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Abstract 

 

T cells are an essential part of the adaptive immune system and play a central role in 

cell-mediated immune response. Their activation leads to an increase of the free 

cytosolic Ca2+ concentration ([Ca2+]i), which can be described by two main pathways: 

(i) the release of Ca2+ from intracellular Ca2+ stores into the cytosol and (ii) Ca2+ influx 

from the extracellular space through Ca2+ channels located at the plasma membrane 

(PM). Once activated, T cells proliferate and migrate into the inflamed tissue, thereby 

binding to other cells or extracellular matrix (ECM) proteins via integrins.  

Already in 2018, our lab observed formation of local Ca2+ microdomains in the absence 

of TCR stimulation. However, up to now their detailed molecular mechanism could not 

be fully elucidated.  

In this thesis, the involvement of various components (such as FAK, IP3R, and SOCE 

proteins) in adhesion-induced pre-activation of T cells was investigated.  

Therefore, we utilized three different advanced optical methods: fluorescence 

resonance energy transfer (FRET), Super Resolution via Optical Re-assignment 

(SoRa) and Stimulated Emission Depletion (STED) microscopy. Overall, STED 

microscopy provided the most accurate information for protein localization due to the 

achievable spatial resolution of up to 40 nm. Furthermore, the formation of clusters 

could be determined and it was even possible to dissect them into loose and tight 

clusters. Here, a tight cluster is defined as an interaction between proteins that is visible 

as a single spot due to its tight localization. Loose clusters, on the other hand, display 

an accumulation of these spots in a defined region. Based on the existent crystal 

structures of individual proteins, we were able to examine individual clusters in more 

detail. Therefore, it was possible to estimate the number of proteins that accumulate 

at a site.  

Next, for the first time, adhesion-dependent co-localization with ORAI1, as well as 

clustering of FAK, the three IP3R subtypes and SOCE proteins (ORAI1 and STIM1/2) 

could be determined. The increased co-localization and cluster formation of ORAI1, 

STIM1, FAK and IP3R1, due to adhesion, suggests an essential role of these proteins 

in pre-activation of T cells. In addition, the data supports the hypothesis that SOCE 

activation by STIM1 is critical after adhesion, whereas STIM2 serves to regulate Ca2+ 

levels.  



 
 
 
Abstract   
 

XII 

In conclusion, these results demonstrate a pre-activation state of T cells evoked by 

adhesion to ECM proteins, involving FAK, IP3R1, and activation of SOCE. Therefore, 

our findings can be summarized in a three-state model of T cells: (i) quiescent state, 

(ii) adhesion pre-activated state and (iii) fully activated state upon TCR stimulation. 
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Zusammenfassung 

 

T-Zellen sind ein wesentlicher Bestandteil des adaptiven Immunsystems und spielen 

eine zentrale Rolle bei der zellvermittelten Immunantwort. Ihre Aktivierung führt zu 

einem Anstieg der freien zytosolischen Ca2+-Konzentration ([Ca2+]i, der über zwei 

Hauptwege beschrieben werden kann: (i) die Freisetzung von Ca2+ aus intrazellulären 

Ca2+-Speichern in das Zytosol und (ii) der Ca2+-Einstrom aus dem Extrazellulärraum 

durch Ca2+-Kanäle in der Plasmamembran (PM). 

Nach ihrer Aktivierung vermehren sich die T Zellen, wandern in das entzündete 

Gewebe ein und interagieren dabei über Integrine mit anderen Zellen oder Proteinen 

der extrazellulären Matrix (ECM).  

Bereits 2018 wurde von unserem Labor die Bildung lokaler Ca2+-Mikrodomänen in 

Abwesenheit einer TCR-Stimulation beobachtet. Deren detaillierter molekularer 

Mechanismus konnte jedoch bisher nicht vollständig aufgeklärt werden. 

In dieser Arbeit wurde die Beteiligung verschiedener Komponenten (wie FAK, IP3R 

und SOCE-Proteine) an der Adhäsions-bedingten Vor-Aktivierung von T-Zellen 

untersucht.  

Dazu wurden zunächst drei verschiedene hochauflösende optische Methoden 

verglichen: Fluoreszenz-Resonanz-Energie-Transfer (FRET), Super Resolution via 

Optical Re-assignment (SoRa) und Stimulated Emission Depletion (STED) 

Mikroskopie. Dabei lieferte die STED-Mikroskopie, aufgrund der erreichbaren hohen 

räumlichen Auflösung von bis zu 40 nm, die genauesten Informationen zur 

Proteinlokalisierung. Darüber hinaus konnte die Bildung von Clustern bestimmt 

werden, wobei die Möglichkeit besteht zwischen schwachen und starken Clustern zu 

unterscheiden. Eine starke Cluster-Bildung wird dabei als eine Interaktion zwischen 

Proteinen definiert, die aufgrund ihrer dichten Lokalisierung als ein einzelner Punkt 

sichtbar sind. Bei schwachen Clustern hingegen handelt es sich um eine Ansammlung 

dieser Punkte in einer definierten Region. Anhand der vorhandenen Kristallstrukturen 

einzelner Proteine waren wir in der Lage individuelle Punkte genauer zu untersuchen 

und die Anzahl der Proteine abzuschätzen, die sich zu Clustern zusammenfinden.  

Im Folgenden wurden erstmals eine adhäsionsabhängige Ko-Lokalisierung mit ORAI1, 

sowie die Clusterbildung von FAK, den drei IP3R-Subtypen und SOCE-Proteinen 

(ORAI1 und STIM1) festgestellt. Die erhöhte Ko-Lokalisierung und Clusterbildung von 
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ORAI1, STIM1, FAK und IP3R1 aufgrund von Adhäsion lässt auf eine wesentliche 

Rolle dieser Proteine bei der Voraktivierung von T-Zellen schließen. Darüber hinaus 

unterstützen die Daten die Hypothese, dass die SOCE-Aktivierung durch STIM1 nach 

der Adhäsion entscheidend ist, während STIM2 zur Regulierung des Ca2+-Spiegels 

dient. 

Zusammengefasst deuten die Ergebnisse auf eine Voraktivierung von T-Zellen durch 

Adhäsion an ECM-Proteine hin, wobei FAK, IP3R1 und die SOCE Proteine von 

essenzieller Bedeutung sind.  

Aufgrund der erhobenen Daten lässt sich der Zustand von T-Zellen in ein drei-Stadien-

Modell zusammenfassen: (i) ruhender Zustand, (ii) durch Adhäsion voraktivierter 

Zustand und (iii) vollständig aktivierter Zustand nach TCR-Stimulation. 

 



 
 
 
Introduction   1 

1. Introduction 

 

1.1 The immune system and its cellular components 

The immune system consists of a number of different effector cells and molecules, 

which protect the body from pathogens. It is divided into the innate and adaptive 

immune system (Bittar et al., 1996). Immediately after infectious organisms enter the 

body, the innate immune system is activated as the first step in an immune response. 

The reaction proceeds quickly, widespread and nonspecific, resulting in the release of 

cytokines and chemokines, which attract further immune cells to the site of infection. 

In addition, cells of the innate immune system, such as macrophages and dendritic 

cells, act as antigen-presenting cells (APCs) migrating to the lymphoid tissue. Here, 

antigenic peptides are presented on major histocompatibility complex (MHC) to naive 

T cells (Lin and Loré, 2017). Upon binding by the T cell receptor (TCR), a naive T cell 

gets activated, proliferates and differentiates into specific effector T cells (Broere et al., 

2011). At this point, the adaptive immune response is initiated.  

While the innate immune response starts immediately, the adaptive immune response 

takes several days to develop (Lazar, 2002). Mature T cells express, in addition to the 

TCR, either the Cluster of Differentiation (CD)4 or CD8 receptor. Based on this, the 

cells are subdivided into two groups. The CD4+ T cells include T helper (TH) cells, as 

well as the regulatory T cells. Cytotoxic T cells, on the other hand, belong to the group 

of CD8+ T cells (Murphy and Weaver, 2018), which induce apoptosis or necrosis in 

cells infected with viruses or other intracellular pathogens. TH cells send signals, 

usually by releasing certain cytokines. These cytokines in turn activate other cells such 

as B cells (for antibody production) or macrophages (for phagocytosis and killing of 

pathogens). The TH cells further develop into a number of different subsets of effector 

cells. These are defined as TH1, TH2 and TH17 cells (Seder and Paul, 1994; Weaver 

et al., 2006). The TH1 cells activate macrophages via Interferon-γ (IFN-γ) secretion and 

CD40 expression. The TH2 and TH17 subsets, on the other hand, produce specific 

cytokines that stimulate reactions against extracellular bacteria and fungi. Regulatory 

T cells suppress the activity of other lymphocytes and help control the immune 

response.  
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1.1.1 Activation of T cells 

T cells are responsible for the cell-mediated immune response (Gowans, 1996). 

Signalling by the TCR complex alone is not sufficient to activate naive T cells. Full 

activation requires a co-stimulatory signal mediated by co-receptors like CD28, CD2, 

LFA-1, CD5 and various interleukin receptors (Rudd et al., 2009). Hence, the activation 

of naive T cells is a multi-step process involving co-stimulatory proteins: the TCR 

recognizes the antigenic peptide bound to MHC-II (first signal), followed by a co-

stimulation of CD28 on the surface of the T cell via the co-stimulatory glycoproteins 

B7.1 (CD80) and B7.2 (CD86) on the APC (second signal) (Acuto and Michel, 2003; 

Rudd et al., 2009). This co-stimulatory process in turn leads to the formation of calcium 

(Ca2+)-mobilising second messengers such as nicotinic acid adenine dinucleotide 

phosphate (NAADP) (Gasser et al., 2006), cyclic ADP-ribose (cADPR) (Guse, 1999) 

and d-myo-inositol-1,4,5-triphosphate (IP3) (Streb et al., 1983). The second 

messengers bind to their respective target Ca2+ channels such as ryanodine receptors 

(RyR) and IP3 receptors (IP3R) on the endoplasmic reticulum (ER). This causes an 

intracellular release of Ca2+ from ER Ca2+ stores, resulting in a rapid increase in free 

intracellular cytosolic Ca2+ concentration ([Ca2+]i) (Feske, 2007). The depletion of 

stores activates calcium-release-activated calcium (CRAC) channels, generating a 

high Ca2+ influx across the plasma membrane (PM). This process is called store 

operated Ca2+ entry (SOCE) and is initiated by stromal interaction molecule (STIM) 1 

and 2 proteins that are located in the ER membrane. STIM proteins are Ca2+ sensors 

that act as dynamic coordinators of cellular Ca2+ signalling (More details in 1.2.4) (Liou 

et al., 2005; Roos et al., 2005). Once SOCE is activated, a strong Ca2+ influx and 

subsequent translocation of transcription factors into the nucleus occurs (Fig. 1.1). 

Leading to transcription of IL-2, which is essential for stimulation of T cell proliferation 

and differentiation into T effector cells (Kummerow et al., 2009; Soboloff et al., 2012). 
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Figure 1.1: Model of T cell activation via antigen receptor signals. 

The TCR and co-receptor (here CD4+) bind to the MHC-II complex on the surface of APCs. This leads 

to phosphorylation of the TCR by the lymphocyte-specific protein tyrosine kinase (Lck). The tyrosine 

kinase Zeta-chain-associated protein kinase (ZAP)-70 binds to phosphorylated sequences. In this 

process, ZAP-70 likewise becomes phosphorylated and activated by Lck. The kinase ZAP-70 

phosphorylates linker for activation of T cells (LAT) and SH2 domain containing leukocyte protein (SLP)-

76, which accumulate at the PM. Phospholipase C (PLC)-γ and Itk are recruited, followed by 

phosphorylation of PLC-γ by Itk for activation. PLC-γ cleaves phosphatidylinositol-4,5-bisphosphate 

(PIP2) into diacylglycerol (DAG) and IP3. IP3, as well as other second messengers such as cADPR and 

NAADP mediate the Ca2+ release from the ER by binding to the receptors IP3R and RYR. The release 

of Ca2+ in the ER leads to aggregation and translocation of STIM to the PM. Here it activates ORAI1 

channels and causes extracellular Ca2+ influx. A sustained Ca2+ increase activates via calmodulin the 

serine/threonine phosphatase calcineurin, which dephosphorylates nuclear factor of activated T-cells 

(NFAT). This way it is allowing NFAT to enter the nucleus and activate gene transcription. DAG remains 

at the membrane and directs Protein kinase C (PKC)-θ and Ras guanyl nucleotide-releasing protein 

(RasGRP) to the membrane, where they activate different signalling cascades. The activation of 

RasGRP results in the formation Activator protein (AP)-1, while PKC-θ causes release of nuclear factor 

kappa-light-chain-enhancer of activated B cells (NFκB). In the cell nucleus, the transcription factors 

NFκB, AP-1 and NFAT activate the transcription of certain genes (created with Biorender.com, modified 

from feske2007).  
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1.2 Ca2+- a versatile signalling molecule   

More than 99 % of Ca2+ found in the body is present in the form of hydroxyapatite 

(Ca5(PO4)3(OH)) and is located in bones and teeth. Here, Ca2+ provides stability and 

strength. In general, bones serve as one of the main Ca2 stores (Yu and Sharma, 

2021). Besides its effect on bone structure, Ca2+ is essential for cardiac functions, 

immune responses, muscle contractions and is included in proliferation, apoptosis and 

cell growth (Brown, 1991; Drake and Gupta, 2021). Therefore, Ca2+ is considered the 

most versatile signalling molecule of all the second messengers. A variation in free 

cytosolic [Ca2+]i is required to generate signal transduction. The intracellular Ca2+ level 

is regulated at any time by a balanced influx into the cytoplasm and efflux by a 

combined action of pumps, exchangers, and transporters (Berridge et al., 2003). Due 

to their charge, Ca2+ ions cannot diffuse independently through the lipid layer, in fact, 

they require channels for their transport (Cai et al., 2015). T cells express different 

Ca2+-permeable channels and transporters that control Ca2+ influx and efflux through 

the PM (Feske et al., 2012, 2015; Hogan et al., 2010; Vig and Kinet, 2009), as well as 

intracellular release into the cytosol and uptake in organelles (ER, mitochondria and 

endolysosomes) (Berridge, 2016; De Stefani et al., 2016; Foskett et al., 2007; Raffaello 

et al., 2016; Xiong and Zhu, 2016) (Fig. 1.2). Inside a resting T cell, the free cytosolic 

[Ca2+]i is about 100 nM, whereas in the extracellular space, the concentration is 

10,000-fold higher in the mM range (Cahalan and Chandy, 2009). When the T cell is 

stimulated, the cytosolic [Ca2+]i increases up to 1000 nM (Berridge et al., 2000). There 

are two main pathways available to increase free cytosolic [Ca2+]i, either Ca2+ influx 

from the extracellular space through the PM into the cytosol and/or via release from 

intracellular Ca2+ stores. In the ER of resting T cells, a [Ca2+]ER of approx. 300 µM-

1 mM is present (Parker and Smith, 2010). The increase in free cytosolic [Ca2+]i via 

influx or release is coupled to ATP production by providing the formation of cytosolic 

Ca2+ microdomains for uptake via mitochondrial Ca2+ uniporters (MCU) (Fig. 1.2) 

(Berridge, 2016; De Stefani et al., 2016; Prole and Taylor, 2019). ATP acts as an 

energy source for ion pumps such as PM Ca2+ ATPase (PMCA) (Cai et al., 2015; 

Nikiforov et al., 2015) and sarcoplasmic/ER Ca2+ ATPase (SERCA) (Chemaly et al., 

2018). They transport Ca2+ against the electrochemical gradient and pump the ions 

from the cytosol into the extracellular space or the ER (Calì et al., 2017; Stafford et al., 
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2017) (Fig. 1.2). Free mitochondrial [Ca2+]m varies between 0.1-10 μM, whereby Ca2+ 

efflux from mitochondria into the cytosol occurs via Na+/Ca2+/Li+ exchangers (NCLX). 

These are transporters that use a Na+ gradient to extrude Ca2+ from the mitochondria 

(Ben-Kasus Nissim et al., 2017; Palty et al., 2010; Sekler, 2015) (Fig. 1.2). 

Measurements of [Ca2+]ly in endolysosomes indicate a concentration of 400-600 µM. 

The release of Ca2+ from endolysosomes occurs through two pore channels (TPCs) 

(Morgan et al., 2015) and transient receptor potential mucolipin (TRPML) channels 

(also located in the PM) (Xu and Ren, 2015) (Fig. 1.2). These channels are thought to 

regulate exocytosis and endolysosomal fusion, transport, and function (Trebak and 

Kinet, 2019). 

 

 
Figure 1.2: Channels, pumps and exchanger involved in Ca2+ signalling in T cells. 

After initiation of T cell activation, ER channels (IP3R and RYR) are activated, leading to depletion of the 

ER Ca2+ store. STIM proteins localized in the ER membrane translocate to the PM and activate ORAI 

channels, resulting in a strong Ca2+ influx and Ca2+-mediated signalling. Other PM channels such as 

non selective transient receptor potential (TRP) channels, purinergic ionotropic receptors (P2RXs) and 

voltage-activated Ca2+ (Cav) channels are also involved in Ca2+ signalling during T cell activation. Ca2+ 

release from the ER is partially absorbed by mitochondria via the uniporter MCU. In the endolylsosomes, 

Ca2+ release is regulated by TPCs and TRPML channels. The maintenance of Ca2+ homeostasis in the 
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cytosol and organelles is controlled by transporters and pumps such as PMCAs, SERCAs, NCLXs. 

(Created with Biorender.com, modified from Trebak and Kinet, 2019). 

 

1.2.1 Ca2+-release by NAADP 

NAADP is the most potent Ca2+ mobilizing second messenger know to date and was 

first described by Lee and colleagues in 1987 (Clapper et al., 1987; Langhorst et al., 

2004). The transmembrane ectoenzyme CD38, which is associated with intracellular 

compartments, is able to synthesize at least in vitro NAADP from NADP and nicotinic 

acid via base-exchange reaction (Aarhus et al., 1995; Liu et al., 2017). The catalysis 

requires an acidic pH, suggesting that NAADP is produced in the endolysosome (Fang 

et al., 2018). For the formation of Ca2+ microdomains, production of NAADP is required 

within a few seconds (Gasser et al., 2006), indicating another production mechanism 

outside the lysosome. Recent studies show that NAADPH can be converted to NAADP 

via the NADPH oxidase DUOX2 in the initial phase of T cell activation (Gu et al., 2021). 

There are different hypotheses about the Ca2+ mobilising activity of NAADP. On one 

hand, NAADP is supposed to cause Ca2+ release from the ER Ca2+ store via the 

activation of RYR1. Furthermore, it is claimed that NAADP stimulates endolysosomal 

stores via TPCs (Galione, 2019). In addition, it was hypothesized that NAADP 

regulates various ion channels via a binding protein that targets different channels such 

as RYR, TPC, and transient receptor potential channel, subtype mucolipin 1 (TRP-

ML1) (Guse, 2012). Earlier this year, two research groups demonstrated that NAADP 

binds to a NAADP-binding protein called hematological and neurological expressed 1–

like protein (HN1L) (also known as Jupiter microtubule-associated homolog 2 (JPT2)) 

(Gunaratne et al., 2021; Roggenkamp et al., 2021). Here, Roggenkamp et al. propose 

that HN1L is either in a complex with RYR1 and subsequently binds NAADP or is in 

the cytosol, where it binds with NAADP and then interacts as a complex with RYR1, 

while Gunaratne et al. observed an interaction of HN1L with TPC1 in endosomes and 

lysosomes. Later this year, Zhang and colleagues identified the Sm-like protein Lsm12 

as a NAADP receptor essential for NAADP-evoked TPC2 activation in acidic stores 

(Zhang et al., 2021).  

In resting T cells, the NAADP concentration is 4.4 +/- 1.6 nM and increases 7.6-fold 

after TCR/CD3 stimulation (Gasser et al., 2006). Upon T cell activation, the HN1L-

NAADP complex causes the activation of RYR1 channels and consequently the 
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release of Ca2+ from the ER Ca2+ store (Diercks et al., 20018; Roggenkamp et al., 

2021). 

 

1.2.2 Ca2+-release by cADPR 

Another important Ca2+ mobilising second messenger is cADPR, first described by Lee 

and colleagues in 1987 in sea urchin egg homogenates (Lee et al., 1989). cADPR is a 

cyclic adenosine diphospho-ribose (Lee and Aarhus, 1995), a derivative of β-

Nicotinamide adenine dinucleotide (𝛽-NAD+) and is synthesised enzymatically from 

NAD by ADP-ribosyl cyclases (Nikiforov et al., 2015). These cyclase activities were 

detected in cytosolic preparations from sea urchin eggs (Graeff et al., 1998) as well as 

subcellular and soluble fractions from T cells (Guse, 1999). The receptor-mediated 

increase of cADPR has been demonstrated in various cell systems, such as Jurkat T 

cells, by stimulation with anti CD3 antibodies (Guse, 1999). In T cells the target channel 

for cADPR is the RYR (Bourguignon et al., 1995; Guse, 1999) leading to Ca2+ release 

from the ER (Lee, 2001, 2011), thus, in RyR-knock down T lymphocytes a reduced 

Ca2+ signal was detected (Schwarzmann et al., 2002). 

 

1.2.3 Ca2+-release by IP3 

The best-characterised second messenger is IP3, which was discovered by Schulz and 

Berridge in 1983 (Streb et al., 1983). In most cell types, the synthesis of IP3 is a crucial 

step in the formation of Ca2+ signals that are necessary for the regulation of many 

cellular processes, including cell survival and cell death (Berridge, 1993; Vermassen 

et al., 2004). IP3 formation especially involves PLC-γ. PLC-γ activation represents an 

important step in T-cell activation, as the next step includes the splitting of the PLC-γ 

signalling cascade into three separate pathways: (i) formation of IP3 which mediates 

the influx of Ca2+ through ORAI1, (ii) activation of Ras and (iii) activation of PKC-θ. 

Each of the pathways ends with the activation of different transcription factors (Fig. 

1.1).  

After TCR stimulation, the activation of PLC-𝛾 (Courtney et al., 2018) leads to the 

formation of the second messengers IP3 and DAG (Berridge, 2016). DAG is 

membrane-bound and activates PKC and Ras-dependent effector mechanisms. IP3, 

on the other hand, opens the IP3R, leading to an increase in [Ca2+]i. This is followed 
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by the activation of transcription factors NFAT, as well as AP-1 and NFκB, leading to 

IL-2 expression and subsequently to T cell proliferation as previously stated. 

 

The IP3R is an intracellular tetrameric channel and is expressed in most mammalian 

cells (Prole and Taylor, 2011) whereas three different subtypes of IP3Rs have been 

described: IP3R1, IP3R2 and IP3R3. They mainly mediate Ca2+ release from 

intracellular stores such as the ER (Berridge, 1993) and the Golgi apparatus (Pizzo et 

al., 2011; Rodríguez-Prados et al., 2015; Wong et al., 2013). However, the IP3Rs are 

also expressed in the nucleus envelope and the nucleoplasmic reticulum (Echevarría 

et al., 2003). The IP3Rs form homo or hetero tetrameric Ca2+ channels of the receptor 

subunits (structure is shown in Fig. 1.3). Each subunit can be separated into three 

principle domains: amino-terminal ligand binding domain, carboxyl-terminal channel 

domain and a central coupling or regulatory domain with 6 transmembrane domains. 

IP3R genes encode a large cytosolic and a small Ca2+ channel domain (Furuichi et al., 

1989; Mikoshiba, 2007; Patterson et al., 2004). The cytosolic domain contains all key 

functional sites that confer receptor function and regulation, including an IP3-binding 

core (Yoshikawa et al., 1996) and an N-terminal suppressor domain (Yoshikawa et al., 

1999). The N-terminal domain reduces the affinity of IP3 binding and has a large 

regulatory domain responsible for intracellular effector molecules such as Ca2+ (Finch 

et al., 1991). The IP3 binding domain, also called internal coupling domain modulates 

IP3R channel activity and is involved in the signal transduction of IP3-binding to channel 

gating (Mignery and Südhof, 1990; Uchida et al., 2003). 

In T cells, all three isoforms of IP3Rs are expressed, differing in their expression pattern 

in different tissues, as well as their regulation by Ca2+ (Taylor et al., 1999). Differences 

were observed as well in their affinity for IP3, with IP3R2 having the highest and type 3 

the lowest affinity for IP3 (Iwai et al., 2007). The activity of the three IP3Rs is enhanced 

by moderate increase in free cytosolic [Ca2+]i (100-300 nM) and inhibited by more 

substantial increase ([Ca2+]i above 300 nM) (Berridge et al., 2000; Foskett et al., 2007). 

In terms of affinity for Ca2+, interestingly, IP3R3 shows the highest and type 1 the lowest 

binding potential (Tu et al., 2005). Activation of the IP3Rs requires the binding of IP3 to 

all four subunits (Alzayady et al., 2016), as well as the binding of Ca2+ (Finch et al., 

1991; Marchant and Taylor, 1997). Hence, the IP3Rs are co-regulated by IP3 and 

cytosolic Ca2+, with both ligands required for channel opening. Furthermore, the 
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binding of IP3 to IP3R causes two interdependent events: First, Ca2+ release from the 

ER (Mikoshiba, 2007) and subsequently, ER depletion leads to indirect activation of 

Ca2+ influx across the PM via SOCE (Putney, 1986, 1990). 

 

 

Figure 1.3: Architecture of the IP3R1 channel depicted in a cryo-EM density map. 

Illustration of a 3D structure of IP3R1 in the closed state. Three orthogonal views are shown: a top view 

from the cytoplasmic side, a side view, and a bottom view from the luminal side. The identified subunits 

are colored individually. Gray bars: positions of the cytoplasmic (Cy) and endoplasmic (ER) leaflets of 

the membrane bilayer. The shape of the IP3R1 channel forms a ~19 nm high structure. Scale: 10 nm 

(Ludtke et al., 2011). 

 

This thesis focuses on the Ca2+-releasing pathway via IP3R activation followed by Ca2+ 

influx through SOCE.  

 

1.2.4 Store-operated Ca2+ entry 

The Ca2+ entry pathway SOCE is activated in response to depletion of Ca2+ from the 

ER and controls regulation and physiological functions in viarous cell types (Ambudkar 

et al., 2017). SOCE was first discovered by James Putney in 1986 as a capacitive Ca2+ 

influx (Putney, 1986, 2007). Initially, agonist-activated and IP3-mediated store 

depletion was thought to be the main pathway of Ca2+ influx. This hypothesis was 

further supported by using the Ca2+ indicator fura-2 and the SERCA pump blocker 

thapsigargin (Tg). The cytosolic Ca2+ measurements showed an opening of the 

membrane ion channels after Tg stimulation and consequently a direct Ca2+ influx into 

the cell (Takemura et al., 1989). Furthermore, in 1992, Hoth and Penner clearly 

demonstrated the ionic currents through SOCE as "calcium release activated calcium" 
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(ICRAC) (Hoth and Penner, 1992), which was voltage independent, inwardly directed 

and defined as selective for Ca2+ (Parekh and Penner, 1997). Based on these studies, 

it was demonstrated that the capacitive Ca2+ influx is a store-operated Ca2+ entry. 

Consequently, the name was changed accordingly. In T cells, the amount of Ca2+ 

release is relatively small compared to Ca2+ influx (Dolmetsch and Lewis, 1994; 

Donnadieu et al., 1994; Lewis and Cahalan, 1989). Therefore, the main role of Ca2+ 

release seems to be to modulate the influx. The Ca2+ release is caused by the 

activation of Ca2+-permeable receptors localized in the ER membrane (IP3R, RYR) via 

the binding of second messengers (NAADP, cADPR and IP3) (Berridge, 2016; Parekh 

and Putney, 2005). The lowering of the Ca2+ level in the ER triggers the activation of 

the SOCE pathway, resulting in the opening of CRAC channels localized in the PM 

(Hsu et al., 2001; Lewis, 2001; Prakriya and Lewis, 2001; Zweifach and Lewis, 1993). 

Using high-throughput screens based on RNA-mediated interference, STIM1 and 

calcium-release-activated calcium modulator (CRACM) 1 were identified as the main 

SOCE players. STIM1 is a Ca2+ sensor that resides in the ER membrane. CRACM1, 

also called ORAI1, is the pore-forming subunit of CRAC channels (Feske et al., 2006; 

Liou et al., 2005; Vig et al., 2006; Zhang et al., 2005, 2006). The discovery of STIM1 

and ORAI1 has significantly increased our understanding of how Ca2+ signalling is 

regulated in lymphocytes. The sensors STIM1 and 2 detect the abundance of Ca2+ 

storages (Liou et al., 2005; Roos et al., 2005). Upon depletion, there is a 

conformational change, aggregation and translocation of STIM  molecules (Fig. 1.4) to 

the junctional space where ER and PM come to close contact (9-12 nm) (Lur et al., 

2009; Várnai et al., 2007). Due to its low affinity for Ca2+, STIM2 recognises modest 

depletion of the store, whereas STIM1 activation requires substantial store depletion 

(Brandman et al., 2007). Maximum CRAC channel activity requires the binding of two 

STIM proteins to one ORAI protein (Hoover and Lewis, 2011). Ca2+ influx into the 

cytosol through the CRAC channels causes refilling of the Ca2+ ER stores by the 

SERCA pump (Prakriya and Lewis, 2015; Shaw and Feske, 2012). Via the EF domain, 

STIM1 sense refilling, which leads to deactivation of CRAC channels (Stathopulos et 

al., 2008). STIM proteins return to their resting state where they are present as a dimer, 

the EF hands have bound Ca2+ and the inhibitory coiled-coil-1 domain occludes the 

STIM-ORAI activation region (SOAR) (Johnson and Trebak, 2019).  
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Figure 1.4: Model of STIM1-ORAI1 coupling mediated by store depletion. 

In the resting state, STIM1 exists as a dimer and is initially folded and bound to Ca2+ (on the EF hands) 

(left). Upon store depletion, Ca2+ ions dissociate from the EF hands and STIM1 gets activated. A 

conformational change of the cytosolic STIM domain occurs with the SOAR domain being released. The 

activated STIM1 proteins oligomerize and translocate to the PM, where STIM1 binds to the membrane 

by binding to PIP2 via the polybasic domain (PBD). STIM activates ORAI1 by binding via its SOAR 

domain, leading to Ca influx and increased free cytosolic [Ca2+]i (created with Biorender.com, modified 

from Soboloff et al., 2012). 

 

Highlighting the physiological role of SOCE in patients with severe combined 

immunodeficiency (SCID), a normal Ca2+-release was observed while Ca2+ entry and 

CRAC currents were abrogated (Le Deist et al., 1995; Partiseti et al., 1994), associated 

with impaired proliferation. Different studies observed impaired cytokine production in 

ORAI1 and STIM1 deficient cells (Feske et al., 2012, 2015). In STIM1 and 2 double 

knockout experiments, splenomegaly, lymphadenopathy and inflammation, as well as 

a complete loss of SOCE was reported (Oh-Hora et al., 2008). These experiments 

demonstrate the important role of SOCE as an activator mediated by STIM1, 2, and 

ORAI1. Here, the formation of critical Ca2+ microdomains is essential for lymphocyte 

function.  
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Ca2+ microdomains are formed, when Ca2+ enters the cytoplasm either at the cell 

surface or via internal stores. They are key elements of Ca2+ signalling and essential 

for T cell activation. Here, localized Ca2+ domains regulate specific cellular processes 

in different regions of the cell (Berridge, 2006). 

 

1.2.4.1 STIM proteins 

Since the discovery of STIM protein involvement in SOCE, the understanding of the 

mechanism of SOCE regulation has changed dramatically. Two groups independently 

identified the function of STIM as a mediator of SOCE by high throughput screening, 

using short interfering RNA (siRNA) in HeLa cells and RNA interference (RNAi) in 

Drosophila S2 cells (Liou et al., 2005; Roos et al., 2005). STIM is a 77 kDa single-

spanning transmembrane protein localized mainly in the ER membrane (Spassova et 

al., 2006; Vig and Kinet, 2009; Zhang et al., 2005). It contains a sterile α-motif (SAM) 

domain and an EF-hand Ca2+-binding domain on the luminal side of the ER as well as 

a cytosolic coiled-coil (CC) binding domain at the carboxy terminus. In mammals, there 

are four different isoforms: STIM1, STIM1L, STIM2, and STIM2.1/STIM2𝛽. The 

isoforms differ in the length of their amino and especially their carboxy-terminal 

sequences. Otherwise, they are about 61% identical (Derler et al., 2016). STIM 

proteins are sensors that detect the depletion of ER Ca2+ storage via its amino-terminal 

Ca2+-binding EF-hand domain. Store depletion triggers oligomerization of the STIM 

proteins by the EF-SAM region. This is followed by translocation to ER-PM junctions 

(Liou et al., 2007; Stathopulos et al., 2006). In resting cells, the EF-SAM domain was 

observed to be present as a well-folded dimer. Depletion of the ER causes unfolding 

of the hydrophobic residue of the EF-SAM region, resulting in oligomerisation of STIM 

proteins along the ER membrane (Liou et al., 2007; Luik et al., 2006; Zhang et al., 

2005) This is followed by the activation of ORAI1 channels via SOAR, which is located 

in the CC domain of the STIM proteins. This domain additionally stabilises the EF-SAM 

region, triggers oligomerization and promotes translocation of STIM to ER-PM 

junctions (Baba et al., 2006). However, the exact mechanism of CRAC channel 

activation by STIM oligomers remains to be determined. In many cells, STIM1 is more 

strongly expressed than STIM2 and is the main effector of SOCE (Soboloff et al., 

2012). Compared to STIM1, STIM2 is a weak activator of ORAI channels and has a 

lower affinity than STIM1 for Ca2+ (Brandman et al., 2007; Wang et al., 2014; Zheng et 
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al., 2018). Another isoform of STIM1 is the long isoform STIM1L, which has an 

additional actin-binding domain at the C-terminus. The precise effect of STIM1L on the 

stromal properties of ORAI1 is currently unknown. STIM1L is thought to co-localize 

with ORAI1 channels and interacts with actin. This leads to the formation of permanent 

clusters (Darbellay et al., 2011) providing a robust and very rapid activation of Ca2+ 

influx by store depletion. On the other hand, STIM1L is reported to slower the 

recruitment of ORAI1 to ER/PM junctions and the activation rate of Ca2+ influx (Saüc 

et al., 2015). Similar to STIM1L, The function of STIM2 is controversial as well. Some 

early reports claim that only STIM1 is required for Ca2+ oscillation at low agonist 

concentrations (Bird et al., 2009; Wedel et al., 2007). Other studies, however, observe 

a main regulation of Ca2+ oscillation by STIM2 (Ong et al., 2015; Thiel et al., 2013). 

Furthermore, there is evidence that in moderate ER Ca2+ depletion, STIM2 is 

responsible for recruiting STIM1 to ER-PM junctions (Son et al., 2020; Subedi et al., 

2018). Regulation of STIM1 function is performed by STIM2 splice variants 

(STIM2.1/STIM2β) as well (Miederer et al., 2015; Rana et al., 2015). A modified SOAR 

domain in STIM2.1/STIM2β causes reduced interaction with ORAI1. Upon store 

depletion, STIM2.1/STIM2β binds to STIM1 and inhibits activation of ORAI1. In 

conclusion, the studies on STIM isoforms suggest that STIM proteins play a more 

dynamic cooperative role in Ca2+ signalling than previously thought. It is for certain that 

the STIM isoforms are involved in the maintenance and regulation of free cytosolic 

[Ca2+]i. The exact physiological function, however, seems to be very complex and 

differs depending on cell type and activation mechanism. 

 

1.2.4.2 ORAI channels 

ORAI proteins have a size of 32.7 kDa and consist of four transmembrane (TM) 

domains, each composed of amino and carboxyl ends, which are directed into the 

cytosol (Feske et al., 2006; Vig et al., 2006; Zhang et al., 2006). The C-terminal region 

includes a coiled-coil domain that is required for STIM binding and CRAC channel 

activation (Muik et al., 2008). ORAI proteins are the pore-forming subunits of CRAC 

channels, which are primarily required for the activation of Ca2+-dependent 

transcription factor isoforms of NFAT and subsequently for cytokine production, 

proliferation and immunocompetence (Feske et al., 2012, 2015; Vig and Kinet, 2009). 

Already one year after the identification of STIM1, ORAI1 channels were discovered 
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as store-operated Ca2+ channels and thus as the missing link of SOCE. Here, the 

function of ORAI1 was investigated almost simultaneously and independently by three 

groups (Feske et al., 2006; Vig et al., 2006; Zhang et al., 2006). For a long time, the 

tetrameric structure of ORAI proteins was thought to be formed by two dimers each 

(Vig et al., 2006). In 2012, however, the crystal structure of functional ORAI channels 

was published, showing that the channel consists of three dimers each, possessing a 

hexameric structure (Hou et al., 2012) (Fig. 1.5). ORAI1 shares its tetra spanning 

protein topology with two structurally related paralogues, ORAI2 (CRACM2) and 

ORAI3 (CRACM3) (Lis et al., 2007). The TM units of the three isoforms have 81-87% 

matching sequences, with the functional TM1 domain identical in all three channels. 

The three ORAI isoforms are all activated by STIM1 coupling and exhibit high Ca2+ 

selectivity (Lis et al., 2007). The homologues ORAI2 and 3 mediate smaller Ca2+ 

currents compared to ORAI1 and only sparse information is available on their role in 

mediating SOCE (Trebak and Kinet, 2019). ORAI2 was proposed to be a negative 

regulator of ORAI1 (Vaeth et al., 2017). Experiments with ORAI2 deletion indicate 

enhanced SOCE activity in naïve T cells, but show no effect in effector T cells. It was 

observed that in effector T cells ORAI2 is downregulated, whereas ORAI1 is 

upregulated. The isoform ORAI3, on the other hand, is thought to be able to replace 

the function of ORAI1 in SOCE in its absence (Mercer et al., 2006). 

 

 

 

Figure 1.5: Architecture of an ORAI hexamer. 

Structure of ORAI. (A) Side view of the tertiary structure: The helices are shown in coloured sections: 

M1 (blue), M2 (red), M3 (green), M4 (brown), M4 extension (yellow). (B) Top view of the channel from 
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the extracellular side: here the M4 extension is shown in grey. The structure of an ORAI hexamer has 

a diameter of ~6-8 nm. Modified from Hou et al., 2012. 

 

 

1.3 Integrin mediated Ca2+ signalling in T cells 

Once T cells are activated via the TCR, they migrate from blood vessels to the inflamed 

tissue, thereby interacting with other structures. These include surface receptors of 

other cells, cytokines (such as interleukins), as well as components of the extracellular 

matrix (ECM). T Cell adhesion triggers a cascade, beginning by slow rolling, followed 

by arrest and strengthened adhesion, and finally crawling and transmigration across 

endothelial cells (Ley et al., 2007). To initiate transmigration, a weak and transient 

adhesive interaction between the T cell and the endothelial cell is required. This 

interaction is mediated by two main adhesion receptor families, selectins (expressed 

on T cells and endothelial cells) and integrins (expressed on T cells). Integrins are αβ 

heterodimeric cell surface receptors with more than 30 αβ pairs existing (Herter and 

Zarbock, 2013; Hynes, 1992). Cell rolling on endothelium is triggered by a short weak 

binding between the integrins of T cells (e.g. LFA-1, VLA4) and their associated 

endothelial ligands (e.g. ICAM-1, VCAM-1) (Block et al., 2012; Sriramarao and Broide, 

1996; Stadtmann et al., 2011; Zarbock et al., 2008). When T cells interact with 

endothelium, arrest is mediated by stimulatory signals from the inside out via G protein-

coupled receptors (GPCRs) (Alon and Feigelson, 2009; Dixit and Simon, 2012). After 

arrest, adhesion is strengthened by the recruitment and clustering of diffusive integrins 

(Constantin et al., 2000; Smith et al., 2005). Adherent T cells transmigrate through the 

endothelial barrier at paracellular endothelial cell junctions or use their integrins to role 

along the endothelium in search of exit points (Phillipson et al., 2009). After 

transmigration through the endothelium, T cells adhere to the basal membrane and 

matrix of the stroma (called interstitium) via integrins. The basal membrane consists of 

a thin layer of ECM proteins such as laminins, heparan sulphate proteoglycan perlecan 

and globular collagen IV and VIII (Paulsson, 1992), while the interstitium contains a 

different set of ECM proteins such as fibrillar collagen types I, III, V and VI, fibronectin, 

tenascin and dermatan. Inflammation also causes contact between the T cell and ECM 

proteins that are upregulated. These include vitronectin (Preissner, 1991) or 

thrombospondin (Jaffe et al., 1985; Raugi et al., 1982; Sage and Bornstein, 1991; 
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Weismann et al., 1997). Studies indicate a triggering of signal transduction 

mechanisms through integrin-mediated adhesion of T cells to ECM proteins. Among 

other things, an increase in free cytosolic [Ca2+]i was observed (Weismann et al., 1997; 

Weiss et al., 1984). Focal adhesion kinase (FAK) is thought to be a key component of 

the integrin-mediated signalling pathway (Guan, 1997). Hence, upon binding of ECM 

proteins to integrins, FAK proteins are phosphorylated, leading to the subsequent 

activation of PLC-γ (Zhang et al., 1999).  

 

1.3.1 Focal adhesion kinase (FAK) 

Almost 30 years ago, FAK was first identified and classified as a component of integrin 

signalling (Guan et al., 1991; Hanks et al., 1992; Kornberg et al., 1992; Schaller et al., 

1992). FAK belongs to the non-receptor protein tyrosine kinase family, is expressed in 

most tissues and cell types and activated by phosphorylation of Tyr397 (Fox et al., 

1999; Hanks et al., 1992; Henry et al., 2001). The kinase consists of a central catalytic 

domain flanked by large N- and C-terminal non-catalytic domains. The N-terminal 

domain shows sequential similarities with the so-called FERM domain and also 

mediates interaction with the activated epidermal growth factor (EGF) receptor (Girault 

et al., 1999; Sieg et al., 2000; Sun et al., 2002). In vitro, the FERM homology domain 

of FAK binds to sequences of the cytoplasmic domain of β-integrin (Schaller et al., 

1995). In this way, FAK is directed to sites where integrin or growth factor receptors 

cluster, thereby regulating the interaction with other potentially activating proteins. In 

contrast, the C-terminal region is rich in protein-protein interaction sites, with the focal 

adhesion targeting (FAT) region directing FAK to newly formed and pre-existing 

adhesion complexes (Martin et al., 2002). Clustering of integrins causes rapid 

phosphorylation of FAK at Tyr397, as well as other sites in the kinase and C-terminal 

domain (Calalb et al., 1995). This is followed by increased catalytic activity of FAK and 

the formation of the phosphotyrosine binding site for various signalling molecules 

(Schaller et al., 1994; Xing et al., 1994). Phosphorylation of Tyr397 creates, among 

other things, high-affinity binding sites for SH2 domains and thus recruits 

phosphoinositide-3 (PI-3) kinase, PLC-γ and the adapter proteins Grb7 (Akagi et al., 

2002; Chen and Guan, 1994; Chen et al., 1996). 
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1.4 Advanced light microscopy methods to visualize co-localization 

of proteins  

In this work different light microscopy methods have been used to determine the spatial 

distribution and interaction of proteins within T cells. In the following section a detailed 

description of these methods will be presented. 

 

1.4.1 Fluorescence Resonance Energy Transfer (FRET) 

FRET is a non radiative energy transfer mechanism that can occur between two 

fluorescent molecules. It was first described in 1946 by Theodor Förster as a physical 

phenomenon in which a donor fluorophore in the excited state transfers its excitation 

energy without the emission of any quantum of light to an acceptor fluorophore. This 

results in emission from the acceptor (Forster, 1946). Donor and acceptor form a so-

called FRET pair. A fluorescent molecule is eligible to be a donor only if its emission 

spectrum overlaps the excitation spectrum of the acceptor. For this phenomenon to 

occur, the excited states of the donor and acceptor have to be close to each other, i.e., 

there should be a physical overlap. In other words, FRET can only occur when the 

distance between donor and acceptor varies between 2 and 10 nm (Selvin, 1995; 

Stryer and Haugland, 1967). 

FRET is often used in biology to monitor different biochemical activities that depend 

on changes in molecular proximity. These include protein-protein interaction, 

conformational changes, intracellular ion concentration, enzyme activity and many 

more (Lam et al., 2012; Miyawaki, 2011). A FRET bio sensor is made by a FRET pair 

designed to monitor the above-mentioned biological interactions. Depending on how 

the fluorophores are bound, the FRET biosensor can be divided into two categories: 

(i) the intramolecular type, where donor and acceptor are located on the same 

molecule and conformational changes of the molecule cause changes in the FRET 

signal. (ii) the intermolecular type, where the donor and acceptor fluorophore are 

located on different molecules and the FRET signal is triggered only when the 

molecules are in close proximity to each other (Stryer and Haugland, 1967). 

One advantage of FRET biosensing over biochemical assays is that it is performed 

optically, allowing non-destructive and minimally invasive examination of living cells 

(Miyawaki, 2011). Thus, FRET can be used to detect dynamic events during live cell 

imaging experiments if the microscope set up supports image acquisition to be rapid 
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enough (Broussard and Green, 2017). FRET based experiments, however, are limited 

by several factors related to the physical process as well as the technology used to 

measure FRET (Leavesley and Rich, 2016). For example, low signal-to-noise ratio 

(SNR) associated with FRET imaging is a major limiting factor. Moreover, many light 

microscopy methods to measure FRET suffer from the photobleaching (donor 

photobleaching) that can occur during the acquisition. 

 

 

 

 

1.4.2 Super resolution Confocal Microscopy 

Sheppard proposed in 1988 that in a special configuration also confocal microscopy 

can overcome the diffraction limit and enables the so-called super resolution 

(Sheppard, 1988). Sheppard's theory was realized practically in 2010 by Mueller and 

Enderlein, who developed the Imaging Scanning Microscope (ISM) (Müller and 

Enderlein, 2010). 

The principle of confocal laser scan microscopy (CLSM) is not to illuminate the entire 

specimen as in wide field microscopy. On the contrary in CLSM the excitation light is 

focused in one point and by scanning the laser through the sample an image is formed 

by collecting light point by point.  

Figure 1.6: Description of the 

principle of CFP-YFP FRET 

biosensor. 

Proteins of interest (Protein A and B) 

are attached to different 

fluorophores, CFP (donor) and YFP 

(acceptor), respectively. (a) Proteins 

do not interact, no energy is 

transferred in a not radiative way 

from CFP to YFP. (b) Proteins 

interact, the energy absorbed by CFP 

is transferred in a not radiative way 

and excites YFP. FRET can be 

observed (created with Biorender).  
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The image of a point like source i.e. a fluorescence object smaller than the diffraction 

limited focal spot is called point spread function (PSF) of the system for a given 

objective and excitation wavelength. The PSF of the system for a given objective and 

excitation wavelength is in general the product of the excitation and detection PSFs. 

In CLSM the excitation PSF is defined as intensity distribution of the focused excitation 

beam (Inoué, 2006). While, in confocal microscopy the intensity distribution of the light 

when is passing over the pinhole plane is called detection PSF. In imaging, the excited 

light is focused through a lens, while the emitted light is detected through the same or 

a different lens. As a result, reducing the detection or emission PSF can lead to higher 

resolution (Azuma and Kei, 2017). The excitation PSF due to the diffraction limit of the 

focusing objective lens cannot be reduced at will. In other words, there is no way to 

decrease the total PSF and increase the resolution beyond the diffraction limit by 

working on the excitation PSF. This limitation can be overcome, for example, by 

narrowing the emission PSF.  

 

1.4.2.1 Super resolution by optical Re-assignment (SoRa) Microscopy 

As alternative way to overcome the diffraction limit in confocal microscopy, Sheppard 

and colleagues have developed a novel approach to reduce the emission PSF known 

as "photon reassignment" (Sheppard, 1988; Sheppard et al., 2013). To achieve photon 

reassignment the acquired light will pass through an intermediate magnification while 

being re-scanned on the camera. If the intermediate being expansion is 1/m 

(intermediate magnification) the position of the focused light would be r+s x (1-m) 

whereby (r+s) is the position of the scanned excitation light with respect to the effective 

position of a fluorescence object. For example, if the intermediate magnification of the 

detected beam 1/m = 2, this would lead to a relocation of the detected beam 50% 

closer to its real position. In this way, the captured photons of the excited sample are 

shifted closer to the location from which they are most likely to originate. For each scan 

position, this reassignment is performed, resulting in increased maximum resolution 

(Azuma and Kei, 2015). This principle shown in figure 1.7. The peak of the excitation 

PSF is located at point r, while the peak of the imaging PSF is located at position r+s. 

Consequently, the two PSFs do not overlap perfectly. Ideally, the imaging point would 

have to be shifted from r+s to r+s/2, which would result in a 2x higher spatial resolution 

than limited diffraction. This re location was initially done computationally, which 
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resulted in significantly slower image acquisition. In the last years, the method was 

improved by optically remapping the photon using lenses. In this thesis, a Yokogawa 

spinning disk microscope is used which is capable of high-resolution optical 

realignment (SoRa) (York et al., 2013). 

 

 

 

SoRa uses a two-disk system (lens and pinhole disk) where the excitation microlens 

disk is located above the primary pinhole disk used for detection. To reassign the 

detected photons microlenses are added to the bottom of the pinhole disk (Fig. 1.8). 

This causes a new optical assignment of the photons and thus the achievement of 

super-resolution. The advantage of this system is the combination of the high 

acquisition speed given by the spinning disk and high-resolution imaging. The rotation 

of the disk is 4000 rounds per minute that make possible an acquisition of up to 200 

images per second. SoRa can reduce to a lateral resolution down to 150 nm (improving 

of a factor 1.4 with respect to a normal spinning disk) (Azuma and Kei, 2015). After 

deconvolution the SoRa spinning disk microscope used in this work can achieve up to 

120 nm optical resolution. 

Figure 1.7: Effective PSF of a 

confocal microscope. 

Position r represents the illumination 

PSF peak, r+s the imaging PSF 

peak. The position r+s/2 defines the 

point where the imaging PSF peak 

should be shifted to achieve the goal 

of photon reassignment (Azuma and 

Kei, 2017). 
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Figure 1.8: Simplified diagram of the optical path of a super-resolution Spinning disc confocal 

microscope. 

The excited light passes through the micro lens disk and is focused on the sample through an objective 

lens. In the detection is placed a micro-lens pinhole array (MLPHA) disk before the acquired light is 

separated from the excitation via a dichroic mirror (DM). The collected emission is imaged by the camera 

through an emission filter (EM). (Azuma and Kei, 2015). 

 

1.4.2.2 Stimulated Emission Depletion (STED) Microscopy 

STED microscopy is a super resolution technique based on the confocal laser 

scanning microscopy. The method was developed in 1994 by Stefan Hell and Jan 

Wichmann (Hell and Wichmann, 1994). However, first experiments were demonstrated 

by Stefan Hell and Thomas Klar in 1999 (Klar and Hell, 1999). Due to diffraction limit, 

it is not possible to focus the light to below 200 nm. Using STED microscopy, they were 

able to exceed this diffraction limit by reversibly switching off (depleting) fluorophores 

at predefined positions of the diffraction-limited excitation area (Wei and Min, 2013). 

STED microscopy requires an excitation beam and a depletion (STED) beam, whereby 

the excitation beam excites the probe and the STED beam causes stimulated emission 

(SE) of the excited fluorophore. The STED beam is engineered to produce a doughnut-

shaped focal intensity distribution with zero-intensity point in the centre (Hell, 2009). 
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The process of stimulated emission begins when the fluorophore absorbs an excitation 

photon and enters a higher energy state. Once it reaches this state, the STED beam 

is activated, causing the fluorophore to emit photons at the wavelength of the depletion 

beam and return to the ground state. The wavelength of the STED beam differs from 

the fluorescence wavelength so that a filter can be used to block the STED beam 

wavelengths and only the fluorescence wavelength can pass. Since the donut-shaped 

STED beam only captures fluorophores near the centre of the emission PSF, a smaller 

effective PSF is generated. This results in a higher image resolution whereby details 

in the range of 20-40 nm can be resolved, producing a tenfold improvement in 

resolution over traditional fluorescence microscopy (Hell and Wichmann, 1994; Klar 

and Hell, 1999). 

 

  

Figure 1.9: Light path of a STED microscope.  

The excitation light is switched off in the outer region of the excitation focus by stimulated emission using 

a depletion beam (Beeson et al., 2015). 
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2. Study Objective 

The activation of T cells is initiated by binding of the TCR to an antigenic peptide. This 

is followed by Ca2+ release from Ca2+ stores and subsequent Ca2+ influx via SOCE, 

which lead to an increase in global cytosolic Ca2+ concentration and finally proliferation 

of T cells. Once activated, they migrate into inflamed tissue, interacting with other cells 

or components of the ECM via integrins (located on the T cell surface). Studies already 

indicated that integrin-mediated Ca2+ signalling in T cells also results from the 

interaction of integrins with ECM proteins even in the absence of TCR stimulation. 

Hence, we hypothesised that Ca2+ microdomains occurring without TCR stimulation 

are the initial elements of T cell pre-activation and are caused by ECM protein binding.  

The main objective of this thesis was to analyse the interaction of components likely 

involved in adhesion-dependent pre-activation of T cells under control and adhesive 

conditions, like FAK, the IP3R and SOCE proteins. Therefore, in the first part of this 

work, different advanced optical methods were optimized and compared to achieve the 

best possible spatial resolution to characterize clustering and co-localization of 

proteins. Here, FRET biosensing, SoRa and STED microscopy were utilized and co-

localization between proteins compared.  

In the second part, the best suited method (STED microscopy) was then used to study 

the interaction and clustering of FAK and the IP3R isoforms as well as SOCE proteins 

STIM1/2 and ORAI1 during adhesion.  
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3. Materials and methods 

 

3.1 Cultivation of Jurkat T cells 

The Jurkat cell line was isolated in 1976 from the peripheral blood of a 14-year-old boy 

with acute lymphoblastic leukaemia (Schneider et al., 1977). Jurkat cells are an 

immortalised cell line of T lymphocytes and play an important role in the analysis of 

signalling processes involved in the activation of T cells (Abraham and Weiss, 2004). 

In the following experiments, the subclone JMP was used. The cells were cultured at 

37 °C and 5 % CO2 in a CO2 incubator. Every 2 to 3 days the cell density was 

determined and adjusted to a concentration of 0.3x106 cells/mL with fresh culture 

medium (Jurkat JMP medium).  

 

3.1.1 Buffer and solutions 

 Jurkat JMP Medium: RPMI medium 1640 + GlutaMAXTM-I + 25 mM HEPES and 

phenol red, supplemented with 1 % (v/v) PenStrep (final concentration: 100 U/mL) 

and 7.5 % (v/v) NCS.  

 

3.2 Transfection of Jurkat T cells 

To determine the interaction between ORAI1 and STIM1 or STIM2, Jurkat T cells were 

transfected by electroporation. Electroporation is a method of temporarily 

permeabilising cell membranes in order to transfer macromolecules, such as DNA or 

proteins, into cells or tissues (Neumann et al., 1982; Shi et al., 2018). Here, electrical 

impulses are used to create temporary pores in the cell membrane. In this experiment, 

a plasmid containing protein sequences coupled with dyes were transferred into the 

cell. This enables to determine the interaction between the three different proteins 

using FRET analysis (3.7.1). For transfection, a NeonTM transfection system 

(Invitrogen) and the associated Neon transfection system 100 µL kit was used. Initially, 

2 x 106 Jurkat T cells were pelleted by centrifugation (1200 rpm, 5 min, RT) and 

washed with PBS. The cells were centrifuged (1200 rpm, 5 min, RT) again and 

dissolved in 120 µL R-buffer. 10 µg DNA was added to the cells. The sample was 

included in the electroporation pipette and electroporated (Pulse: 1400 V; Width: 20 s; 
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Pulse number: 2) using the electroporation device. After transfection the cells were 

placed in culture medium and incubated overnight. 

Table 1: Plasmids for transfection of Jurkat T cells 

Vector Supplier 

EGFP-N1, ORAI1 CFP Addgene #19757 

MO91, STIM1 YFP Addgene #19754 

MO91, STIM2 YFP produced by using in Fusion Kit 

 

 

3.2.2 Buffer and solutions 

 Transfection medium: RPMI medium 1640 + GlutaMAXTM-I + 25 mM HEPES, 

supplemented with 10 % (v/v) FBS. 

 FBS: Biochrom, Germany  

 PBS (Ca2+/Mg2+-free): Gibco, Life Technology, USA 

 Neon Transfection system 100 µl kit: Invitrogen, USA 

 

 

3.3 Isolation of primary T cells 

Primary T cells were isolated from spleens and lymph nodes of C57BL/6 (black 6) 

mice. The black 6 mouse is the most commonly used mouse as a model of human 

diseases. The mouse model was created in 1921 by Clarence Cook Little at the Bussey 

Institute at Harvard University (Åhlgren and Voikar, 2019). At the beginning, the spleen 

and lymph nodes were embedded in RPMI medium, mashed with the plunger of a 

syringe and pressed through a strainer. The cells were washed with further medium 

through the strainer and centrifuged (1200 rpm, 5 min, 4 °C). To lyse the red blood 

cells, the cells were resuspended in Ack buffer and incubated on ice for 5 min. 

Afterwards, the suspension was centrifuged (1200 rpm, 5 min, 4 °C) and the 

supernatant discarded. For the isolation of CD4+ T cells an EasySep Mouse CD4+ T 

Cell Enrichment Kit was used. Here the CD4+ T cells are separated from the remaining 

cells by negative selection. In this process, unwanted cells are specifically removed 

with biotinylated antibodies directed against non-CD4+ T cells and bound to 

streptavidin-coated magnetic particles (RapidSpheres™ ). These magnetic particles, 



 
 
 
Materials and methods   
 

26 

together with bound cells, are separated from the solvent via a magnet. The targeted 

CD4+ T cells remain in the solution. 

 

3.3.1 Buffer and solutions 

 PBS (Ca2+/Mg2+-free): Gibco, Life Technology, USA 

 Ack buffer: 4.3 g ammonium chloride; 0.5 g KHCO3; 0.0186 g Na2-EDTA adjust 

volume to 400 mL with H2O, pH 7.2–7.4. 

 EasySepTM Mouse CD4+ T Cell Isolation Kit: STEMCELL Technologies, Canada 

 

 

3.4 Membrane preparation 

To analyse the interaction of certain proteins, P10 membrane was prepared from 

Jurkat T cells. In order to grow a large amount of cells, they were cultured in a spinner 

flask. Initially, cells were centrifuged (1.200 rpm, 5 min, room temperature (RT)) and 

washed with Ca2+ measuring buffer. Afterwards, the cells were resuspended in Ca2+ 

measuring buffer and incubated at 37 °C for 20 min. One part of the cells were 

stimulated for 5 min with 1.67 µM thapsigargin (Tg) while the other part remained in an 

unstimulated state (about 2 x 07 lymphocytes per experiment). Cells are centrifuged 

again (1200 rpm, 5 min, RT), resuspended in RSB buffer and placed on ice for 10 min 

to swell. Afterwards, the cells were lysed with 30 strokes in a douncer. To exclude the 

cell nuclei the preparation was centrifuged (2.500 rpm, 5 min, RT) and the supernatant 

was transferred to a new tube. The pellet with the cell nuclei was discarded. In the final 

step, the supernatant was centrifuged (10.000 rpm, 30 min, 4 °C) and the resulting 

pellet - the P10 fraction – was dissolved in RSB buffer. Additionally, the experiment 

was also performed with primary T cells as described above, but the cells were lysed 

with a sonicator (3 x 6 s, 70 Hz, on ice).  

For the determination of the protein content 250 μL Bradford reagent was added to the 

fractions in microtiter plates. Different dilutions of Bovine Serum Albumin (BSA) were 

prepared as a standard series. After 5-30 min incubation at RT, the evaluation was 

performed with a microtiter plate photometer at a wavelength of 595 nm. All samples 

were measured as triplicates.  
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3.4.1 Buffer and solutions 

 Ca2+ measuring buffer: 20 mM HEPES; 5 mM KCl; 140 mM NaCl; 1 mM NaH2PO4; 

1 mM MgSO4; 1 mM CaCl2; 5.5 mM Glucose; in dest. H2O, pH 7.4 

 RSB Buffer: 20 mM HEPES; 10 mM CaCl2; 3 mM MgCl2; protease inhibitor; in dest. 

H2O, pH 7.2 

 Protease inhibitor: Roche, Switzerland 

 Tg: Merck, EMD Millipore Corp., Billerica, MA USA 

 BSA: SIGMA Life Science, USA 

 Bradford reagent: SIGMA Life Science, USA 

 

 

3.5 Co-Immunoprecipitation (Co-IP) 

Co-IP is a technique to identify protein-protein interactions by using protein-specific 

antibodies (Kaboord and Perr, 2008). In this process, specific proteins are isolated 

from complex samples using beads coated with specific antibodies against the target 

protein. Co-IP uses the antibody-protein complex to isolate unknown proteins that bind 

to the target protein (Qoronfleh et al., 2003). Here, binding between two proteins at 

different stimulation states of T cells were analysed.  

In the first step, magnetic beads (50 µL) were coated with 4 µg of target-specific 

antibodies (Incubation rotating, overnight, at 4 °C). The following day, the beads were 

washed three times with PBS-TWEEN and 400 µg of P10 membrane (3.2) was added. 

The sample was incubated for at least 1.5 hours (rotating, 4 °C). After incubation, the 

beads were separated from the solvent and washed again three times with PBS-

TWEEN. The target protein with its binding partner were bound to the beads.  

 

3.5.1 Buffer and solutions 

 PBS-TWEEN: PBS with 0.1 % (w/v) Tween 20 

 Protein G magnetic beads: EMD Millipore, PureProteome™ Protein G Magnetic 

Beads, USA 

 6x Sodium dodecyl sulfate (SDS) sample buffer: 350 mM tris pH 6.8; 30 % (v/v) 

glycerol; 10 % (w/v) SDS; 0.5 M DTT; 0.0012 % (w/v) bromphenol blue; in bidest. 

H2O. 

 Sample buffer: 74% (w/v) 6x SDS sample buffer; 4.2% (w/v) SDS; 5% (v/v) 
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mercaptoethanol 

 

Table 2: Antibodies for Co-IP 

Antibody Origin Supplier 

anti-STIM1 (CDN3H4) Mouse Invitrogen, USA 

anti-ORAI1 Rabbit Thermo Scientific, USA 

 

 

3.6 Western Blotting 

 

3.6.1 SDS polyacrylamide gel electrophoresis (SDS PAGE) 

The electrophoretic system developed by Ulrich K. Laemmli is used to analyse proteins 

via the separation according to their molecular mass (Gallagher, 2012; Laemmli, 

1970). In preparation for SDS PAGE, 20 µL H2O and 5 µL Laemmli sample buffer were 

added to the magnetic beads described in 3.5. The proteins were denaturated and 

detached from the beads via incubation with shaking on a heating block at 94 °C for 

10 min. In the next step, the sample was separated from the beads, using a magnet 

and was applied to the gel. In order to be able to assign the proteins to a molecular 

weight, 10 µL of a protein marker (Multicolour Broad Range Protein Ladder, Thermo 

Scientific) was additionally applied to the gel. Afterwards, the proteins of the P10 

fractions were separated in a polyacrylamide gel, by SDS-PAGE. Whereby the 

electrophoresis was run at 200 V for about 40 min. Here, precast gradient gels were 

used with a gradient of acrylamide content of 4-20 %.  

 

3.6.2 Transfer of proteins onto polyvinylidene fluoride (PVDF) membrane  

Western blot is a molecular biological method to transfer proteins onto a carrier 

membrane (Renart et al., 1979). Transferred proteins can specifically detected via 

protein specific antibodies (Moritz, 2020). For the transfer of the proteins to a PVDF 

membrane, semi-dry Western blot methods was used (1.5 h, 200 mA, on ice). 

Therefore, the PVDF membrane was first activated in methanol for 1 min, followed by 
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a 5 min incubation in water and then a 5 min incubation in transfer buffer. The SDS-

polyacrylamide gel was equilibrated in transfer buffer for 10 min. The acrylamide gel, 

membrane and filter papers were then stacked in the blot apparatus as follows: 

 

 

 

The transfer was verified using Ponceau S solution  

 

3.6.3 Immunodetection 

After staining with Ponceau S, the membrane was incubated for 1 hour at RT in 

blocking solution to avoid unspecific binding of the used antibodies. Afterwards, the 

membrane was incubated over night at 4 °C with the primary antibody diluted in block 

solution. To remove excess antibody, the membrane was washed three times with 

TBS-T buffer (10 min each time). Finally, incubation with a HRP (horseradish 

peroxidase)-conjugated antibody (1:5000 in block solution) was conducted for one 

hour and washed again three times with TBS-T buffer. For the detection of peroxidase 

activity the membrane was covered with ECL reagent for 4 min and the 

chemiluminescence was detected using the ImageQuant LAS4000. 

 

3.6.4 Buffer and solutions 

 SDS electrode buffer: 3 g Tris; 14.4 g glycine; 1 g SDS adjust volume to 1 L with 

H2O 

 Transfer buffer: 5.8 g Tris; 2.9 g glycine; 0.37 g SDS, 200 mL methanol; adjust 

volume to 1 L with H2O 

 TBS: 150 mM NaCl; 100 mM Tris-HCl; in bidest. H2O, pH 7.5 

 TBS-T: TBS with 0.1 % (w/v) Tween 20  

 Methanol: Avantor, USA 

Semi dry Blot: 

(+) Anode 

 3x Whatman filter paper 

 PVDF membrane 

 Acrylamide gel 

(-) 3x Whatman filter paper 
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 Ponceau S Staining solution: AppliChem, USA 

 Block solution: TBS-T with 5 % (w/v) low-fat milk powder 

 ECL reagent: 90 % (v/v) Super Signal West Dura Trial Kit (Thermo Scientific), USA 

mixed with 10 % (v/v) Super Signal West Pico Chemiluminescent Substrate Kit 

(Thermo Scientific), USA 

 Protein standard (260 kDa – 10 kDa): Thermo Scientific SpectraTM Multicolor 

Broad Range Protein Ladder, Lithuania 

 4-20 % Precast gel: Mini-PROTEAN® TGX™ Gels, USA 

 PVDF Membrane: Merck Millipore Ltd., Immobilon®-P Transfer Membrane, 

Germany 

 

 

Table 3: Antibodies for Western Blot 

Antibody Origin Dilution Supplier 

anti-STIM1 

(CDN3H4) 

Mouse 1:1000 Invitrogen, USA 

anti-ORAI1 Rabbit 1:1000 Thermo Scientific, 

USA 

HRB Goat anti rabbit 1:5000 Thermo Scientific, 

USA 

HRB Goat anti-mouse 1:5000 Biozol, Germany 

 

 

 

3.7 Fluorescence microscopy 

 

3.7.1 Förster resonance energy transfer (FRET) 

FRET is a physical process of energy transfer and is first described by Theodor Förster 

in 1946 (Förster, 1946). In this process, the energy of an excited dye (donor) is 

transferred to a second dye (acceptor), whereby the energy is not exchanged via a 

release (emission) and absorption (absorption) of photons (Bajar et al., 2016). The 

energy transfer only takes place when the fluorescent molecules have a distance of 
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less than 10 nm. Therefore, the FRET method can be used to determine a protein-

protein interaction. 

The Jurkat T cells, transfected with ORA1-CFP and STIM1- or STIM2-YFP (described 

in 3.2) were centrifuged (1200 rpm, 5 min, RT) and washed with Ca2+ measuring 

buffer. After the washing step the cells were centrifuged (1200 rpm, 5 min, RT) again 

and dissolved in 2 mL Ca2+ measuring buffer. Cells were placed on slides coated with 

either BSA (5 mg/mL) or BSA (5 mg/mL) and poly-L-lysine (PLL) (5 mg/mL). After the 

cells settled on the slide, the FRET signal was recorded either directly or after two 

minutes of stimulation with OKT3 (1 µg/ml) or Tg (1.67 µM). Images were acquired 

using a super resolution spinning-disk (Visitron) equipped with a CSU-W1 SoRa Optic 

(2.8 x, Yokogawa), a 100 x magnification objective (Zeiss) and a sCMOS camera 

(Orca-Flash 4.0, C13440-20CU Hamamatsu). The different fluorophores were excited 

with lasers [CFP: excited with a 405 nm laser, detected with a 445/50 emission filter 

and YFP: excited with a 515nm laser, detected with a 540/30 emission filter. FRET 

images were corrected for spectral cross-talk (bleedthrough) of the donor and acceptor 

signal into the FRET channel. Bleedthrough correction was determined by expressing 

the donor (ORAI1 CFP) and acceptor (STIM1 YFP and STIM2 YFP) separately, and 

the resulting bleedthrough (CFP, 92 %; YFP, 13 %) was subtracted from the FRET 

channel image of double-transfected cells to get the true FRET image. The ImageJ 

plugin pixFRET was used to determine the FRET signal (FRET Calculation). 

 

3.7.2 SoRa Imaging 

Co-localization between ORAI1 and STIM1 or STIM2 was determined using SoRa 

microscopy. The SoRa microscope has a spinning disc, which enables fast imaging in 

confocal mode. Using a relatively high post-magnification and by applying micro 

lenses, the spinning disk mode provides an approximate 1.4-fold improvement in 

lateral resolution beyond the optical diffraction limit (Azuma and Kei, 2015). 

Initially, primary mouse wild type (WT) T cells were stimulated with Tg (1.67 μg/ml) for 

5 min or remained in an unstimulated state. After stimulation, the cells were seeded on 

slides coated with BSA (5 mg/ml) or BSA (5 mg/ml) and PLL (0.1 mg/ml) and fixed with 

4 % (w/v) paraformaldehyde (PFA) for 15 min. To permeabilise the cells, they were 

incubated with 0.05 % (w/v) saponin for 15 min. The next step is to block non-specific 

binding sites. Therefore, the cells were incubated with 10 % (v/v) fetal bovine serum 
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(FBS) over night at 4 °C. Primary antibodies (see table below) were diluted in 3 % (v/v) 

FBS and incubated for 1 hour at room temperature. Secondary antibodies [anti-rabbit 

Alexa Fluor 488, 1:400 (A21206, Life Technologies) and anti-mouse Alexa Fluor 568, 

1:400 (A11004, Thermo Fisher Scientific)] were likewise diluted in 3 % (v/v) FBS and 

incubated for 1 hour at room temperature. After staining the slides were washed four 

times with 3 % (v/v) FBS. In the last step, coverslips were mounted with Abberior Mount 

Solid over night at 4 °C. Images were acquired using a super resolution spinning-disk 

microscope (Visitron) equipped with a CSU-W1 SoRa Optic (2.8 x, Yokogawa), a 100 x 

magnification objective (Zeiss) and a sCMOS camera (Orca-Flash 4.0, C13440-20CU 

Hamamatsu). The following lasers and filters were used for the respective dyes and 

fluorophores [Alexa Fluor 488: ex 488 nm laser, em 525/50 nm; Alexa Fluor 568: ex 

561 nm laser, em 609/54 nm]. To analyze protein co-localization, a deconvolution 

script was used (Openlab5; PerkinElmer). Subsequently, in FIJI (version 1.52p) the 

trainable weka (Waikato environment for knowledge analysis) segmentation plugin and 

a watershed segmentation was used to obtain a more detailed segmentation of the 

detected proteins. To calculate and quantify the co-localization, a Matlab script 

(described in (Nauth et al., 2018)) was adopted 

 

3.7.3 STED Imaging 

To obtain a higher resolution of the individual proteins the co-localization between 

ORAI1 and STIM1 or STIM2 was determined by STED microscopy. STED microscopy 

creates super-resolution images by selectively deactivating fluorophores (Westphal et 

al., 2008). With the STED method it is possible to achieve a resolution of up to 20-

40 nm. For this purpose, the specimen is not only illuminated with the excitation beam, 

but simultaneously with a second laser beam, the "depletion beam". This depletion 

beam has a doughnut-shaped profile so that only the area of the excitation beam with 

maximum brightness remains visible (Yang et al., 2021). 

The primary mouse WT T cells were prepared as described for SoRa imaging. In 

contrast, the secondary antibodies [anti-rabbit STAR RED, 1:200 (STRED-1001-

500UG, Abberior Instruments) and anti-mouse Alexa Fluor 594, 1:200 (A11037, 

BioLegend)] were used instead. Images were acquired with the Abberior Expert Line 

fourchannel easy3D STED equipped with a 775 depletion beam (Abberior 

Instruments), a Nikon 60x, 1.4-numerical aperture objective and a QUAD beam 
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scanner. Alexa Fluor 594 was excited with a pulsed 561-nm diode beam, depleted with 

a pulsed 775-nm STED beam and detected with a 615 ± 20-nm emission filter. Star 

red 640 was excited with a pulsed 640-nm diode beam, depleted with the 775-nm 

STED beam and detected with an avalanche photo diode (APD) with in front 685 ± 70-

nm band pass filter. In all experiments the pixel size was set to 20 nm. The initialising 

step of the analysis is a background correction by using a deconvolution script 

(Richardson-Lucy algorithm, Abberior). The segmentation plugins and the Matlab 

script described above were used to analyse the co-localization, as well as tight and 

loose cluster formation (described in 4.2) of the different proteins.  

Table 4: Antibodies for Immunostaining 

Antibody Origin Dilution Supplier 

ORAI1 Mouse 1:50 Proteintech, USA 

STIM1 Rabbit 1:100 Cell Signaling, USA 

STIM2 Rabbit 1:600 ProSci, USA 

FAK Rabbit 1:100 Abcam, England 

IP3R1 Rabbit 1:100 Invitrogen, USA 

IP3R2 Rabbit 1:100 Alomone, USA 

IP3R3 Rabbit 1:100 Invitrogen, USA 

 

 

3.7.5 Buffer and solutions 

 Ca2+ measurement buffer: 140 mM NaCl; 5 mM KCl; 1 mM CaCl2; 1 mM MgSO4; 

1 mM NaH2PO4; 20 mM HEPES; 5.5 mM glucose; in bidest. H2O, pH 7.4  

 Saponin: Fluka, Germany 

 Tg: Merck, EMD Millipore Corp., Billerica, USA 

 PLL: Sigma-Aldrich Co, USA or Sigma-Aldrich Chemie GmbH, Germany 

 BSA: SIGMA Life Science, USA 

 PFA 4%: Alfa Aesar, USA 

 PBS (Ca2+/Mg2+-free): Gibco, Life Technology, USA 

 FBS: Biochrom, Germany  

 Mount solid: Abberior, USA 
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3.8 Devices 

 Blotting-Chamber semi-dry: Bio-Rad, Trans-Blot® SD Semi-Dry Transfer Cell, USA 

 Blotting-Chamber wet-Blot: Bio Rad, Mini Trans-Blot® Cell, USA 

 CASY TT1 cell counter: Schärfe Systeme, Germany  

 Cellspin: Integra Biosciences, Cellspin, Switzerland 

 Centrifuge 5810 R: Eppendorf, Germany 

 Chamber: Bio-Rad, Mini PROTEAN® Tetra Cell, USA 

 Chemiluminescence documentation system: Image Quant LAS4000, GE 

Healthcare, Great Britain or Vilber GmbH, Fusion FX, France 

 CO2 incubator: Thermo, Heraeus Instruments, Germany 

 Douncer: GPE scientific, Ireland 

 Haemocytometer with division according to Neubauer: Hellma, Germany 

 Heating Block: Eppendorf, Thermomixer 5436, Germany 

 Light microscope: OLYMPUS CK2, Japan 

 Magnet: BD Biosciences, BD IMag™, USA 

 Microtiter plate photometer: Thermo Scientific, USA 

 NeonTM Transfection System: Invitrogen, USA 

 Power Supply: Bio-Rad, PowerPac™, USA 

 Rocker: Biometra, WT12, Germany 

 Rotor: Ika, Ika® Trayster digital, China 

 Sonicator: BANDELIN electronic, UW 70, Germany 

 SoRa Microscope: Visitron GmbH, Germany 

 Spinner-Flasks: Integra Biosciences, Cellspin 1000, Switzerland 

 STED Microscope: Abberior instruments, USA 

 Sterile workbench: BDK  GmbH, Germany 

 Ultracentrifuge: Sorvall, RC 5C Plus, USA 
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4. Results 

 

The aim of this study was to analyse the adhesion mediated signalling pathway 

activated by the binding of T cells to PLL. Therefore, the first part of this work was to 

find the optimal advanced optical method to determine the localization of proteins.  

The second part of the study focuses on the pathway of adhesion-dependent T cell 

activation upstream of SOCE activation.  

 

4.1 Analysis of the interaction between ORAI1 and the STIM proteins 

during T cell activation 

As already described above our group discovered that Ca2+ microdomains acquired in 

the absence of TCR/CD3 stimulation are dependent on Ca2+ influx.  

Initially, it was tested whether a binding between ORAI1 and STIM1 in the unstimulated 

state of T cells was detectable. Therefore, a Co-IP experiment was performed (Fig. 

4.1). Beads were labeled with anti-ORAI1 or anti-STIM1 antibodies and incubated with 

membrane fragments of Jurkat T cells. In this case, the cells were in solution without 

contact to adhesive surfaces before fragmentation. (Fig. 4.1a-c). Using membrane 

fragments from unstimulated T cells, STIM1 was detected in ORAI1 precipitates and 

vice versa (Fig. 4.1b+c). As positive control samples were stimulated with Tg 

(1.67 µM). As expected, much stronger signals compared to unstimulated T cells were 

obtained (Fig. 4.1b+c). Similarly, in unstimulated primary WT T cells, a weak but clearly 

detectable binding between ORAI1 and STIM1 was determined in STIM1 Co-IPs (Fig. 

4.1d+e).  
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Figure 4.1: Detection ORAI1 and STIM1 binding in non-stimulated Jurkat and primary murine T 

cells by Co-IP.  

Binding between STIM1 and ORAI1 was determined in (a-c) Jurkat T cells and in (d-e) primary mouse 

WT T cells. A representative Western Blot experiment (n=3) shows the detection of STIM1 and ORAI1 

in (a) membranes of Jurkat T cells and (d) in the whole cell lysate of primary murine T cells. A 

representative Co-IP of fragmented membranes obtained from unstimulated or stimulated with Tg 

(1.67 µM) (positive control) Jurkat T cells (n=3) using beads coupled with either (b) anti-ORAI1 or (c) 

anti-STIM1 antibody. (e) Pull-down of whole cell lysate obtained from unstimulated or stimulated primary 

WT T cells (n=3) using beads coupled with anti-STIM1.  

 

Taken together, weak but detectable binding between STIM1 and ORAI1 was 

observed by Co-IP in Jurkat T cells as well as in primary mouse T cells without 

TCR/CD3 stimulation. 

 

4.1.1 Adhesion-dependent interaction between ORAI1 and STIM proteins 

using advanced optical methods 

To mimic adhesion of the T cells, the experiments were performed on a PLL coating. 

By weakening the adhesive force acting on T cells, e.g. by replacing PLL by bovine 

serum albumin (BSA) coating, a significant decrease in the number of Ca2+ 

microdomains was observed (communicated by Dr. Mariella Weiß, Department of 
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Biochemistry and Molecular Cell Biology, University Medical Center Hamburg-

Eppendorf, unpublished data). Based on these results, it was investigated whether 

there is an adhesion-dependent increase of co-localization between ORAI1 and STIM 

proteins. Therefore, the interaction was measured under three different conditions:  

(i) Without adhesion (cells on BSA coated slides), (ii) weak adhesion (cells on PLL 

coated slides) and (iii) weak adhesion plus activation of T cells (stimulation of TCR by 

anti-CD3 antibody (OKT3) or SOCE activation by Tg).  

The anti-CD3 antibody activates T cells by binding to the TCR, while Tg induces ER 

depletion which stimulates SOCE via inhibition of SERCA (Rogers et al., 1995).  

The adhesion-dependent interaction between ORAI1 and STIM proteins were 

determined using three different advanced optical methods, (i) FRET, (ii) SoRa and 

(iii) STED imaging.  

 

4.1.2 Analysis of the interaction between ORAI1 and STIM proteins using 

FRET  

To determine the degree of co-localization between ORAI1 and the STIM proteins, 

Jurkat T cells were transfected with ORAI1-CFP and STIM1-YFP or STIM2-YFP 

constructs and the FRET signals were analyzed. The images were recorded using 

SoRa microscopy, hence a spatial resolution of images of approximately 120 nm was 

achieved. This feature enables comparison of FRET signals in T cells at high resolution 

either adhesion-dependent and or non-adhesion-dependent. As a positive control, T 

cells were stimulated with anti-CD3 antibodies (OKT3) (1 µg/ml) or Tg (1.67 µM). In all 

the different conditions, FRET signals were observed between ORAI1 and STIM1 (Fig. 

4.2), as well as between ORAI1 and STIM2 (Fig. 4.3) at the plasma membrane.  
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Figure 4.2: Determination of the degree of co-localization of STIM1 and ORAI1 by different 

stimulations and conditions in Jurkat T cells.  

Co-localization of STIM1 and ORAI1 was determined by FRET experiments, using SoRa microscopy at 

approx. 120 nm spatial resolution. Jurkat T cells transfected with ORAI1-CFP and STIM1-YFP 

constructs were seeded on slides coated with (a) BSA or (b) PLL and were stimulated with (c) OKT3 

(1 µg/ml) or (d) Tg (1.67 µM). Representative images of Jurkat T cells after background correction; 

STIM1 labelled in yellow, ORAI1 in blue, the merged image and the FRET signal between STIM1 and 

ORAI1 are shown. Scale bar: 2 µm.  
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Figure 4.3: Determination of the degree of co-localization of STIM2 and ORAI1 by different 

stimulations and conditions in Jurkat T cells.  

Co-localization of STIM2 and ORAI1 was determined by FRET experiments, using SoRa microscopy at 

approx. 120 nm spatial resolution. Jurkat T cells transfected with ORAI1-CFP and STIM2-YFP 

constructs were seeded on slides coated with (a) BSA or (b) PLL and were stimulated with (c) OKT3 

(1 µg/ml) or (d) Tg (1.67 µM). Representative images of Jurkat T cells after background correction; 

STIM2 labelled in yellow, ORAI1 in blue, the merged image and the FRET signal between STIM2 and 

ORAI1 are shown. Scale bar: 2 µm.  

 

Statistical analysis revealed a slight but not significant increase in FRET signals 

between ORAI1 and STIM1 from non-adhesion in comparison to adhesion and after T 

cell activation (Fig. 4.4a). No difference in FRET signal was detected in the interaction 
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between ORAI1 and STIM2 in the different conditions (Fig. 4.4b). 

 

 

Figure 4.4: Statistical Analysis of ORAI1-STIM1 and ORAI1-STIM2 co-localization in Jurkat T 

cells.  

Figure shows the statistical analysis of the co-localization between (a) ORAI1 and STIM1 or (b) ORAI1 

and STIM2 determined by FRET experiments using SoRa microscopy at approx. 120 nm spatial 

resolution. Jurkat T cells were seeded on slides coated with BSA or with PLL and the FRET signal was 

determined without stimulation and after 2 min of incubation with OKT3 (1 µg/ml) or Tg (1.67 µM). 

Statistical test: one-way ANOVA, Bonferroni correction.  

 

4.1.3 Analysis of the interaction between ORAI1 and the STIM proteins by 

using SoRa microscopy 

In the next chain of experiments, the adhesion-dependent co-localization between 

ORAI1 and the STIM proteins was analyzed using immunofluorescence microscopy. 

Primary murine T cells were fixed on slides, stained with antibodies against ORAI1, 

STIM1 and STIM2 and the images were recorded by the SoRa microscope at a spatial 

resolution of approx. 120 nm. In addition to the adhesion-dependent measurements, T 

cells were stimulated with Tg (1.67 µM), which functions as a positive control. 

Comparison of representative T cells showed co-localization between ORAI1 and 

STIM1 (Fig. 4.5) or STIM2 (Fig. 4.6) at the plasma membrane in all conditions.  
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Figure 4.5: Co-localization of ORAI1 and STIM1 in primary murine T cells using SoRa 

microscopy.  

Primary murine T cells were seeded without TCR stimulation on either (a) BSA or (b) PLL coated slides 

or were (c) incubated for 5 min with Tg (1.67 µM) before fixation. The distribution of protein and co-

localization in representative primary murine WT T cells after weka (Waikato environment for knowledge 

analysis) segmentation, recorded by SoRa microscopy at approx. 120 nm spatial resolution are shown; 

STIM1 labelled in red, ORAI1 labelled in green, co-localization in white. The magnification (ROI) shows 

a region of co-localization at the plasma membrane. Scale bar: 2 µm; ROI: 100 nm. 
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Figure 4.6: Co-localization of ORAI1 and STIM2 in primary murine T cells using SoRa 

microscopy.  

Primary murine T cells were seeded without TCR stimulation on either (a) BSA or (b) PLL coated slides 

or were (c) incubated for 5 min with Tg (1.67 µM) before fixation. The distribution of protein and co-

localization in representative primary murine WT T cells after weka (Waikato environment for knowledge 

analysis) segmentation, recorded by SoRa microscopy at approx. 120 nm spatial resolution are shown; 

STIM2 labelled in red, ORAI1 labelled in green, co-localization in white. The magnification (ROI) shows 

a region of co-localization at the plasma membrane. Scale bar: 2 µm; ROI: 100 nm 

 

30.6 % of the ORAI1 proteins were determined to co-localize with STIM1 in non-

adhesion conditions (BSA-coated slides) (Fig. 4.7a). Co-localization increased to 

33.8 % after slight stimulation using PLL-coated slides (Fig. 4.7a). A significant 

increase to 40.7 % was observed from slightly stimulated to activated T cells (Fig. 

4.7a). The co-localization between ORAI1 and STIM2 was similar in all conditions. It 

was observed that 34.4 % of ORAI1 proteins co-localize with STIM2 in non-adherent 

conditions, 34.8 % in adherent conditions and 32.7 % after T cell activation (Fig. 4.7b).  
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Figure 4.7: Statistical Analysis of the co-localization between ORAI1 and STIM1 or STIM2 

determined by SoRa microscopy.  

Shown are the statistical analyses of the percentage of ORAI1 proteins that co-localize with (a) STIM1 

or (b) STIM2. The localization was determined at approx. 120 nm spatial resolution using SoRa 

microscopy. Primary murine T cells were seeded on slides coated with BSA or with PLL and the co-

localization was determined without stimulation or after 5 min of incubation with Tg (1.67 µM). Statistical 

test: one-way ANOVA, Bonferroni correction: **: p<0.01.  

 

Altogether, using SoRa microscopy, an increase in the co-localization between ORAI1 

and STIM1 was observed during progressing T cell activation, with a significantly 

higher increase after stimulation than on PLL-coated slides. The co-localization 

between ORAI1 and STIM2 remained constant in all conditions. 

 

4.1.4 Analysis of the interaction between ORAI1 and the STIM proteins 

using STED microscopy 

Next, the adhesion-dependent co-localization between ORAI1 and the STIM proteins 

was determined by STED microscopy, achieving a resolution of 40 to 50 nm. With this 

method, we obtained the best resolution and hence we detected the precise 

localization of the individual proteins. Primary murine T cells were fixed, labeled with 
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antibodies and the images were analyzed under the same conditions. As in the 

experiments before, co-localization between ORAI1 and STIM1 (Fig. 4.8) or STIM2 

(Fig. 4.9) at the plasma membrane was observed in all conditions.  

 

 

Figure 4.8: Co-localization of ORAI1 and STIM1 in primary murine T cells using STED 

microscopy.  

Super resolution STED images at approx. 40 nm spatial resolution were used to determine the 

localization of proteins on slides coated with either BSA or with PLL. Representative primary murine T 

cells, (a and b) without stimulation or (c) after 5 min of incubation with Tg (1.67 µM) are shown. The 

protein distribution and co-localization is depicted after weka (Waikato environment for knowledge 

analysis) segmentation. The STIM1 proteins are marked in red, ORAI1 in green and the co-localization 

in white. The magnification (ROI) shows a region of the plasma membrane with average co-localization 

between ORAI1 and STIM1. Scale bar: 2 µm; ROI: 100 nm. 
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Figure 4.9: Co-localization of ORAI1 and STIM2 in primary murine T cells using STED 

microscopy.  

Super resolution STED images at approx. 40 nm spatial resolution were used to determine the 

localization of proteins on slides coated with either BSA or with PLL. Representative primary murine T 

cells, (a and b) without stimulation or (c) after 5 min of incubation with Tg (1.67 µM) are shown. The 

protein distribution and co-localization is depicted after weka (Waikato environment for knowledge 

analysis) segmentation. The STIM2 proteins are marked in red, ORAI1 in green and the co-localization 

in white. The magnification (ROI) shows a region of the plasma membrane with average co-localization 

between ORAI1 and STIM2. Scale bar: 2 µm; ROI: 100 nm. 

 

9.9 % of ORAI1 proteins co-localized with STIM1 in non-adherent conditions (BSA-

coated slides). After adhesion of -coated slides, a significant increase in co-localization 

(18 %) was detected. Compared to slight stimulation, a significant increase in co-

localization of ORAI1 proteins with STIM1 corresponding to 32.9 % was observed after 

stimulation with Tg (1.67 µM) (Fig. 4.10a). The co-localization between ORAI1 and 

STIM2 showed only marginal changes in all conditions. It was shown that 40.3 % of 

ORAI1 proteins co-localize with STIM2 in non-adherent conditions, 43.2 % in adherent 

conditions and 40.3 % after T cell activation respectively (Fig. 4.10b).  
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Figure 4.10: Statistical Analysis of the co-localization between ORAI1 and STIM1 or STIM2 

determined by STED microscopy.  

Figure shows the statistical analysis of the percentage of ORAI1 proteins that co-localize with (a) STIM1 

or (b) STIM2. The localization was determined at approx. 40 nm spatial resolution using super-resolution 

STED microscopy. Primary murine T cells were seeded on slides coated with BSA or with PLL and the 

co-localization was determined without stimulation or after 5 min of incubation with Tg (1.67 µM). 

Statistical test: one-way ANOVA, Bonferroni correction: **: p<0.01, ***: p<0.001.  

 

Using STED microscopy, a reduced percentage of interaction between ORAI1 and 

STIM1 was observed as T cell activation progressed compared with SoRa 

measurements. However, a significant increase was obtained under all conditions. In 

contrast, the co-localization between ORAI1 and STIM2 remained constant as before. 

In conclusion, with increasing spatial resolution (FRET<SoRa<STED), a lower co-

localization rate was observed between ORAI1 and STIM1, but a significant increase 

in the difference between non-adherent and adherent conditions. STIM2 and ORAI1, 

on the other hand, showed an unchanged interaction for each condition and spatial 

resolution.  
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4.2 FAK/PLC-y signalling pathway and SOCE evokes pre-activation 

of T cells 

The pathway of adhesion-dependent Ca2+ microdomains is mediated by FAK and PLC-

γ. To further investigate this in T cells, FAK, as well as PLC-γ were individually 

inhibited, whereby a significant reduction of Ca2+ microdomains was observed 

(communicated by Dr. Mariella Weiß, Department of Biochemistry and Molecular Cell 

Biology, University Medical Center Hamburg-Eppendorf, unpublished data). Based on 

these results, tight and loose cluster formation of the individual protein spots potentially 

involved in this pathway were determined.  

Here, a tight cluster is defined as an interaction between several proteins that are close 

to each other, so that the individual fluorophores of the proteins overlap and are visible 

as a single spot. Loose clusters, on the other hand, are defined as an accumulation of 

spots located in the clustering region. This region is calculated by multiplying the radius 

of a fluorescence spot by 1.3 (Fig. 4.11). 

 

 

Figure 4.11: Schematic representation of tight and loose clustering.  

The interaction of proteins determined by antibody staining is displayed. (a) Tight clustering is defined 

as proteins close to one another that the fluorophores overlap and are detected as one signal. Loose 

clustering describes the interaction between spots, with a distance such that the fluorophores do not 

overlap and are detected separately. (b) Top view (rotated 90°) of spots. Here the definition of loose 

clustering is shown, where all spots within the radius of a spot multiplied by 1.3 belong to one cluster. 

Created with Biorender.com 
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The experiments were performed in primary murine T cells under non-adherent (BSA-

coated slides) and adherent conditions (PLL-coated slides). In order to obtain the most 

precise information possible, STED microscopy was used. 

 

4.2.1 Adhesion-dependent Cluster formation and spot size analysis  

The main focus of this work was to elucidate the function of ORAI1 especially in 

adhesion-dependent T cell pre-activation. The representative images of ORAI1 

proteins showed that they are localized in the region of the plasma membrane at non-

adherent (BSA-coated slides) (Fig. 4.12a) as well as adherent conditions (PLL-coated 

slides) (Fig. 4.12b). Interestingly, the average number of spots in a loose cluster 

significantly increased from 6.1 spots per cluster on BSA-coated slides to 9 spots per 

cluster on PLL-coated slides (Fig. 4.12c). Furthermore, a significant increase in the 

mean radius from 45 nm to 51 nm was determined in the size of the spots of tight 

clusters from non-adherent to adherent conditions (Fig. 4.12d). 

 

 

Figure 4.12: Analysis of cluster formation and mean radius of ORAI1 protein spots in primary 

murine T cells.  

The distribution of ORAI1 proteins was determined by super resolution STED microscopy, at approx. 

40 nm spatial resolution. Cells were fixed on slides coated with (a) BSA or (b) PLL and the (c) average 

cluster formation and (d) mean size of the individual spots were determined. Representative primary 

murine T cells after weka (Waikato environment for knowledge analysis) segmentation are shown. 

Upper row: Distribution of ORAI1 proteins throughout the cell; scale bar: 2 µm. Lower row: Magnification 

(ROI) of a region of the plasma membrane, showing an average distribution; scale bar: 100 nm. The bar 
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charts show the statistical analysis of the (c) average loose cluster formation and (d) the average mean 

value of the spot size of tight clusters. Statistical test: two-tailed Mann-Whitney U-test, ****: p<0.0001. 

 

Moreover, the localization, clustering and spot size of STIM1 and 2, the other main 

players of SOCE were investigated. It is known that the STIM proteins are located in 

the ER membrane (Dziadek and Johnstone, 2007). STED microscopy was used to 

determine the distribution of the STIM1 (Fig. 4.13a+b) and STIM2 (Fig. 4.13e+f) 

proteins under non-adherent (Fig. 4.123a, 4.13e) and adherent conditions (Fig. 4.13b, 

4.13f). Considering loose cluster formation, a significant increase of 6 spots per cluster 

in non-adherent conditions in comparison to 7 spots per cluster in adherent conditions 

was observed for STIM1 proteins (Fig. 4.13c). The size of the spots of tight clusters of 

STIM1 proteins also increased significantly from a radius of 49 nm by non-stimulated 

conditions to 53 nm by adherent conditions (Fig. 4.13d). In contrast, the loose 

clustering of the STIM2 proteins remained unchanged in both conditions. On BSA-

coated slides 8.9 spots per cluster were determined, whereas 8.5 spots per cluster of 

PLL-coated slides were detected. (Fig. 4.13g). Similar to the loose cluster formation, 

the size of the spots of tight clusters remained almost unchanged for the STIM2 

proteins. A radius of 47 m was observed for BSA-, as well as for PLL-coated slides 

(Fig. 4.13h).  
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Figure 4.13: Analysis of cluster formation and mean radius of STIM1 and STIM2 protein spots in 

primary murine T cells.  

The distribution of the STIM proteins was determined by super resolution STED microscopy, at approx. 

40 nm spatial resolution. Cells were fixed on slides coated with (a+e) BSA or (b+f) PLL and the (c+g) 

average cluster formation and (d+h) mean size of the individual spots were determined. Representative 

primary murine T cells after weka (Waikato environment for knowledge analysis) segmentation are 

shown. Upper row: Distribution of (a+b) STIM1 or (e+f) STIM2 proteins throughout the cell; scale bar: 

2 µm. Lower row: Magnification (ROI) of a region of the plasma membrane, showing an average 

distribution; scale bar: 100 nm. The bar charts show the statistical analysis of the average loose cluster 

formation and the average mean value of the spot size of tight clusters (c+d) STIM1 or (g+h) STIM2. 

Statistical test: two-tailed Mann-Whitney U-test, **: p<0.01, ***: p<0.001. 

 

FAK proteins are known to be localized at focal adhesions and to aggregate to the 

cytoplasmic tails of integrins (Parsons, 2003). As expected, a distribution of FAK in the 
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cytosol as well as in the region of the plasma membrane was observed in the non-

adherent condition (Fig. 4.14a). In contrast, FAK was detected mainly close to the 

plasma membrane at adherent conditions (Fig. 4.14b). A significant increase in loose 

clustering was observed after adhesion of the cells. The number of spots per cluster 

increased from 6.3 (BSA-coated slides) in comparison to 8 (BSA-PLL-coated slides) 

(Fig. 4.14c). A significant increase in the mean radius from 44 nm to 50 nm could also 

be observed and calculated for the size of the spots of tight clusters from BSA-coated 

slides in comparison to PLL-coated slides (Fig. 4.14d). 

 

 

Figure 4.14: Analysis of cluster formation and mean radius of FAK protein spots in primary 

murine T cells.  

The distribution of FAK proteins was determined by super resolution STED microscopy, at approx. 

40 nm spatial resolution. Cells were fixed on slides coated with (a) BSA or (b) PLL and the (c) average 

cluster formation and (d) mean size of the individual spots were determined. Representative primary 

murine T cells after weka (Waikato environment for knowledge analysis) segmentation are shown. 

Upper row: Distribution of FAK proteins throughout the cell; scale bar: 2 µm. Lower row: Magnification 

(ROI) of a region of the plasma membrane, showing an average distribution; scale bar: 100 nm. The bar 

charts show the statistical analysis of the (c) average loose cluster formation (BSA: n=30, PLL: n=42) 

and (d) the average mean value of the spot size of tight clusters (BSA: n=31, PLL: n=40). Statistical 

test: two-tailed Mann-Whitney U-test, ***: p<0.001, ****: p<0.0001. 

 

The last proteins to be analyzed downstream of FAK signalling were the three IP3R 

isoforms. Like the STIM proteins, the IP3Rs are located in the ER membrane (Yoshida 

and Imai, 1997). STED microscopy was used to determine the distribution of the 
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clustering of IP3R1 (Fig. 4.15a+b), IP3R2 (Fig. 4.15e+f) and IP3R3 (Fig. 4.15i+j) 

proteins near the plasma membrane under non-adherent (Fig. 4.15a+e+i) and 

adherent conditions (Fig. 4.15b+f+j). Considering loose cluster formation, a significant 

increase from 6.9 spots per cluster using BSA-coated slides in comparison to 8.7 spots 

per cluster on PLL-coated slides was observed for IP3R1 proteins (Fig. 4.15c). In 

contrast, the loose clustering of the IP3R2 (Fig. 4.15g) and IP3R3 (Fig. 4.15k) proteins 

remained unchanged in both conditions (BSA-coated slides: IP3R2, 7.8 spots per 

cluster; IP3R3, 7.4 spots per cluster; PLL-coated slides: IP3R2, 7.9 spots per cluster; 

IP3R3, 7.7 spots per cluster). No significant differences were observed in the size of 

the spots of tight clusters in all three isotypes under different conditions (Fig. 15d+h+l). 

For BSA-coated slides, the spots in the images of IP3R1 had a radius of 49 nm, for 

IP3R2 a radius of 46 nm and for IP3R3 45 nm. Similar numbers for PLL-coated slides, 

here the spots of tight clusters in the IP3R1 images had a radius of 49 nm, in IP3R2 a 

radius of 47 nm and in IP3R3 44 nm. 
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Figure 4.15: Analysis of cluster formation and mean radius of the IP3R protein spots in primary 

murine T cells.  

The distribution of the IP3R proteins was determined by super resolution STED microscopy, at approx. 

40 nm spatial resolution. Cells were fixed on slides coated with (a+e+i) BSA or (b+f+j) PLL and the 

(c+g+k) average cluster formation and (d+h+l) mean size of the individual spots were determined. 

Representative primary murine T cells after weka (Waikato environment for knowledge analysis) 

segmentation are shown. Upper row: Distribution of the IP3R proteins throughout the cell; scale bar: 

2 µm. Lower row: Magnification (ROI) of a region of the plasma membrane, showing an average 

distribution; scale bar: 100 nm. The bar charts show the statistical analysis of the (c+g+k) average loose 

cluster formation and (d+h+l) the average mean value of the spot size of tight clusters. Statistical test: 

two-tailed Mann-Whitney U-test, ***: p<0.001. 

 

To sum up, the proteins ORAI1, STIM1 and IP3R1 showed a significant increase in 

cluster formation and single spot size from non-adherent to adherent conditions, 

indicating an adhesion-dependent activation of the proteins. In contrast, no adhesion-

related change was observed in STIM2, IP3R2 and IP3R3. 

 

4.2.2 Co-localization between ORAI1 and proteins involved in adhesion-

dependent signalling 

In the last part of the work, the co-localization between ORAI1 and the proteins 

involved in adhesion-dependent activation was investigated. For this experiment, 

primary murine T cells were fixed on coated slides, stained and imaged by STED 

microscopy to determine the co-localization between ORAI1 and FAK or ORAI1 and 

the three IP3R isoforms, respectively. 

 

In the first step, the interaction between ORAI1 and FAK was investigated. Co-

localization was observed on BSA as well as PLL coating in the region of the PM (Fig. 

4.16a+b). It was determined that 18.8 % of ORAI1 proteins co-localized with FAK in 

non-adherent conditions (BSA-coated slides). In adherent conditions using PLL-coated 

slides, a strong significant increase in co-localization to 32.7 % was detected (Fig. 

4.16c). 
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When co-localization between ORAI1 and IP3R1, IP3R2 and IP3R3 was examined, an 

interaction was observed in all three isotypes (Fig. 4.17a-f). 43.6 % of ORAI1 spots co-

localize with IP3R1 in non-adherent conditions. A significant increase to 49.6 % of co-

localization was observed at adherent conditions (Fig. 4.17g). In contrast, only a 

marginal difference was observed in co-localization between ORAI1 and the IP3R2 and 

IP3R3 isotypes under non-adherent and adherent conditions (Fig. 4.17h+i). The co-

localization between ORAI1 and IP3R2 is 26.9 % for BSA-coated slides and 26 % for 

PLL-coated slides. A co-localization of 26.1 % was observed between ORAI1 and 

IP3R3 for BSA-coated slides and 29 % for PLL-coated slides. 

Figure 4.16: Co-localization of ORAI1 and FAK in 

primary murine T cells using STED microscopy. 

Cells were fixed on slides coated with (a) BSA or (b) PLL 

and the (c) co-localization between ORAI1 and FAK proteins 

was determined by super resolution STED microscopy, at 

approx. 40 nm spatial resolution. Representative primary 

murine T cells after weka (Waikato environment for 

knowledge analysis) segmentation are shown. FAK in red, 

ORAI1 in green, co-localization in white. The magnification 

(ROI) shows a region of co-localization at the plasma 

membrane. Scale bar: 2 µm; ROI: 100 nm. (c) The bar chart 

shows the statistical analysis of the percentage of ORAI1 

proteins that co-localize with FAK. Statistical test: two-tailed 

Mann-Whitney U-test, ****: p<0.0001. 
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Figure 4.17: Co-localization of ORAI1 and the three IP3R isoforms in primary murine T cells using 

STED microscopy.  

Cells were fixed on slides coated with (a+c+e) BSA or (b+d+f) PLL and the (g+h+i) co-localization 

between ORAI1 and the IP3R proteins was determined by super resolution STED microscopy, at approx. 

40 nm spatial resolution. Representative primary murine T cells after weka (Waikato environment for 

knowledge analysis) segmentation are shown. IP3R isoforms in red, ORAI1 in green, co-localization in 

white. The magnification (ROI) shows a region of co-localization at the plasma membrane. Scale bar: 

2 µm; ROI: 100 nm. (g-i) The bar charts show the statistical analysis of the percentage of ORAI1 proteins 

that co-localize with IP3R2 (BSA: n=62, PLL: n=62). Statistical test: two-tailed Mann-Whitney U-test. 

 

Taken together co-localization of FAK and IP3R1 with ORAI1 increased significantly 

on PLL coated slides, while this was not the case for IP3R2 and IP3R3. Indicating that 

FAK and IP3R1 are responsible for adhesion dependent signalling. 
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5. Discussion 

 

T cell activation is initiated by the formation of local Ca2+ signals called Ca2+ 

microdomains (Diercks et al., 2018). After stimulation of the TCR/CD3 complex, Ca2+ 

is released from ER Ca2+ stores and subsequently leads to Ca2+ influx via Ca2+ 

channels localized in the plasma membrane. A recent study by our group 

demonstrated formation of small infrequent Ca2+ microdomains in T cells in the 

absence of TCR/CD3 stimulation (Diercks et al., 2018). Furthermore, we observed that 

adhesion of T cells to PLL or ECM proteins is essential for the formation of Ca2+ 

microdomains in the absence of TCR stimulation (communicated by Dr. Mariella Weiß, 

Department of Biochemistry and Molecular Cell Biology, University Medical Center 

Hamburg-Eppendorf, unpublished data).  

The aim of this study was to analyse the adhesion mediated signalling pathway 

activated by the binding of T cells to PLL.  

Therefore, we wanted to (i) find the optimal advanced optical method to determine the 

localization of proteins, to (ii) analyse the distribution and (iii) interaction by adhesion 

versus non-adhesion conditions of ORAI1, STIM1 and 2, FAK and the IP3R isoforms 

that are likely to be involved in adhesion dependent signalling. 

 

 

5.1 Comparison of advanced optical method to determine co-

localization of proteins 

The co-localization of two proteins can be described when they are in close proximity 

and interact with each other. To detect co-localization between ORAI1 and the STIM 

proteins as accurately as possible, FRET on a confocal system, as well as SoRa and 

STED microscopy experiments were performed. In general, all three methods have 

their advantages and disadvantages, which will be described in the following. 

In terms of co-localization, FRET can only provide limited information. A FRET signal 

is detectable if two fluorescence molecules are physically interconnected i.e. when 

both molecules are at a distance of 10 nm or below from each other (Forster, 1946). 

When two fluorescence molecules are further apart (>10 nm), the FRET signal is 

negligible and no information about co-localization would be detectable. In other words, 

a FRET signal indicates strong co-localization and inter-molecular interaction, while no 
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FRET signal indicates no intra-molecular interaction. However, this does not imply that 

there is no co-localization. Consequently, in the absence of FRET signals, it is not 

possible to distinguish whether the proteins are not co-localized or only more than 10 

nm apart. 

 

There are many studies in which FRET microscopy has been used to analyse the 

interaction or oligomerisation of STIM1 and ORAI1 after cell activation (Covington et 

al., 2010; Emrich et al., 2021; Liou et al., 2007; Wang et al., 2014). However, here we 

analysed the interaction between STIM1 and ORAI1 in adhesion mediated activation, 

compared to non-adhesive conditions, which showed no difference (Fig. 4.2, 4.4a). As 

mentioned above, the use of FRET in optical microscopy can provide information at 

the molecular level when the FRET pair molecules interact with each other. This leads, 

however, to an average FRET signal (Selvin, 1995) that is influenced by the size of the 

PSF of the microscope. The bigger the PSF, the higher the number of FRET pairs that 

are excited. In this thesis, STIM-CFP and ORAI1-YFP were transfected into cells 

leading to an overexpression. This resulted in an accumulation of fluorophores, which 

could only be observed as one signal as the available resolution did not allow for the 

detection of isolated molecular pairs. Thus, using FRET microscopy does not appear 

to be sensitive enough to detect small changes in single molecule interactions which 

seem to occur on adhesive coating. Increasing the resolution of the microscope 

(reducing the emission PSF) used for FRET measurements would lead to the detection 

of information closer to the single FRET pair level. For example, performing STED, 

FRET microscopy would allow the acquisition of the FRET signal to a resolution 100 

times smaller than the one typical for confocal FRET microscopy (Szalai et al., 2021). 

 

Using SoRa microscopy, a spatial resolution of around 120 nm can be achieved 

(Azuma and Kei, 2015). The increase in spatial resolution would allow a more precise 

analysis of the protein’s interaction between STIM1 and ORAI1. And indeed, a slight 

increase in co-localization between STIM1 and ORAI1 on PLL slides compared to BSA 

slides was observed (Fig. 4.5, 4.7a). If the spatial resolution is further increased by 

STED microscopy, the percentage of co-localization is lower (due to the smaller size 

of the spots), but the comparison of adhesion-dependent Ca2+ microdomains obtained 

on BSA or PLL becomes significant (Fig. 4.8, 4.10a). Measuring the co-localization in 



 
 
 
Discussion   
 

60 

fixed cells, STED microscopy is currently the best available method (available at the 

UKE) because of its high lateral resolution (theoretically, a spatial resolution up to 

20 nm is possible) (Hell and Wichmann, 1994). However, the SoRa based microscope 

was the best to determine molecular interaction in living cells. The advantage of the 

SoRa microscopy is that the images can be generated at a high frame rate due to the 

spinning disk (Azuma and Kei, 2015) that cannot be achieved by using STED 

microscopy. Indeed, the limited scan acquisition speed and the high intensities 

involved during frame recording were still hindering to perform live STED imaging. In 

the future, however, this approach might be very promising for visualizing events that 

occur in volumes of few cubic micro meters.  

 

Another limiting factor related to immunofluorescence (IF) microscopy is the size of a 

typical antibody that binds the fluorophore to the target protein. To perform IF staining, 

classically two antibodies are used (primary and secondary antibodies), where each 

one has a specific size of 15 nm (Tan et al., 2008). Due to the size, the antibodies 

cannot reach every binding site of the target molecules. Alternatively, nanobodies 

(4 nm) (Bannas et al., 2017; Van Audenhove and Gettemans, 2016) or aptamers (up 

to 2 nm) (Zhou and Rossi, 2017) can be used, which are almost 10 times smaller than 

antibodies and therefore small enough to be used in super resolution based 

experiments that possess a resolution power of about 20 nm (Dhar et al., 2020). 

However, one disadvantage is that the production of aptamers and nanobodies is 

challenging: e.g. the heavy chain antibodies from which nanobodies are developed 

can only be obtained from camelids and sharks. Therefore, nanobody development 

requires greater and more complicated housing and animal husbandry to obtain the 

desired nanobody (Bannas et al., 2017). The production of aptamers is very time and 

labor consuming as well, since purified target molecules (by affine chromatography) 

are required for generations (Lakhin et al., 2013). The smaller size due to direct 

coupling of fluorophores to aptamers or nanobodies also has disadvantages in terms 

of signal intensity. In the indirect staining method, multiple secondary antibodies can 

bind to a primary antibody, resulting in signal enhancement compared to direct 

methods (Im et al., 2019). 

The use of nanobodies or aptamers for protein staining together with the setting of a 

smaller pixel size are the conditions necessary for achieving higher optical resolution. 
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Moreover, using a novel super resolution technique named MINFLUX microscopy up 

to 1-3 nm resolution can be achieved. MINFLUX microscopy combines the strengths 

of the two highest resolution fluorescence nanoscopy techniques to date: Stochastic 

optical reconstruction microscopy (STORM) and STED microscopy. In this technique, 

a probing doughnut-shaped excitation beam is used to determine the localization of 

individual switchable fluorophores (Balzarotti et al., 2017; Gwosch et al., 2020). Hence, 

MINFLUX microscopy could be a plausible solution for quantitative analysis of protein-

protein interactions and clusters with resolution up to single molecule level. However, 

at present, this microscopy technique is not yet available at our institute and more effort 

on optimisation for sample preparation would still be needed for successful MINFLUX 

acquisition. 

 

5.1.1 Formation of clustering during adhesion 

Clustering is defined as an accumulation of spots. Thereby, all spots within a certain 

radius (radius of a spot multiplied by 1.3) are part of one cluster (described in fig 5.1b). 

Due to the high resolution of STED microscopy, it is possible to define cluster formation 

more precisely.  

In STED microscopy experiments, a pixel size of 20 nm was used which resulted in a 

resolution of about 40-50 nm. To detect proteins on an individual level, the proteins 

need to be at least 60 nm apart due to the size of the antibodies. If intramolecular 

distance is less than 60 nm, the labelling of the fluorophores would be closer than the 

maximum optical resolution achievable and would be detected as a single spot. Hence, 

to detect individual proteins, they have to be at least 40 nm in size and 60 nm apart. 

However, since proteins often form clusters, it is not always possible to distinguish 

between each individual protein.  

 

The IP3R is the largest protein studied in this thesis with an edge length of 20 nm 

(Ludtke et al., 2011). Since the proteins were detected by classical antibody staining, 

the IP3R-antibody-complex had a size of approx. 50 nm, which is within the range of 

detectable resolution of the STED microscopy. The proteins ORAI1, FAK and the STIM 

isoforms, on the other hand, are significantly smaller, so individual proteins could not 

be detected. However, all the protein clusters analysed have an average spot diameter 
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in the range of 80-100 nm (Fig. 4.12-4.15), suggesting that each spot consists of few 

proteins possibly closely packed.  

In general, due to the limited optical resolution the number of proteins in one spot can 

only be estimated. In addition, the STED microscopy images were created in two 

dimensions, meaning that the bond along the Z-axis cannot be detected. To provide 

more specific information, additional images along the Z-axis would be necessary. 

Based on these data, in turn, a statement about the strength of the interaction between 

proteins is possible. Hence, due to the high resolution provided by STED microscopy, 

a separation between tight and loose clustering may be achieved. Individual spots can 

be defined as a tight protein clustering location. Clustering between multiple spots, on 

the other hand, reflects a loose interaction, as the distance between the spots is large 

enough to be recognised as individual spots. The definition of tight and loose clustering 

is shown in figure 4.11. 

 

 

5.2 Proteins involved in adhesion induced T cell priming 

T cell activation is initiated via TCR/CD3/CD28 complex stimulation and is immediately 

followed by Ca2+ signalling events, resulting in the increase of [Ca2+]i. Under 

physiological conditions, a naive T cell circulates in the bloodstream of a large vessel, 

without contact with APCs or adhesive structures like surface receptors of other cells, 

cytokines (such as interleukins), as well as components of the ECM. After infectious 

organisms have entered the body, T cells are stimulated via their TCR and recruited 

to the inflamed tissue. During migration, the they make contact with adhesive 

structures or other cells (Ley et al., 2007). Interestingly, non-TCR/CD3/CD28 

dependent increase in clustering and co-localization of ORAI1 and STIM1, FAK or 

IP3R1 by adherence to PLL was observed (Fig. 4.8, 4.10a, 4.12(a-c)-4.15(a-c), 4.16, 

4.17a+b+g). These experiments of this thesis are in line with other data from our group 

showing that PLL-induced local Ca2+ microdomains were observed near the PM. 

Whereby these Ca2+ microdomains were significantly reduced by blocking the 

downstream integrin signalling pathway. To block the pathway, FAK was inhibited by 

PF562,271, PLC-γ was suppressed with U73122 or IP3R subtypes were knocked down 

by deletion (communicated by Dr. Mariella Weiß, Department of Biochemistry and 

Molecular Cell Biology, University Medical Center Hamburg-Eppendorf, unpublished 
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data). So far, not much is known about the effect of adhesion on the formation of Ca2+ 

microdomains. PLL is generally used for adhesion of cells to slides, as it was assumed 

to be inert. However, it was shown that attachment to PLL triggers Ca2+ signalling such 

as stimulation of the TCR in T cells (Jurkat T cells, primary mouse T cells) 

(Randriamampita et al., 2003), which is consistent with the results of clustering and co-

localization in the figures (4.8, 4.10a, 4.12(a-c)-4.15(a-c), 4.16, 4.17a+b+g). In 

contrast, super resolution microscopy showed that the organisation of TCRs were 

different on adhesive slides compared to cells suspended in hydrogel. PLL-coated 

glass cover slips evoked increased clustering of TCRs (Ponjavic et al., 2018; Santos 

et al., 2018). Likewise, in 2003, Randriamampita and colleagues observed an increase 

in the amplitude of the Ca2+ response by performing spectrofluorimetry with adherent 

compared to suspended T cells. This adhesion-triggered T cell priming occurred via 

interaction with other cells, as well as by binding to artificial substrates. Furthermore, 

increased replenishment of intracellular Ca2+ stores was observed as a result of 

adhesion (Randriamampita et al., 2003). 

All these data indicate the activation of a signalling pathway due to adhesion of T cells 

to PLL. 

 

5.2.1 Function of FAK during T cell adhesion 

STED imaging of tight and loose FAK clustering demonstrated a significant increase 

on PLL-coated slides compared to slides with BSA (Fig. 4.14). Likewise, co-localization 

of FAK with ORAI1 displayed an increase due to adhesion to PLL (Fig. 4.16). These 

results confirm that the signalling pathway initiated by PLL results in FAK activation. 

For around 30 years, it has been known that FAK plays an important role in integrin 

signalling (Guan et al., 1991; Hanks et al., 1992; Kornberg et al., 1992; Schaller et al., 

1992). Increased intracellular Ca2+ concentration, was also observed by binding to 

ECM proteins such as laminin-1 and collagen IV. The involvement of PKC and PLC-γ 

was determined by inhibition of these proteins, leading to a selective blocking of global 

Ca2+ response (Schöttelndreier et al., 1999). Activation of integrins leads to 

autophosphorylation of FAK, which directly mediates interaction with PLC-γ (Zhang et 

al., 1999). This indicates a key function of FAK in adhesion-dependent signalling.  
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Focal adhesion is required for cell migration, with FAK playing an essential role in the 

dynamics of these adhesion (Wagner et al., 2008). FAK activates a signalling pathway, 

whereby phosphorylation of PLC-γ leads to Ca2+ release via IP3Rs and subsequently 

Ca2+ influx by SOCE activation. Therefore, Ciccimaro and colleagues investigated 

whether the role of ORAI1 and ORAI2 in cell migration could be due to the regulation 

of FAK autophosphorylation. Here, the phosphorylation was used as an indicator of 

FAK activation (Ciccimaro et al., 2006; Golubovskaya et al., 2012). Silencing of ORAI1 

and 2 was found to reduce the migratory ability of HL60 (myelioid leukemia cell line) 

(Diez-Bello et al., 2017). Moreover, FAK phosphorylation induced by fMLP was almost 

completely inhibited in cells transfected with shRNA ORAI1 or with siRNA ORAI2. 

These findings suggest that ORAI1 and ORAI2 are required for the tyrosine 

phosphorylation of FAK, which may explain the role of these proteins in the migration 

of HL60 cells. 

Comparing these results with the studies on FAK and ORAI1 performed in this thesis, 

similarities can be observed. As a result of adhesion to PLL, increased co-localization 

between FAK and ORAI1 was observed (Fig. 4.16), which may indicate that ORAI1 

has an effect on adhesion-triggered activation of FAK. Here, the increased clustering 

of FAK (Fig. 4.14) is an indicator of its adhesion-triggered activation. 

 

5.2.2 Role of IP3Rs during T cell adhesion  

Looking at the adhesion-dependent signalling pathway in T cells, the clustering of IP3R 

isoforms, as well as co-localization with ORAI1 demonstrated the essential function of 

IP3R1 (Fig. 4.15, 4.17). No difference was observed in co-localization and clustering 

of IP3R2 and 3 on BSA slides compared to PLL slides, while a significant increase was 

detected for IP3R1. This suggests not only an accumulation of ORAI1 and STIM1 

proteins, but also an IP3R1 accumulation at the ER-PM junctions as an indication of a 

pre-activation state induced by adhesion. Already in 1994, Sugiyama and colleagues 

demonstrated the expression of the three IP3R isoforms in T cells. Furthermore, in 

naïve CD4+ T cells, it was observed that the expression of IP3R2 and 3, but not IP3R1, 

is down regulated (Nagaleekar et al., 2008). This was in line with the observed crucial 

role of IP3R1 in adhesion-dependent T cell priming.  

There have been other studies investigating the interaction between IP3R and STIM1 

proteins in HEK (Sampieri et al., 2018) as well as in HeLa cells (Thillaiappan et al., 
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2017) after store depletion. Measuring FRET signals using confocal microscopy and 

performing co-IP experiments, Sampieri and colleagues observed an increased 

binding after TCR stimulation, but not after incubation with Tg. This indicates the crucial 

role of IP3R1 in TCR/CD3-depnendent T cell activation (Sampieri et al., 2018). Looking 

at the clustering experiments of STIM1 and IP3R1 (Fig. 4.13(a-d), 4.15(a-d)), a 

correlation with the results of Sampieri et al. can be observed. Both proteins showed 

a significantly higher clustering from non-adherent to adherent conditions. Since 

increased co-localization on PLL slides was detected between ORAI1 and IP3R1 (Fig. 

4.17a+b+g) as well, this indicates an association of ORAI1, STIM1 and IP3R1 due to 

adhesion. In contrast, using total internal reflection fluorescence microscopy (TIRFM), 

Thilaiappan and colleagues (Jahr) determined no significant co-localization between 

STIM1 and IP3R1 puncta after store depletion. It is known that activation of IP3Rs 

generates Ca2+ puffs, that are building blocks for local and global Ca2+ signalling 

(Tovey et al., 2001). In this study, Thilaiappan et al. claim that IP3R1s are responsible 

for Ca2+ puffs to occur almost exclusively at immobile puncta adjacent to, but not 

coincident with ER-PM junctions where ORAI1 and STIM1 accumulate (Thillaiappan 

et al., 2017). This might be due to the fact that IP3Rs are not small enough (20 nm) to 

fit into the gap between ER and PM (9-12 nm) (Fernández-Busnadiego et al., 2015; 

Lur et al., 2009; Várnai et al., 2007). The observed accumulation of IP3R1 at ER-PM 

junctions due to increased co-localization between ORAI1 and IP3R1 during PLL 

adhesion (Fig. 4.17a+b+g) may be related to the use of antibodies for protein staining. 

As mentioned above (see chapter 5.1), the antibodies (primary + secondary antibody) 

have a total size of 30 nm. This indicates co-localization, although there may be a 

distance of up to 60 nm between proteins. The region of ER-PM junctions has a length 

of only approximately 200 nm (Wu et al., 2006), which enables the IP3R1 proteins to 

locate outside this region and still showed a co-localization with ORAI1.  

 

Looking at the spots of the IP3R, the average size on BSA and PLL slides had a value 

of around 90 nm (Fig. 4.15d+h+l). Based on the theoretical size of the IP3R-antibody 

complex (50 nm) one spot could consist of 1.5 - 2 IP3R proteins having a tight 

interaction (tight cluster formation). In turn, the spots in the detection of IP3R1 form a 

cluster of around 9 spots due to adhesion. Since there are 1-2 IP3Rs in a spot, this 

indicates an accumulation of 13 to 18 IP3R1 proteins in loose and/or tight clusters.  
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Wiltgen and colleagues established a variant of STORM microscopy called stochastic 

Ca2+ channel resolution at the nanoscale (SCCaNR), which allows simultaneous 

monitoring of function and super-resolution localization (within < 50 nm) of active 

IP3Rs in intact cells by imaging Ca2+ flux. They determined in Human neuroblastoma 

SH-SY5Y cells the localization from Ca2+ puffs over a range of around 400 nm, 

assuming that IP3Rs at these sites form clusters that have a diameter of 400 nm 

(Wiltgen et al., 2010). Since approximately 6 channels open simultaneously after store 

depletion in SH-SY5Y cells (Smith and Parker, 2009), the mean distance between 

IP3Rs is >100 nm. This suggests relatively loose coupling between IP3Rs via Ca2+ 

diffusion and CICR, similar to the results of adhesion-induced IP3R1 channel opening, 

showing 9 spots in a loose cluster (Fig. 4.15(a-c)).  

Furthermore, stimulation-dependent clustering of IP3R1 has already been shown in 

different cell types as well: for example, using endogenous IP3R1 with EGFP, the 

distribution of IP3R1 in the ER membrane was determined by TIRFM, as well as 

STORM microscopy. Thereby, a clustering of around 8 IP3R1 tetramers was observed 

in HeLa cells (Thillaiappan et al., 2017). In SH-SY5Y cells, using single-particle 

tracking of overexpressed mEos2-IP3R1 from Ca2+ puffs, 2-9 receptors were 

determined within most puff sites (Dickinson et al., 2012), while in immature Xenopus 

oocytes around 20 channels are involved (Shuai et al., 2006). 

Altogether, the number of IP3Rs in a cluster depends on both, the cell type and the 

method used for determination. In addition, only the stimulation-dependent clustering 

of cells has been studied so far, whereas in this work the adhesion-dependent 

clustering of IP3Rs was determined. However, the results are not directly comparable. 

 

5.2.3 Adhesion mediated interaction between ORAI1 and the STIM proteins 

in T cells 

Here, for the first time, adhesion-dependent effects for the STIM proteins and ORAI1 

were investigated. A significant increase in clustering and co-localization of ORAI1 and 

STIM1 proteins in T cells due to adhesion to PLL compared to no adhesion was 

observed (Fig. 4.8, 4.10). These results correlated with the already established data 

that STIM1 activates ORAI1 after stores are depleted by TCR stimulation (Covington 

et al., 2010; Fahrner et al., 2017; Liou et al., 2007; Luik et al., 2008; Wang et al., 2014; 

Yeung et al., 2020; Zhou et al., 2017, 2019). Related to adhesion-induced ORAI1-
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STIM1 interaction, Diercks et al. observed spontaneous Ca2+ microdomains on PLL-

coated slides that were dependent on SOCE, but not on RYR1 (Diercks et al., 2018). 

In contrast, the interaction between ORAI1 and STIM2, as well as the clustering of 

STIM2 remained unchanged with and without adhesion (Fig. 4.9, 4.10b). Based on the 

already established data, the function of STIM2 is controversial. STIM2 was identified 

by siRNA screen as the strongest positive regulator of basal Ca2+, keeping basal 

cytosolic and ER Ca2+ concentration within tight limits (Brandman et al., 2007). STIM2 

is reported to be the main regulator of Ca2+ oscillation (Ong et al., 2015; Thiel et al., 

2013). Furthermore, STIM2 clusters with ORAI1 in ER-PM junctions at minimal 

depletion of the ER and recruits and remodels STIM1 to its active conformation when 

the ER Ca2+ concentration is not low enough to stimulate STIM1 (Son et al., 2020; 

Subedi et al., 2018). In a recent study from Emrich and colleagues in HEK cells, all 

isoforms of STIM and ORAI are non-redundant and together with the IP3Rs ensure 

diverse Ca2+ signalling in mammals. Thereby, both STIM isoforms are always required 

together for SOCE activation (Emrich et al., 2021). These data support the conclusion 

of the adhesion-related ORAI-STIM interaction, suggesting the crucial role of SOCE 

activation by STIM1 after adhesion to PLL. STIM2 serves to regulate Ca2+ levels in 

adherent as well as non-adherent conditions. Both STIM isoforms are always present 

in the ER-PM junctions at basal state as well as during pre-activation up to the 

complete activation of T cells. Here, the percentage of STIM2 proteins remains 

unchanged, while the number of STIM1 proteins rises significantly with increasing 

activation. 

Contrary to this, in HEK cells, STIM2 was identified as a strong SOCE inhibitor. This 

was established by Ca2+ measurements after Tg stimulation with overexpression of 

STIM2, where an almost complete inhibition of SOCE was observed (Soboloff et al., 

2006). Further reports claim that only STIM1 is required for Ca2+ oscillation when low 

concentrations of the agonist was used (Bird et al., 2009; Wedel et al., 2007). 

Regarding the clustering of ORAI1 proteins, a significantly increased accumulation of 

spots (loose clustering), as well as an enlargement of the individual spots themselves 

(tight clustering) through adhesion to PLL was observed (Fig. 4.12). The adhesion-

related tight clusters had a size of about 100 nm, while the loose clusters consisted of 

an average of 9 spots. In 2012, Hou and colleagues determined the crystal structure 

of the ORAI channel hexamer of Drosophila melanogaster (Hou et al., 2012). 
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Controversially, different information about the diameter of the crystal structure have 

been described: 6 nm (Perni et al., 2015) and 8 nm (Zhou et al., 2018). Based on the 

theoretical size of an ORAI1 channel (size of an ORAI1-antibody complex: 36-38 nm), 

the amount of proteins located in the different clusters can be estimated. Hence, a tight 

cluster consists of 2-3, whereas in a loose cluster 18-27 channels are located. 

Using a morphological approach with transmission and freeze-fracture electron 

microscopy, Perni and colleagues determined the distribution of individual ORAI1 

channels on the cell surface in HEK cells (Perni et al., 2015). A diameter of 7.6 nm was 

observed for the individual channels. In cells expressing sufficient amounts of STIM1 

and ORAI1 and exposed to Tg, a clustering effect was observed, whereas without 

stimulation, ORAI1 clustering was very rarely detected. The majority of spots are in the 

medium range of 200-300 particles (ORAI1 channels), but larger spots are not 

uncommon. 

When comparing the cluster formation, the number of ORAI1 channels in a cluster is 

significantly higher than the one calculated in this thesis. However, it should be noted 

that Perni et al. used a morphological approach. In addition, the surface of a cell was 

analysed, whereas in the experiments presented here, a cross-section of the cell was 

examined. Another important difference is the stage of the cell as well as the cell type. 

Here, pre-activation of T cells by adhesion were studied while in HEK cells the fully 

activated state was analysed. 

 

5.2.4 Three-dimensional model of adhesion dependent T cell signalling 

In parallel to the experimental studies of adhesion-dependent T cell stimulation, a 

mathematical model was created in our working group (Gil et al., 2021). Here, the 

relationship between IP3R1 and ORAI/STIM complexes, as well as the spatiotemporal 

characteristics of the observed Ca2+ responses were investigated. This model is based 

on a mathematical three dimensional (3D) description of the junction created by McIvor 

et al. (2018), which was modified by using the acquired data from Diercks et al. (2018) 

on the formation of non-TCR/CD3-dependent Ca2+ microdomains and further 

optimised using unpublished data of our group. Based on the simulation, it could be 

determined that the activity of IP3R1 and ORAI1 channels are responsible for the non-

TCR/CD3-dependent Ca2+ microdomains in T cells. The simulation suggested that cell 

attachment induces Ca2+ microdomains that are generated by clusters of five ORAI1 
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channels in the ER-PM junctions. Activation of these channels results from ER-store 

depletion by the opening of IP3R1s located next the junction. The computational results 

showed that local ER depletion mediated by stimulation of the FAK-PLC-y pathway 

first induced Ca2+ entry through STIM2/ORAI1 complexes by clustering of 2-6 IP3R1s, 

which further favours the opening of ORAI1 through STIM1/2 SOCE and the formation 

of clusters including 5-7 IP3R1 proteins.  

The adhesion of T cells to PLL, causes a clustering of 13-18 IP3R1 proteins (described 

in 5.2.3). This number is significantly higher than described in the model. However, 

due to the size of the antibodies, as well as the resolution not being high enough to 

distinguish individual receptors, only an estimate of the number of IP3R1s in one 

clusters can be made (described in 5.1.1). Furthermore, the mathematical model 

based on the clustering of IP3R1s was extracted from experiments using HeLa cells 

(Thillaiappan et al., 2017). Hence, the results are not directly comparable. Another 

difference between the mathematical model and the data analysed in the thesis was 

the activation of SOCE by STIM proteins. An interaction of STIM1 and STIM2 was 

permanently observed during the transition from a quiescent state to a fully activated 

T cell. 

 

 

5.3 Summary  

The results of this thesis indicate a non-TCR/CD3-dependent low-level activation of T 

cells. Adhesion of T cells to PLL triggers the FAK-PLC-y pathway, where Ca2+ release 

via IP3R1 leads to activation of STIM proteins and Ca2+ entry by opening ORAI1 

channels. Thus, three different T cell activation states can be described (Fig. 5.2): (i) 

quiescent state: T cells circulate in the bloodstream without adhesion (Fig. 5.2a). (ii) 

adhesion pre-activated state: here T cells bind to adhesive structures as they migrate 

to the inflamed tissue. This leads to a slight pre-activation of T cells by integrin-

mediated stimulation of the FAK-PLC-y pathway (Fig. 5.2b). (iii) fully activated state: 

The TCR is stimulated by presented antigen, leading to Ca2+ release via IP3Rs and 

RYRs as well as a strong Ca2+ entry by SOCE activation (Fig. 5.2c). 
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Figure 5.1: Model of different activation states in T cells. 

The figure shows a schematic model of a T cell in transition from a quiescent to a fully activated state. 

(a) A resting state of a T cell is shown, in which the cell migrates in the bloodstream without getting in 

contact with adherent structures. (b) The adhesion pre-activated state describes the migration of T cells 

into the inflamed tissue, where the cells bind to adherent structures. The adhesion leads to activation of 

the FAK-PLC-γ pathway and subsequent formation of small local Ca2+ microdomains. (c) In the fully 

activated state, an antigen is presented to the T cell via APCs. TCR stimulation causes Ca2+ release 

from the Ca2+-ER store and subsequently a strong Ca2+ entry via ORAI1 activation. Created with 

Biorender.com. 

 

 

5.4 Outlook 

The results of this thesis suggest a non-TCR/CD3-dependent T cell activation involving 

the formation of small local Ca2+ microdomains via activation of the FAK-PLC-γ 

pathway. However, the detailed molecular mechanism of adhesion-dependent 

activation of T cells is not yet fully elucidated. To study this in detail more sensitive 

methods of measurements would be needed. 

 

Of special interest is the region of T cells that attach to ECM proteins. Therefore, 

measurements could be performed using TIRF microscopy, as this method examines 

the outer layer from 100-200 nm (Axelrod, 1981). If nanobodies or aptamers are 

available, their use could provide more precise information on the localization and 

number of proteins involved in clustering or interactions. To achieve a higher optical 

resolution, the measurements could be performed on the MINFLUX system. Moreover, 

this method can only analyse a segment of the cell and not the interaction of proteins 

in relation to the cell in its entirety. For the detection of dynamic interactions of proteins 

in living cells and at higher resolution, STED FRET microscopy could be a suitable 

option. 

Furthermore, to determine a dynamic interaction between more than two proteins in 

real time (e.g. ORAI1 and the STIM isoforms), a three-fluorophore protein FRET 

analysis could also be performed. A three-color FRET experiment has already been 

performed (Lee et al., 2010; Sun et al., 2010; Yoo et al., 2020). However, establishing 

optimal working conditions and parameters for this method is difficult. The major 

limitations of three colour FRET could be for example, is that the different fluorophores 

used would need to be close in wavelength to ensure energy transfer, and high 
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resolution and accurate lasers would be needed to avoid a strong overlap of the 

signals. In addition, plasmid constructs (including the fluorophore coupled to the 

protein of interest) with a strong signal would be needed to ensure optimal energy 

transfer between the fluorophores for FRET to occur so that the signal is detectable. 

 

Additionally, in this work, the localization of different proteins in T cells during adhesion 

to PLL was determined. This adhesion to PLL is meant to mimic the migration of T 

cells into the inflamed tissue. Typically, a cascade of adhesive interactions between T 

cells and endothelial cells or proteins of the ECM is initiated during migration from 

blood vessels to inflamed tissue (Ley et al., 2007). The interaction of T cells with the 

endothelium is triggered by a short, weak binding between the integrins of T cells and 

their associated endothelial ligands (e.g. ICAM-1, VCAM-1) (Block et al., 2012; 

Sriramarao and Broide, 1996; Stadtmann et al., 2011; Zarbock et al., 2008). After 

transmigration through the endothelium, T cells attach to ECM proteins of the 

basement membrane (e.g., laminin-1 and collagen-IV) and the interstitium (e.g., 

collagen-VI or fibronectin) via integrins before migrating to the site of inflammation 

(Paulsson, 1992). To perform more physiological experiments, the different associated 

ligands of T cells like ICAM1, laminin-1 or collagen-IV could be used for cell adhesion.  

 

In addition, T cell activation leads to an increased ATP concentration, which causes, 

besides other things, the activation of P2X4 receptors. In our group, significantly 

decreased Ca2+ microdomains were observed by P2rx4-/- on PLL-coated slides (Brock 

et al., 2022). These were similar to Orai1-/- published by Diercks et al. (2018). Inhibition 

of Ca2+ entry by blocking the P2X4 receptor was observed already in 2010, suggesting 

that P2X4 controls ORAI1 and T-cell activation (Woehrle et al., 2010). Another 

important question to be answered would be to understand how ORAI1 and P2X4 

relate to each other in the absence of adhesion in comparison to adhesion or fully 

activated state of T cells. 
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