde 3-phosphate dehydrogenase 

GFP green fluorescent protein 

GlcCer glucosylceramide 

GLUT  glucose transporter 

GSH glutathione 
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GTPases guanosine triphosphatases 

h hour/hours 

HEK human embryonic kidney cell 

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HK hexokinase 

HMUPC 6-Hexadecanoylamino-4-methylumbelliferylphosphorylcholine 

ICAM intercellular adhesion molecule 1 

IF immunofluorescence 

IFN I interferon type I 

Ig immunoglobulin 

IL interleukin 

IMM inner mitochondrial membrane 

KCl potassium chloride 

KD knockdown 

kDa kilo Dalton 

KLF2 Kruppel-like factor 2 

LN lymph node 

M molar 

mA milliampere 

MACS Magnetic-activated cell sorting 

MAVS mitochondrial antiviral signaling protein 

MEM minimal essential media 

MFI mean fluorescence intensity 

Mfn-1 and Mfn-2 mitofusin1 and 2 

MHC major histocompatibility complex 

MIM mitochondria isolation media  

min minutes 
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mito-GFP mitochondria-targeted GFP protein 

MLST8 mammalian lethal with SEC13 protein 8 

MPC mitochondrial pyruvate carrier 

mRNA  Messenger ribonucleic acid 

mSIN1 mammalian stress-activated protein kinase interacting protein 1  

mtDNA mitochondrial DNA 

mTOR mammalian target of rapamycin 

NaCl  sodium chloride 

NaOH  sodium hydroxide 

NBD nitro-2-1,3-benzoxadiazol-4-yl 

ng  nanogram 

NSM  neutral sphingomyelinase 

OCR oxygen consumption rate 

OMM outer mitochondrial membrane 

Opa1 optic atrophy 1 

OXPHOS oxidative phosphorylation 

p phosphorylated 

PAGE polyacrylamide gel electrophoresis 

PBL peripheral blood lymphocytes 

PBMC peripheral blood mononuclear cell 

PBS  phosphate-buffered saline 

PC-3 prostate cancer cell line 

PEG  polyethylene glycol 

PEI  polyethyleneimine 

PFA  paraformaldehyde 

PFK-2 phosphorylating phosphofructokinase-2 

PI propidium iodide 
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PI3  phosphoinositide 3 

PI3K phosphatidylinositol 3’-kinase 

PLL poly-L-lysin 

PM plasma membrane 

PMA phorbol-12-myristat-13-acetate 

pmol  picomole 

PRAS proline rich Akt substrate 

Prof.  professor 

R/A rotenone/antimycin A 

RAPTOR regulatory-associated protein of mTOR 

RICTOR rapamycin-insensitive companion of mTOR 

RNA  ribonucleic acid 

ROS reactive oxygen species 

rpm  revolutions per minute 

RPMI  Roswell Park Memorial Institute 

RT  room temperature 

S1PR1 sphingosine-phosphate receptor 1 

S6Ks ribosomal protein S6 kinases 

SDS  sodium-dodecylsulfat 

siRNA  small interfering RNA 

SL  sphingolipid 

SM  sphingomyelin 

SMase  sphingomyelinase 

Sph sphingosine 

SphK  sphingosine kinase 

SSC  side scatter 

TCA tricarboxylic acid 
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TCR T cell receptor 

Teff T effector 

TEMED tetramethylethylenediamine 

Th T helper 

TNF- α Tumor necrosis factor 

Treg T regulatory 

TSC Tuberous Sclerosis Complex 2 

VCAM vascular cell adhesion molecule 1 

VDAC Voltage-Dependent Anion Channels 

ΔNSM CRISPR/Cas9 NSM KD Jurkat T cells  

μg microgram 

μL microliter 

μm micrometer 
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