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Abbreviation  

A, Ala   alanine 
AC   adenylate cyclase 
ADP   adenosine diphosphate 
AM   acetoxymethyl 
AMD   age-related macular degeneration 
AMP   adenosine monophosphate 
AP   activator protein 
APC   antigen-presenting cell 
approx.  approximate 
ARTC2.2  ecto-adenosine diphosphate-ribosyltransferase C2.2 
ATP   adenosine 5´-triphosphate 
BD   blind deconvolution 
BCR   B cell receptor  
C, Cys  cysteine 
[Ca2+]i   free cytosolic calcium concentration 
CAD   CRAC activation domain 
cADPR  cyclic adenosine diphosphate ribose 
CALHM1  calcium homeostasis modulator 1 
CaM   calmodulin 
cAMP   cyclic adenosine monophosphate 
CaV   voltage-activated calcium channel 
CBX   carbenoxolone 
CC1   coiled-coil 1 region 
CLL   chronic lymphocytic leukemia 
CNX   connexin hemichannels 
CR   calretinin 
CRAC   calcium release activated calcium (channel) 
DAG   diacylglycerol  
DC   dendritic cell 
DPA   dipicolylamine 
E, Glu   glutamic acid 
ectodomain  extracellular domain 
EF-SAM  EF-hands and sterile α motif  
eNTPDase1  ecto-nucleoside triphosphate diphosphohydrolase 1 
ER   endoplasmic reticulum 
ERK   extracellular signal-regulated kinase 
FRET   Förster fluorescence resonance energy transfer 
Gd3+   gadolinium 
GECI   genetically encoded calcium indicator 
GFP   Green Fluorescence Protein 
GPCR   heterotrimeric guanine nucleotide-binding protein-coupled receptor 
G protein heterotrimeric guanine nucleotide-binding protein 
H, His   histidine  
hMSC   human bone marrow-derived mesenchymal stem cells 
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HN1L   hematological and neurological expressed 1-like protein 
hP2X3  human P2X3 
HPLC   high performance liquid chromatography 
I, Ile   isoleucine 
IP3   D-myo-inositol 1,4,5-trisphosphate 
IP3R   D-myo-inositol 1,4,5-trisphosphate receptor 
IRF   interferon regulatory factor 
ITAM   immunoreceptor tyrosine-based activation motif 
JPT2   Jupiter microtubule-associated homolog 2 
Kd   effective dissociation constant 
L, Leu   leucine 
LAT   linker of activated T cells 
M, Met  methionine 
MAC   maxi-anion channel 
MAM   mitochondria-associated membranes 
MAP   mitogen-activated protein 
MAIT   Mucosa-associated invariant T cells 
MCU   mitochondrial calcium uniporter 
NAD+   nicotinamide adenine dinucleotide 
NAADP  nicotinic acid adenine dinucleotide phosphate 
NFAT   nuclear factor of activated T cells 
NKG2D  activating natural killer cell receptor 
NKT   natural killer T cells 
P, Pro   proline 
P1   adenosine receptor 
P2   purinergic receptor 
P2X   purinergic ligand-gated cation channels 
P2Y   purinergic heterotrimeric guanine nucleotide-binding protein-coupled receptor 
PANX1  pannexin-1 hemichannel 
PIP2   phosphatidylinositol 4,5-bisphosphate  
PKA   protein kinase A 
PKC   protein kinase C 
PLCγ1  phospholipase C γ 1 
PM   plasma membrane 
PMCA   plasma membrane calcium transporter 
pMHC   peptide-loaded major histocompatibility complex 
PSF   point spread function 
PTK   protein tyrosine kinase 
Pyk2   proline-rich tyrosine kinase 2 
R, Arg   arginine 
rP2X7   rat P2X7 
RYR   ryanodine receptor 
S, Ser   serine 
S1P   sphingosine-1-phosphate 
SERCA  sarco/endoplasmic reticulum calcium ATPase 
SH2   Src homology 2 
SNP   single nucleotide polymorphism 
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SNR   signal-to-noise ratio 
SOAR   STIM1 ORAI activating region 
SOCE   store-operated calcium entry 
SR   sarcoplasmic reticulum 
Src   sarcoma 
STIM1   calcium sensors stromal interaction molecule 1 
STIM2   calcium sensors stromal interaction molecule 2 
T, Thr   threonine 
TCR   T cell receptor 
TLR   toll-like receptor 
TM   transmembrane domain 
TPC   two-pore channel 
TRP   non-selective transient receptor potential 
UDP   uridine diphosphate 
UTP   uridine 5´-triphosphate 
VNUT   vesicular nucleotide transporter 
VRAC   volume-regulated anion channel 
Y, Tyr   tyrosine 
zfP2X4  zebrafish P2X4 
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Abstract 

The adaptive immune response is initiated by the activation of T cells. Following this activation, 

calcium (Ca2+) signals translate an external stimulus into intracellular responses. These signals 

are characterized by initial, spatiotemporally restricted Ca2+ microdomains in T cells. T cell 

receptor (TCR) stimulation triggers the formation of second messengers like D-myo-inositol 

1,4,5-trisphosphate (IP3), cyclic adenosine diphosphate ribose (cADPR) or nicotinic acid 

adenine dinucleotide phosphate (NAADP). The recently identified hematological and 

neurological expressed 1-like protein (HN1L)/ Jupiter microtubule-associated homolog 2 

(JPT2) orchestrates the NAADP activating the ryanodine receptors (RYR) in the membrane of 

the endoplasmic reticulum (ER). The RYR releases Ca2+ from the ER. Thus, the Ca2+ release-

activated channel (CRAC) ORAI1 initiates store-operated Ca2+ entry (SOCE) through the 

plasma membrane (PM). These spatiotemporally restricted Ca2+ signals influence downstream 

effects like the translocation of the nuclear factor of activated T cells (NFAT), which further 

stimulate the production of cytokines and cell proliferation.  

The visualization of highly dynamic Ca2+ microdomain signals is challenging due to low signal-

to-noise ratios (SNR). Computational image restoration is one approach to improve the quality 

of low SNR images. Hence, in this study, a deconvolution algorithm emphasizing the 

characteristics of low SNR fluorescence images was extended for image sequences to 

increase not only spatial resolution but also temporal resolution (2.1; Woelk et al., 2021). 

Common algorithms were adjusted for single-frame images but also used on image sequences 

regardless of the temporal relationships of a multi-frame series. The extended algorithm now 

emphasizes both, the spatial and temporal features of an image sequence. Moreover, it was 

tested on Ca2+ microdomain sequences measured with different setups and compared with 

common algorithms. Finally, the comparisons highlight the improvements of using our 

extended algorithm on Ca2+ microdomain visualization. 

Additionally, in this thesis, for the first time, the purinergic ligand-gated cation channels (P2X) 

P2X4 and P2X7 were demonstrated to influence the formation of the local, highly dynamic 

Ca2+ microdomains before and after T cell stimulation (2.2; Brock et al., 2022). Thus, using a 

high-resolution live-cell imaging technique Ca2+ microdomains were shown to be significantly 

reduced in P2rx4-/- and P2rx7-/- T cells and cells incubated with pharmacological inhibitors or 

inhibiting nanobodies for these channels after TCR/CD3 stimulation. Removal of the 

extracellular adenosine 5´triphosphate (ATP), which activates the P2X channels, or inhibition 

of the ATP releasing channel pannexin-1 (PANX1), significantly decreased the number of Ca2+ 

microdomains after T cell activation. Interestingly, P2X4 and PANX1 but not P2X7 influence 

the formation of TCR/CD3-independent Ca2+ microdomains, indicating different time periods 
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of channel activity. These results and further colocalization analysis, global Ca2+ imaging and 

expression or proliferation analysis reveal functional differences between P2X4 and P2X7 

activity.  

In summary, this thesis established a computational approach to significantly improve the 

resolution of dynamic Ca2+ motions in fluorescence image sequences with very low SNRs. 

Furthermore, this work highlights the previously unexpected influence of the purinergic 

channels P2X4, P2X7 and the ATP-releasing channel PANX1 on the formation of Ca2+ 

microdomains, the fine-tuning of which may direct the adaptive immune response. 
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Zusammenfassung 

Die adaptive Immunantwort wird initiiert durch die Aktivierung von T Zellen. In Folge dieser 

Aktivierung wird durch Calcium (Ca2+) Signale ein externer Stimulus in eine intrazelluläre 

Antwort übersetzt. Diese Ca2+ Signale sind in T Zellen durch sogenannte initiale, räumlich und 

zeitlich begrenzte Ca2+ Mikrodomänen charakterisiert. Durch die Stimulation des T 

Zellrezeptors (TCR) werden sekundäre Botenstoffe wie D-myo-Inositol 1,4,5-Trisphosphat 

(IP3), zyklische Adenosindiphosphat Ribose (cADPR) oder Nikotinsäure-

adenindinucleotidphosphat (NAADP) gebildet. Das kürzlich identifizierte Protein 

„hematological and neurological expressed 1-like protein“ (HN1L) / “Jupiter microtubule-

associated homolog 2” (JPT2) interagiert mit NAADP und aktiviert so Ryanodin Rezeptoren 

(RYR) in der Membran des Endoplasmatischem Retikulums (ER). Ca2+ wird durch den RYR 

aus dem ER freigesetzt. Der durch Ca2+-Freisetzung aktivierte Kanal (CRAC) ORAI1 initiiert 

im Folgenden den „store-operated Ca2+ entry“ (SOCE), dies führt zu einem Ca2+ Einstrom über 

die Plasmamembran (PM). Die lokal und zeitlich begrenzten Ca2+ Signale beeinflussen 

nachgeschaltete Effekte wie die Translokation des Transkriptionsfaktors „nuclear factor of 

activated T cells” (NFAT), der wiederum die Produktion von Zytokinen und die Zellproliferation 

stimuliert.  

Die Visualisierung der hochdynamischen Ca2+ Mikrodomänen ist aufgrund des geringen 

Signal-Rausch-Verhältnisses (SNR) eine Herausforderung. Computergestützte Bild-

wiederherstellung ist ein Ansatz zur Verbesserung der Qualität von Bildern mit niedrigem SNR. 

Daher wurde in dieser Studie ein Dekonvolutionsalgorithmus, der die Merkmale von 

Fluoreszenzbildern mit niedrigem SNR berücksichtigt, für Bildsequenzen erweitert, um nicht 

nur die räumliche, sondern auch die zeitliche Auflösung zu verbessern (2.1; Woelk et al., 

2021). Die Algorithmen, die im Allgemeinen verwendet werden, sind oft auf Einzelbilder 

angepasst. Allerdings werden sie auch auf Bildsequenzen Bild-für-Bild angewendet, ohne die 

zeitlichen Beziehungen einer Mehrbildserie zu berücksichtigen. Der erweiterte Algorithmus in 

dieser Doktorarbeit geht nun sowohl auf die räumlichen als auch die zeitlichen Merkmale einer 

Bildsequenz ein. Darüber hinaus wurde er an Aufnahmen von Ca2+ Mikrodomänen getestet, 

die unter verschiedenen Bedingungen aufgenommen wurden, und mit herkömmlichen 

Algorithmen verglichen. Die Vergleiche zeigen eine deutliche Verbesserung, die unser 

erweiterter Algorithmus bei der Visualisierung von Ca2+ Mikrodomänen mit sich bringt. 

Darüber hinaus wurde in dieser Arbeit zum ersten Mal gezeigt, dass die purinergen 

ligandengesteuerten Kationenkanäle (P2X) P2X4 und P2X7 die Bildung der lokalen, 

hochdynamischen Ca2+ Mikrodomänen vor und nach der Stimulation von T Zellen beeinflussen 

(2.2; Brock et al., 2022). So konnte mit Hilfe eines hochauflösenden „Live-Cell-Imaging“-



Zusammenfassung 

 VIII 

Verfahrens gezeigt werden, dass Ca2+ Mikrodomänen in P2rx4-/- und P2rx7-/- T Zellen sowie in 

Zellen, die mit pharmakologischen Inhibitoren oder hemmenden Nanokörpern für diese Kanäle 

inkubiert wurden, nach einer TCR/CD3-Stimulation signifikant reduziert sind. Die Entfernung 

des extrazellulären Adenosintriphosphats (ATP), das die P2X-Kanäle aktiviert, oder die 

Hemmung des ATP-freisetzenden Kanals Pannexin-1 (PANX1) verringerte die Anzahl der 

Ca2+ Mikrodomänen nach der T Zell Aktivierung signifikant. Interessanterweise beeinflussen 

P2X4 und PANX1, nicht aber P2X7, die Bildung von TCR/CD3-unabhängigen Ca2+ 

Mikrodomänen, was auf unterschiedliche Zeitpunkte der P2X-Kanalaktivität hinweist. Diese 

Ergebnisse sowie Ko-Lokalisationsanalysen, globale Ca2+ Messungen und Expressions- bzw. 

Proliferationsanalysen weisen auf funktionelle Unterschiede zwischen P2X4 und P2X7 hin.  

Zusammenfassend zeigt diese Doktorarbeit einen computergestützten Ansatz auf, um die 

Auflösung von dynamischen Ca2+ Bewegungen in Fluoreszenzbildsequenzen mit sehr 

geringen SNRs deutlich zu verbessern. Darüber hinaus hebt diese Arbeit den bisher 

unerwarteten Einfluss der purinergen Kanäle P2X4, P2X7 und des ATP-freisetzenden Kanals 

PANX1 auf die Bildung von Ca2+ Mikrodomänen hervor, deren präzise geregelten Dynamiken 

die adaptive Immunantwort lenken könnten. 
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1. Introduction 

1.1 Immunity 

Immunity is the ability of an individual to defend and protect itself against foreign cells such as 

pathogens, or other external stimuli. Therefore, the immune system is essential to achieve this 

defensive and protective function. It consists of two major pathways, the (i) innate and the (ii) 

adaptive immune response (Abbas et al., 2018). Both make use of specific cells and soluble 

components. The (i) innate immune response, which constitutes the natural or native immunity, 

acts immediately through for example (e.g.), macrophages, neutrophils, or dendritic cells 

(DCs), after the infiltration of a pathogen. The (ii) adaptive immune system is more specific 

and effective against many microbial antigens and can develop an immunological memory 

(Murphy et al., 2009). Within an adaptive immune response, lymphocytes can recognize 

antigens via specific antibodies to differentiate and mature.  

There are two groups of lymphocytes, the B and T cells with diverse functions and antibody 

specificities and structures. While B cells recognize an antigen via the B cell receptor (BCR) 

and differentiate into memory cells or plasma cells afterwards (Harwood & Batista, 2010), naive 

T cells differentiate to effector or memory T cells after activation (Masopust & Schenkel, 2013). 

Effector T cells can be divided into different subtypes: the more prominent CD4+ helper T cell 

and CD8+ cytotoxic T cell subsets and into the CD4+ regulatory T cells, natural killer T (NKT) 

cells, γδ T cells, as well as the Mucosa-associated invariant T (MAIT) cells (Abbas et al., 2018). 

The T cell subsets exhibit many functions, e.g. CD4+ T cells produce several cytokines to 

activate and recruit other effector cells, whereas CD8+ T cells kill infected cells (Abbas et al., 

2018; Murphy et al., 2009).  

 

1.1.1 TCR stimulation 

T cells are key players of the adaptive immune response, and their activation and 

differentiation are highly regulated. The T cell receptor (TCR) is the starting point of a signaling 

cascade for translating extracellular signals into intracellular responses for cell-to-cell 

communication and protection against pathogens and toxins (Mariuzza et al., 2020). 

The receptor signals in association with a multi-subunit signaling machinery, the CD3 

coreceptor (Birnbaum et al., 2014). The TCR/CD3 complex consists of an αβ or a γδ TCR 

heterodimer noncovalently associated with invariant CD3 dimers, the CD3 γ/δ/ε/ζ subunits 

(Borst et al., 1984; Hwang et al., 2020; Mariuzza et al., 2020; Wucherpfennig et al., 2010). 

Initially, an antigen-presenting cell (APC) presents a peptide-loaded major histocompatibility 

complex (pMHC) class I or class II to the TCR and initializes signaling cascades (Pettmann et 
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al., 2018). In addition to pMHC binding, the signal is transmitted via the CD3 immunoreceptor 

tyrosine-based activation motifs (ITAMs, Fig. 1.1) (Hwang et al., 2020). Co-stimulation of CD28 

on the T cell surface by the, on APCs highly expressed, ligands B7.1 (CD80) and B7.2 (CD86) 

enhances T cell response by regulating the transmission of the signal and the formation of 

second messengers like IP3, nicotinic acid adenine dinucleotide phosphate (NAADP) and 

cyclic adenosine diphosphate ribose (cADPR) (Acuto & Michel, 2003; Garçon et al., 2008). 

Protein tyrosine kinases (PTKs), like Lck, Fyn, and ZAP70, induce the phosphorylation of the 

ITAMs. Following the TCR stimulation, Lck is recruited by the colocalization of CD4 or CD8 

coreceptors to pMHC molecules, which phosphorylates the ITAMs and forms binding sites for 

the ZAP70 kinase (Bu et al., 1995; Courtney et al., 2018). The quality and quantity of TCR 

stimulation can generate diverse downstream signals, like the phosphorylation of the linker of 

activated T cells (LAT) or SLP-76 by ZAP70 (Murphy et al., 2009). The phosphorylation of the 

LAT protein creates Src homology 2 (SH2) binding sites (Wange, 2000). The SH2 binding sites 

are essential for the formation of oligomeric signalosomes, like the clustering of 

Figure 1.1: Illustration of TCR stimulation. An APC presents the pMHC to the TCR receptor. The CD4 or CD8 
coreceptors recruits Lck to the TCR. Lck phosphorylates (red dots) the ITAMS of the CD3 subunits and creates 
binding sites for the ZAP70 kinase. Moreover, ZAP70 phosphorylates LAT or SLP-76, which forms various 
signalosomes, like the clustering of LAT/Gabs/SLP-76, the activation of the Ras, mitogen activated protein (MAP) 
kinase/ extracellular – signal regulated kinase (ERK) pathway or the phosphorylation and activation of the 
phospholipase C γ1 (PLCγ1). Downstream signaling of Ca2+ is activated via the second messengers IP3, NAADP 
and cADPR or PKC signaling via DAG formation. Modified from Hwang et al. 2020. 
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LAT/Gabs/SLP-76, the activation of the Ras, mitogen-activated protein (MAP) kinase/ 

extracellular signal-regulated kinase (ERK) pathway or the phosphorylation and activation of 

the phospholipase C γ1 (PLCγ1) (Abbas et al., 2018; Courtney et al., 2018; Wange, 2000). 

PLCγ1 further hydrolyzes phosphatidylinositol 4,5-bisphosphate (PIP2) generating D-myo-

inositol 1,4,5-trisphosphate (IP3) and diacylglycerol (DAG), which induce calcium (Ca2+) 

signaling and the protein kinase C (PKC) pathway, respectively (Zeng et al., 2021). LAT and 

PLCγ1 interact within a positive feedback loop: LAT not only activates PLCγ1, but PLCγ1 can 

also promote LAT cluster formation to protect its dephosphorylation by CD45 (Zeng et al., 

2021).  

 

1.2 Calcium: Universal signaling ion 

Ca2+ is a universal signaling ion in eukaryotes (M. S. Islam, 2020). In cells, Ca2+ ions convert 

signals induced by external stimuli – like hormones, neurotransmitters, growth factors, 

antibodies, mechanical-, electrical-, temperature- and pH changes, microbial invasion or 

cytotoxic reagents – to internal responses by increasing the concentration of free cytosolic 

Ca2+ ([Ca2+]i) from a basal level of approximate (approx.) 100 nM to approx. 1000 nM after 

stimulation (Bootman & Bultynck, 2020; Cahalan & Chandy, 2009). Ca2+ signals are highly 

controlled. On the one hand, Ca2+ signals are regulated precisely by several Ca2+ “buffering” 

or modulating systems – like plasma membrane Ca2+ transporters including ATPase (PMCA), 

Na+/Ca2+ exchanger and sarco/endoplasmic reticulum (SR/ER) Ca2+-ATPase (SERCA) or Ca2+ 

binding proteins including calmodulin (CaM) or calretinin (CR) (Bootman & Bultynck, 2020; 

Schwaller, 2020). One the other hand, Ca2+ releasing and entry mechanism – due to channel 

activities of the ryanodine receptor (RYR) and the IP3 receptor (IP3R) or the Ca2+ release 

activated channel (CRAC) ORAI1 – increase [Ca2+]i. These signaling machineries mediate 

many cellular processes, like apoptosis, aging, early embryonic development, synaptic 

transmission or gene expression (Bootman & Bultynck, 2020; M. S. Islam, 2020). The 

tremendous contrasts in Ca2+ concentration between the different cell compartments (cytosol: 

~100 nM, ER: ~500 µM, lysosomes: ~500 µM) and the extracellular space (of approx. 1 to 2.5 

mM) in resting cells allow for the rapid increase in [Ca2+]i after stimulation (Bootman & Bultynck, 

2020; Guse et al., 2021). 

 

1.2.1 Ca2+ signaling in T cells  

An accurate immune response requires a precisely coordinated signaling mechanism. Ca2+ 

serves as a very fast and highly controlled signaling ion acting intracellularly via Ca2+ receptors, 

channels, and sensing proteins. 
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After TCR/CD3 stimulation, Ca2+ mobilizing second messenger molecules are formed, like 

NAADP, IP3 or cADPR (Trebak & Kinet, 2019). NAADP is orchestrated by the hematological 

and neurological expressed 1-like protein (HN1L)/Jupiter microtubule-associated homolog 2 

(JPT2) to activate RYR1s in the ER membrane or two-pore channels (TPCs) on lysosomes to 

release Ca2+ (Gunaratne et al., 2021; Roggenkamp et al., 2021). Moreover, IP3 activates the 

IP3R and cADPR the RYR2, both located at the ER membrane, to release Ca2+ (Trebak & 

Kinet, 2019). The decreasing luminal Ca2+ concentration inside the ER is sensed by the Ca2+ 

sensors stromal interaction molecules 1 (STIM1) and 2 (STIM2) located in the ER membrane, 

too (Brandman et al., 2007; Liou et al., 2005).  

In resting cells, the paired EF-hands and sterile α motif (EF-SAM) domain of STIM binds Ca2+ 

and thereby represent an autoinhibitory mechanism of STIM (Zheng et al., 2011). STIM1 and 

2 show structural differences within the EF-SAM domain. The STIM1 EF-SAM domain has a 

higher Ca2+ affinity and a lower SAM stability compared to STIM2, making STIM1 less 

responsive to small changes in ER Ca2+ (Brandman et al., 2007; Zheng et al., 2011). ER 

depletion results in a conformational change of the coiled-coil 1 region (CC1) and STIM1 ORAI 

activating region or CRAC activation domain (SOAR/CAD) of STIM protein. Thereby, STIM 

extends via the CC1 the SOAR/CAD from the ER membrane to the plasma membrane (PM) 

to interact with ORAI1 to activate this Ca2+ channel and mediate store-operated Ca2+ entry 

(SOCE) (Gudlur et al., 2020; Hirve et al., 2018). 

Following TCR/CD3 stimulation, Ca2+ modulating systems, like mitochondrial Ca2+ uptake via 

the mitochondrial Ca2+ uniporters (MCUs) or the SERCA pump, maintain SOCE activity and T 

cell activation (Trebak & Kinet, 2019). Likewise, mitochondria form membrane contact sites to 

the ER membrane, called mitochondria-associated membranes (MAMs). Such contact sites 

consist of IP3Rs releasing Ca2+ from the ER and MCUs promoting the Ca2+ uptake inside the 

mitochondria (Gil-Hernández et al., 2021; Trebak & Kinet, 2019). The increasing Ca2+ 

concentration inside the mitochondria triggers adenosine 5´- triphosphate (ATP) production 

(Brookes et al., 2004; Sparagna et al., 1995). Accordingly, MAMs directly connect TCR/CD3 

stimulation and Ca2+ signaling with the cell’s energy metabolism (Brookes et al., 2004).  

Moreover, the ATP produced in the mitochondria can be released from the T cell itself and 

activate another group of channels at the PM, the purinergic ligand-gated cation (P2X) 

channels or the purinergic heterotrimeric guanine nucleotide-binding protein (G protein)-

coupled receptors (GPCRs) P2Y (Blanchard et al., 1995; Yip et al., 2009). The P2X channels 

are known to be implicated in the amplification of Ca2+ signals (Woehrle et al., 2010; Yip et al., 

2009). Two other groups of PM channels mediate Ca2+ signals after TCR/CD3 stimulation, the 

non-selective transient receptor potential (TRP) channels and the voltage-activated Ca2+ (CaV) 
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channels (Trebak & Kinet, 2019). The accumulation of Ca2+ signals, due to the activity of all 

these Ca2+ release and entry channels, results in a global Ca2+ response (Fig. 1.2). 

The increase in [Ca2+]i activates calmodulin, which stimulates the phosphatase calcineurin to 

dephosphorylate nuclear factor of activated T cells (NFAT). NFAT translocates into the 

nucleus, mediates NFAT-dependent gene transcription, and thus initiates downstream effects 

for T cell differentiation and cytokine production (Macian, 2005). 

Global Ca2+ signaling describes the increase of whole [Ca2+]i in the T cell cytosol and 

demonstrates the activation of a T cell for differentiation, secretion, energy production, and 

other downstream effects (Cahalan & Chandy, 2009; Vig & Kinet, 2009). Further, advanced 

Ca2+ imaging techniques uncovered a subdivision of this global Ca2+ response into 

spatiotemporally restricted signals that regulate T cell activation (Guse et al., 2021). These 

spatiotemporally restricted signals were named differently due to their Ca2+ concentration, their 

size, and the cell type in which they occur, like Ca2+ sparks, blips, quarks, and microdomains 

(Guse et al., 2021).  

Figure 1.2: Ca2+ signaling in T cells. After TCR/CD3 stimulation second messengers like IP3 via the cleavage of 
PIP2, cADPR or NAADP via the NAADPH oxidation by DUOX1/2 are produced. They stimulate Ca2+ channels 
located in the ER membrane. ER Ca2+ depletion is sensed by STIM1/2, activating the store-operated Ca2+ channels 
ORAI1. Ca2+ is transported inside the mitochondria to increase ATP synthesis. The ATP is transported outside the 
cell via the PANX1 hemichannel and activates the purinergic channels P2X1, P2X4 and P2X7. Together with the 
PM channels TRP and CaV a global Ca2+ response is generated. Increasing [Ca2+]i activates calmodulin to stimulate 
calcineurin for the dephosphorylation of NFAT, which translocates into the nucleus to initiate NFAT-dependent 

transcription. 
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The so-called Ca2+ microdomains are the initial signals in T cells occurring in hundreds of 

milliseconds after TCR/CD3 stimulation (Wolf et al., 2015). Ca2+ microdomains showed a 

diameter of approx. 0.4 µm and Ca2+ concentrations of approx. 200-400 nM (Diercks et al., 

2018; Guse et al., 2021; Wolf et al., 2015).  

T cells occur in different activation states, in (i) a quiescent state during the circulation in the 

blood, (ii) a pre-activated state upon the adhesion to, e.g. endothelial cells and (iii) a full 

activation state after TCR/CD3 stimulation (Guse et al., 2021). High resolution Ca2+ imaging 

methods were used to visualize the different activation states. Diercks and colleagues (2018) 

demonstrated a pre-clustering of STIM1/2 with ORAI1 and the formation of non-TCR/CD3 

dependent Ca2+ microdomains. A similar SOCE implication in invading cancer cells on 

spontaneous Ca2+ glows was visualized using a genetically encoded Ca2+ indicator (GECI) 

called GCaMP6f (Lu et al., 2019). It has been shown, that non-TCR/CD3 dependent Ca2+ 

microdomains in T cells are infrequent and show a lower amplitude than those after TCR/CD3 

stimulation (Diercks et al., 2018). Newest findings of our group suggest such infrequent Ca2+ 

microdomains to be adhesion-dependent in T cells (Mariella Weiß, Lola Hernandez and Björn 

Diercks, unpublished results). Recently, the involvement of the IP3Rs in the formation of the 

non-TCR/CD3 dependent Ca2+ microdomains was uncovered (Gil et al., 2021), highlighting 

the complex network of Ca2+ signaling already during the (ii) state.  

 

1.3 Purinergic signaling in immunity 

The purinergic signaling cascade involves the release of nucleotides like ATP and uridine 5´-

triphosphate (UTP), their activity sites and their degradation (Fig. 1.3).  

ATP acts as an energy carrier that is mandatory for cell functions and metabolism (Bonora et 

al., 2012; Corriden & Insel, 2010). However, it also promotes apoptosis as well as cell death 

(Blanchard et al., 1995; Zamaraeva et al., 2005), and serves as a danger signal (Gazzerro et 

al., 2019; Linden et al., 2019). Released ATP influences cell functions in an autocrine or 

paracrine manner and the release itself is not only due to tissue damage or cell death, but a 

controlled mechanism in intact cells to alter physiological processes, like neutrophile 

chemotaxis or T cell activation (Bours et al., 2006; Junger, 2011; Trabanelli et al., 2012).  

The intra- and extracellular concentrations of ATP differ a lot: the cytosolic ATP concentration 

is between 3 and 10 mM, but the assumed extracellular ATP concentration is about 10 nM, 

demonstrating a huge efflux gradient up to approx. 106-fold (Schwiebert & Zsembery, 2003). 

Schwiebert and Zsembery (2003) claim that only 1 % or less of the intracellular ATP pool needs 

to be released to activate the ATP receptors. Thus, extracellular signaling can occur without 

compromising cellular metabolism or essential enzymatic reactions (Schwiebert & Zsembery, 

2003). 
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Extracellular ATP activates the purinergic receptors (P2) at the PM of cells (Burnstock & 

Boeynaems, 2014; Linden et al., 2019). P2 receptors are divided into the ligand-gated cation 

channels, P2X, and the purinergic heterotrimeric GPCRs P2Y (Schenk et al., 2011).  

After TCR/CD3 stimulation [Ca2+]i rises and is buffered by mitochondria to increase ATP 

synthesis (Schenk et al., 2008). For signal amplification, ATP is released from the stimulated 

T cell several minutes after stimulation via the ATP releasing pannexin-1 (PANX1) 

hemichannels and activates in an autocrine manner the P2X channels. Activation of the P2X 

channels promote immune cell activation and pro-inflammatory responses, like the initiation of 

the MAP kinase signaling and the production of pro-inflammatory cytokines like IL-2 (Frascoli 

et al., 2012; Junger, 2011; Schenk et al., 2008; Yip et al., 2009).  

Several ectoenzymes are involved in the extracellular metabolism of nucleotides, like ecto-

nucleoside triphosphate diphosphohydrolase 1 (eNTPDase1) CD39 (He et al., 2005; 

Horenstein et al., 2013; Linden et al., 2019). CD39 is expressed in many immune cells: about 

90 % of B cells and monocytes, whereas only 6 % of T cells and NK cells express CD39. 

Moreover, the expression of CD39 is upregulated after T cell activation (Pulte et al., 2007). 

CD39 hydrolyzes ATP to adenosine diphosphate (ADP) and further to adenosine 

monophosphate (AMP). P2X receptors can primarily be activated by ATP, whereas ADP, UTP, 

and ATP can activate P2Y receptors. P2Y receptors are important key regulators during the 

immune response and implicated for example in chemotaxis, phagocytosis, and granule 

release and especially in PLCβ activation and cyclic AMP (cAMP) inhibition (Junger, 2011; Le 

Duc et al., 2017).  

AMP is dephosphorylated by the ecto-5´-nucleotidase CD73 to adenosine and initializes an 

anti-inflammatory response via the activation of adenosine receptors P1 (Antonioli et al., 2013). 

P1 receptors are G-protein-coupled receptors, comparable with P2Y receptors, but use 

adenosine as a substrate (Borea et al., 2018). Increasing adenosine levels stimulate the P1 

receptors, like A1, A2A, A2B, and A3. The receptors differ in their adenosine affinities (between 

1-1000 nM) and have a wide range of effects on immune cells, for example, the inhibition of 

reactive oxygen species, immunosuppression, or the inhibition of pro-inflammatory cytokines, 

making P1 receptors an attractive therapeutic target (Borea et al., 2018; Flögel et al., 2012; 

Müller & Jacobson, 2011).  
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1.3.1 ATP release 

Since ATP molecules cannot simply diffuse across the PM and there is a huge gradient 

between intra- and extracellular ATP levels, there are several mechanisms of cellular ATP 

release (Fig. 1.3) (Schwiebert & Zsembery, 2003; Taruno, 2018). ATP can be released 

uncontrolled from damaged cells (Cook & McCleskey, 2002) or controlled via exocytosis or 

ATP releasing channels (Pankratov et al., 2007; Taruno, 2018; Y. Wang et al., 2013).  

In T cells and microglia, a vesicular nucleotide transporter (VNUT) was identified to be 

responsible for ATP storage and vesicular exocytosis (Imura et al., 2013; Tokunaga et al., 

2010). Tokunaga and colleagues (2010) showed that TCR/CD3-dependent ATP release was 

not only due to ATP releasing channels but also due to vesicular exocytosis by VNUT. 

Moreover, the vesicular ATP release in microglia and T cells depends on increasing [Ca2+]i. 

Five ATP releasing channels are recently confirmed: the connexin (CNX) hemichannels, 

PANX1, Ca2+ homeostasis modulator 1 (CALHM1), volume-regulated anion channels 

(VRACs), and the maxi-anion channels (MACs) (Taruno, 2018).  

VRACs and MACs can be activated by osmotic stress and cell swelling, and hence, regulate 

cell volume. Furthermore, MACs are sensitive to gadolinium (Gd3+) (M. R. Islam et al., 2012; 

Jentsch, 2016). In macrophages and microglia, it was shown that the second messenger 

sphingosine-1-phosphate (S1P), produced after the activation of toll-like receptors (TLR2 and 

TLR4), stimulates VRAC-dependent ATP release, activation of P2X channels, and cell 

migration (Burow et al., 2015; Zahiri et al., 2021). Details of the physiological role of VRAC- 

Figure 1.3: Purinergic signaling cascade. ATP is released via PANX1 and other ATP releasing channels or via 
exocytosis. The released ATP activates the P2X channels. The ectoenzyme CD39 hydrolyzes ATP to ADP and 
further to AMP. ATP and ADP stimulate the P2Y channels. P2X and P2Y activation initiates pro-inflammatory 
responses. AMP, moreover, is hydrolyzed to adenosine by the most prominent ecto-5´-nucelotidase CD73. Anti-
inflammatory responses are induced by the activation of P1 receptors by the adenosine. 
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and MAC-dependent ATP release still remain unclear as their molecular identity is not 

confirmed until now (Burow et al., 2015; Taruno, 2018). 

CNX hemichannels, CALHM1, and PANX1 show structural and functional similarities. A single 

subunit of these channels consists of four transmembrane helices. CNX hemichannels and 

CALHM1 are formed by hexamers, whereas PANX1 is formed by heptamers (Ma et al., 2016; 

Oshima, 2014; Ruan et al., 2020; Siebert et al., 2013). CNX form gap junctions for direct cell-

to-cell communication between neighboring cells, while PANX1 preferably acts as a 

hemichannel to release small molecules from the cytoplasm (Vultaggio-Poma et al., 2020). 

Altered extracellular Ca2+ concentrations activated CALHM1 and CNX hemichannels, and all 

three channels, CALHM1, CNX, and PANX1 hemichannels, were triggered by membrane 

depolarization (Siebert et al., 2013).  

For the opening of PANX1, more mechanisms were postulated. PANX1 is activated not only 

by membrane depolarization but also by caspase cleavage, mechanical stress, increasing 

[Ca2+]i levels, or increasing extracellular potassium (K+) levels, and a few more mechanisms 

are reviewed by Taylor and colleagues in detail (Dosch et al., 2018; Taylor et al., 2015).  

 

1.3.2 P2X channels 

In mammals, seven subtypes of the P2X family were described, P2X1-P2X7. Evolutionary 

relationships within the seven subtypes were discovered: e.g. it is likely that P2rx4 and P2rx7 

shared the same ancestral gene and emerged after gene duplication (Hou & Cao, 2016). 

Moreover, P2rx4 and P2rx7 are located next to each other on the same chromosome and 

functional interactions were proposed while a heteromerization of the two channels was not 

confirmed (Boumechache et al., 2009; Hou & Cao, 2016; Kopp et al., 2019).  

The P2X receptors form trimeric channels and each dolphin-like subunit consists of a C- and 

N-terminus located intracellularly, two transmembrane domains (TM1 and TM2) and a large 

extracellular domain (ectodomain) including the ATP binding site (Browne, 2012; 

Habermacher et al., 2016). The dolphin-like shape of the P2X subunit is comparable for all 

subtypes, whereas the P2X7 channel exhibit a unique cytoplasmic ballast (Fig. 1.4). This part 

contains three β strands forming an antiparallel β sheet tailed by eight α helices, separated by 

loops forming a helical bundle (McCarthy et al., 2019). ATP binding to the trimeric P2X 

channels leads to an opening of the channels permeable for small mono- and bivalent cations, 

like Ca2+, Na+, and K+.  

After persistent ATP binding, the P2X channels are desensitized and, to this end, get inactive 

again. Different desensitization kinetics are mentioned for the P2X subtypes. While P2X1 and 

P2X3 channels desensitize fast, P2X2, P2X4, and P2X5 show slower desensitization, and for 
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P2X7, no desensitization is described (Habermacher et al., 2016; McCarthy et al., 2019; North, 

2002).  

Under physiological conditions, ATP is found in complexes with bivalent cations, like 

magnesium (Mg2+) (Di Virgilio et al., 2001). MgATP2- complexes show different actions on the 

P2X subtypes. P2X2, P2X4, and P2X7 receptors are assumed to need free ATP for their 

activation, whereas P2X1 and P2X3 receptors are also sensitive to MgATP2- (Li et al., 2013; 

Markwardt, 2021). Mg2+ ions themselves inhibit P2X channel activation (McCarthy et al., 2019), 

for P2X2 by binding to the ATP inside the agonist binding pocket and for P2X3, most likely by 

binding to the central chamber at the threefold axis (Li et al., 2013). Such results indicate a 

modulating role of bivalent cations on the activation of P2X channels.  

Furthermore, the subtypes show not only different desensitization properties and sensitivities 

to bivalent cations but also get activated by different concentrations of ATP. P2X1, P2X3, and 

P2X5 are sensitive to ATP in the nanomolar range, whereas P2X2 and P2X4 get activated in 

the low micromolar range. P2X7 can be activated by ATP concentrations higher than 100 µM 

(Kaczmarek-Hájek et al., 2012). ATP concentrations in the micromolar range trigger P2X7 

functioning as an ion channel, whereas high concentrations in the millimolar range trigger 

P2X7-mediated cell death (Junger, 2011).  

Figure 1.4: P2X monomer structure. A) P2X4 monomer has a dolphin like structure. α helices (TM1–2 and α 2–
5), β strands (β 1–14), disulphide bonds (SS1–5), and attached glycans (g2 and g4) are indicated. The structure of 
the P2X4 subunit is comparable for all P2X channel subtypes. B) The P2X7 monomer exhibits a unique cytoplasmic 
ballast (as indicated in the dark red square). It contains three β strands forming an antiparallel β sheet that is tailed 
by eight α helices, separated by loops forming a helical bundle. Modified from A) Kawate et al., 2009 and B) 
McCarthy et al., 2019. 
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P2X7 is the most studied P2X channel because it regulates many inflammatory responses and 

its ability to form a non-selective macropore (Grassi, 2020; Linden et al., 2019). Different 

mechanisms of pore formation are discussed. One described mechanism is the so-called “pore 

dilation” hypothesis. It proposes that the pore formation is a function of the P2X7 channel itself 

and the ability of the channel to increase its permeability on its own. Another described 

mechanism for the pore formation is the interaction of the P2X7 channel with other channel 

proteins to generate a macropore, like the PANX1 hemichannel (Kopp et al., 2019).  

Furthermore, a P2X7-unique ATP-independent activation pathway is postulated in murine 

cells. In the presence of NAD+, the ecto-ADP-ribosyltransferase ARTC2.2 catalyzes the ADP-

ribosylation of the P2X7 receptor resulting in channel opening and induction of cell death (Er-

Lukowiak et al., 2020; Rivas-Yáñez et al., 2020).  

P2X1, P2X4, and P2X7 channels are described to be implicated in Ca2+ signaling in T cells 

and to influence the activation of the NFAT and cytokine production (Woehrle et al., 2010; Yip 

et al., 2009).  

 

1.3.3 P2Y receptors 

P2Y receptors belong to the rhodopsin-like GPCR family, the largest group of GPCRs in 

vertebrates and eight subtypes (P2Y1, P2Y2, P2Y4, P2Y6, and P2Y11-14) are described (Le 

Duc et al., 2017). The GPCRs bind G proteins at the inner surface of the cell that form 

heterotrimeric complexes consisting of Gα subunit that is closely associated with Gβγ 

subunits. G proteins are divided into four subtypes Gs, Gi/0, Gq/11, and G12/13 (Neves et al., 2002). 

Activation of the P2Y receptor leads to a dissociation of the G protein from the receptor and 

dissociation of the G protein subunits from each other to activate or deactivate other effector 

proteins (Erb & Weisman, 2012). Due to their G protein coupling, P2Y receptors are also 

divided into two subfamilies. The Gq/11 coupled subfamily includes P2Y1, P2Y2, P2Y4, and 

P2Y11 receptors stimulating PLC, whereas the Gi/q coupled subfamily consists of the P2Y12-

14 subtypes inhibiting adenylate cyclase (AC) (Jacobson et al., 2012; Von Kügelgen & 

Hoffmann, 2016). 

P2Y1, P2Y11, P2Y12, and P2Y13 are activated by adenine nucleotides, whereas P2Y4 and 

P2Y6 are activated via pyrimidine nucleotides. P2Y2 is sensitive to ATP and UTP and P2Y14 

to uridine diphosphate (UDP)-sugars (Chambers et al., 2000; Kolen & Slegers, 2006; Le Duc 

et al., 2017). Previous studies show the influence of the P2Y receptors on immune responses, 

like modulation of Ca2+ fluxes, chemotaxis, phagocytosis, or cell migration (Le Duc et al., 

2017). Accordingly, one example is the P2Y1 receptor in macrophages. This receptor is 

proposed to be implicated in neutrophil migration in inflammatory tissues by increasing the 

secretion of the chemokine CXCL2 (Zhang et al., 2021).  
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Another pro-inflammatory pathway is influenced by P2Y11. The receptor is assumed to be 

sensitive to nicotinamide adenine dinucleotide (NAD+) and NAADP. Once P2Y11 is activated, 

it stimulates PLC to increase the intracellular production of IP3 and, consequently, [Ca2+]i. 

Additionally, P2Y11 activity is coupled to activation of the AC increasing cAMP concentrations 

(Moreschi et al., 2008).  

Furthermore, P2Y receptors like P2Y1, P2Y2, or P2Y11 are co-expressed with P2X receptors, 

like P2X1 or P2X7, to potentiate and fine-tune their activity (Dreisig et al., 2018; Vial et al., 

2004), indicating a regulatory function of P2Y receptors on P2X receptor activity.  

 

1.3.4 Purinergic Ca2+ signaling in T cells 

As previously described in 1.2.1, activation of T cells leads to increasing Ca2+ concentrations 

inside the cytosol. Rapid Ca2+ buffering occurs through the activity of MCUs, raising Ca2+ levels 

inside the mitochondria. It is postulated that the Ca2+ uptake into the mitochondria elevates 

ATP production and that TCR/CD3 stimulation triggers the mitochondria to accumulate at the 

immune synapse (Ledderose et al., 2014).  

ATP is mentioned to be released from the T cell after TCR/CD3 stimulation via the PANX1 that 

translocates to the immune synapse within 5 min after TCR/CD3 stimulation (Woehrle et al., 

2010). Another study suggests, that TCR/CD3-dependent ATP release is not only due to 

PANX1 channel activity, but also due to the channel activity of gap junction hemichannels, 

MACs and interestingly also due to exocytosis (Tokunaga et al., 2010).  

Extracellular ATP stimulates the P2X channels (Fig. 1.5). The P2X1, P2X4, and P2X7 

channels are assumed to be implicated in Ca2+ influx after TCR/CD3 stimulation (Woehrle et 

al., 2010; Yip et al., 2009). P2X1 and P2X4 moreover co-localize with STIM1 and ORAI1 in 

activated T cells (Woehrle et al., 2010), suggesting an amplifying effect of P2X channels on 

Ca2+ signaling. The purinergic activation of T cells leads to downstream effects, like NFAT 

activation and cytokine production (Manohar et al., 2012; Yip et al., 2009).  

Stimulation of chemokine receptors promotes the clustering of P2X4 channels and 

mitochondria at the front of cells for local Ca2+ and ATP raises to induce T cell migration 

(Ledderose et al., 2018). Furthermore, paracrine ATP is sensed by P2X4 and P2X7 in 

unstimulated T cells resulting in Ca2+ waves and a reduced T cell motility. This might be a 

specific mechanism of T cells for advanced DC scanning (C. M. Wang et al., 2014).  
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1.4 Ca2+ imaging: Ca2+ indicators 

Ca2+ signals promote the conversion of external stimuli into internal responses in cells, like the 

activation of T cells (Guse et al., 2021; Trebak & Kinet, 2019).  

To study [Ca2+]i, intracellular Ca2+ indicators are needed. The first chemical Ca2+ indicators, 

which were membrane permeable, were introduced in 1981 by R. Tsien. He masked the 

indicators by acetoxymethyl (AM) groups orchestrating the indicators through the PM into the 

cytosol, where the AM groups were cleaved by unspecific esterases making the indicators 

polar and unable to diffuse through the PM and hence accumulate in the cytosol (Meldolesi, 

2004; Tsien, 1981). In 1985, the nowadays very commonly used chemical indicators Fura-2 

and Indo-1 were developed. Compared to older indicators, the advantages of these indicators 

are that they exhibited lower Ca2+ affinities, higher fluorescence intensity and ratiometric 

properties. The binding of Ca2+ to Fura-2 shifts the excitation from the Ca2+ free form at 380 

nm to 340 nm, whereas the emission stays the same (Fig. 1.6). The shift in the excitation can 

be used for calculating the ratio. 

 

Figure 1.5: Purinergic signaling after TCR/CD3 stimulation. The TCR/CD3 stimulation of a T cell triggers the 
production of ATP, which is released from the cell via PANX1. Autocrine and paracrine released ATP activates 
P2X1, P2X4 and P2X7. Ca2+ signals were amplified by the activity of P2X4 and P2X7. From Junger, 2011. 
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In contrast to Fura-2, Indo-1 shows dual emission spectra upon Ca2+ binding at the same 

excitation wavelength (Grynkiewicz et al., 1985). Today a long list of chemical Ca2+ indicators 

is available including single-, dual-excitation and dual-emission-wavelength fluorescent dyes, 

ranging from a maximum effective dissociation constant Kd of 110 nM (quin2) to a minimum Kd 

of 90 000 nM (Fluo-5N) (Meldolesi, 2004).  

Another group of Ca2+ indicators are the GECIs. They are based on the Green Fluorescence 

Protein (GFP) and other fluorescence protein family members. A Ca2+ binding moiety is fused 

to the fluorescence protein to create a chimeric construct sensing Ca2+ alteration that can be 

expressed in different cell types or fused to single channels of interest, like the SOCE channel 

Orai1 (Demuro & Parker, 2006; Dynes et al., 2016; Mank & Griesbeck, 2008).  

Comparison of chemical and genetically encoded Ca2+ indicators showed an advantage of 

chemical Ca2+ dyes. They combine high Ca2+ sensitivities with fast binding kinetics (Mank & 

Griesbeck, 2008), making chemical Ca2+ dyes good tools for measuring rapid Ca2+ alterations 

in cells, whereas GECIs are more suitable for single-channel recordings.  

Analysis of local and spatiotemporally restricted signals, like the Ca2+ microdomains, using the 

common techniques was challenging for a long time due to their rapid and dynamic formation. 

A ratiometric technique was developed based on the combination of two existing dyes, Fluo-4 

and FuraRed. Loading of T cells with the two dyes show similar Ca2+ binding and 

photobleaching properties and a similar subcellular distribution. This technique improves 

spatial and temporal resolution (approx. 0.368 µm and 40 fps) for subcellular Ca2+ imaging (C. 

M. Wang et al., 2014; Wolf et al., 2015). 

Figure 1.6: Excitation spectra for 1 µM Fura-2. Upon Ca2+ binding the excitation is shifted from 380 nm to 340 
nm. This shift enables the use of the indicator for ratiometric calculations. Ratiometric Ca2+ measurements have 
many advantages compared to single-wavelength measurements, e.g. movements of a cell or its´ plasticity 
influencing the fluorescence intensity will be negligible due to the calculation of the ratio. From Grynkiewicz et al., 
1985. 
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1.4.1 Ca2+ imaging: image restoration 

The output of high-resolution life cell imaging measurements depends not only on the quality 

of the fluorescent indicators but also on the acquisition setups, like microscope type, objective, 

exposure time and the camera used. All these parameters influence the fluorescence of the 

dye or fluorescent protein due to photobleaching and phototoxicity. To prevent damages by 

phototoxicity or photobleaching, the light exposure, imaging speed or spatial resolution are 

adjustable key factors (Ettinger & Wittmann, 2014; Weigert et al., 2018). Especially the nature 

of Ca2+ microdomains being highly dynamic, fast fugitive signals makes them a challenging 

task for imaging approaches. Imaging speed and spatial resolution need to be as high as 

possible, resulting in the usage of a low exposure time and, to this end, in low signal-to-noise 

ratios (SNRs) and image degradation.  

Noise is one cause of image degradation (Wallace et al., 2001). The source of noise in 

microscopy approaches is known. Noise can occur due to the signal itself (“photon shot noise”) 

or from the digital imaging system (Wallace et al., 2001). Since the source of noise and the 

mechanism through it are understood, it is possible to calculate a statistical distribution of 

noise; one characterizes the signal-dependent noise (“Poisson distribution”) and another one 

the imaging system-dependent noise (“Gaussian distribution”) (Wallace et al., 2001).  

Moreover, other factors than noise cause image degradation. One of these factors is blurring 

(Young, 1989). The three-dimensional shape of imaged cells is responsible for emitting light 

from different planes. A microscope detector senses light from the cell section, which the 

microscope objective focuses on. Additionally, it senses emitted light from the out-of-focus cell 

sections. Out-of-focus light is one reason for image degradation and define the blurring of an 

image. It can be characterized by the so-called “point spread function” (PSF, Fig. 1.7) (Sarder 

& Nehorai, 2006).  

The PSF is a spatiotemporally independent parameter depending on the microscope setup 

(Anastasopoulou et al., 2019). On the one hand, a point of light source from one plane spreads 

light to another plane of an object (McNally et al., 1999). On the other hand, the light intensity 

of one plane is spread due to diffraction and variations inside the system (Sage et al., 2017). 

The sum of these “point-spread-functions” of each plane composes an image and can be used 

Figure 1.7: Point-spread-function. Theoretically predicted PSF for a 100X, 1.35 NA Olympus UplanApo 
objective. Distances above and below focus are sown from +3.0 µm to -3.0 µm. Modified from McNally et al. 1999. 
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to deconvolve an image. The PSF is obtained experimentally or mathematically (Markham, 

1999). 

Computational restoration techniques utilize the knowledge about degradation causes like 

noise distribution or blurring and the PSF to reconstruct an image with the closest possible 

conformance with the original object (Arigovindan et al., 2013; Sarder & Nehorai, 2006; 

Schaefer et al., 2001; Weigert et al., 2018).  

There are many different conventional deconvolution techniques, most of which can be broadly 

categorized into “deblurring” and “image restoration” algorithms. Deblurring algorithms operate 

in a 2-D fashion plane-by-plane, whereas image restoration algorithms are 3-D and work 

simultaneously on every pixel in an image stack (Wallace et al., 2001). Deblurring algorithm 

includes algorithms like the “no-neighbors methods” or “neighboring methods”. In contrast, 

image restoration algorithms are methods like “linear methods” (e.g., inverse filtering or Wiener 

filtering), nonlinear iterative methods (e.g., Janson Van Cittert or Tikhonov-Miller), statistical 

methods, and blind deconvolution (BD) (Sage et al., 2017; Sarder & Nehorai, 2006; Wallace 

et al., 2001). Additionally, for iterative methods, mathematically assumptions of the original 

object can also be used to improve the deconvolved result: e.g. when we assume that an 

object is relatively smooth, noisy results with rough edges can be eliminated (Wallace et al., 

2001). This technique is called regularization, narrowing possible estimations produced by an 

iterative algorithm concerning to some assumptions about the original object (Poggio et al., 

1988; Wallace et al., 2001). 

Many deconvolution algorithms perform poorly on measurable subcellular details in the 

presence of noise. Arigovindan and co-workers (2013) introduced a unique logarithmic 

(entropy-like) regularization term that emphasizes the stabilization of the noise, known as noise 

regularization. The regularization is adapted to the spatial features of the fluorescence signal 

to increase spatial smoothness and image resolution for low SNR images (Arigovindan et al., 

2013). 

 

1.5 Study objective 

The activation of T cells initiates the adaptive immune response. Following TCR/CD3 

stimulation, Ca2+ signals translate the external stimulus into intracellular responses. 

Uncovering the dynamic mechanism of Ca2+ signaling is essential for comprehending T cell 

activation and downstream events.  

Analysis of Ca2+ microdomains in different mouse models identified several key players of Ca2+ 

release and entry involved in the formation of these signals: Milliseconds after TCR/CD3 

stimulation, the second messenger NAADP was shown to activate RYR1 via HN1L/JPT2, 

resulting in a Ca2+ release from the ER. Furthermore, it was demonstrated that ER depletion 
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is sensed by STIM1/2 stimulating the SOCE channel ORAI1. The ATP-gated channels P2X4 

and P2X7 were demonstrated to foster Ca2+ signals during later steps of T cell activation; 

however, their impact on the formation of Ca2+ microdomains was unknown. While ATP acts 

as an extracellular signaling molecule and Ca2+ as an intracellular signaling ion, the P2X 

channels directly connect extracellular and intracellular signaling cascades.  

The main objective of this thesis was to uncover the role of P2X4 and P2X7 on the formation 

of Ca2+ microdomains. Therefore, Ca2+ live-cell-imaging was performed using P2rx4-/- and 

P2rx7-/- CD4+ T cells, antagonists or inhibiting nanobodies. Additionally, apyrase, an ATP 

degrading enzyme, and an antagonist for the ATP releasing channel PANX1 were used to 

analyze the role of extracellular ATP on the formation of Ca2+ microdomains. Downstream 

events, like the expression of CD69 or Nur77, were analyzed to elucidate and differentiate the 

channel functions of P2X4 and P2X7 and their impact on the immune response. 

Although, the Ca2+ imaging approach enabled the discovery of short-lived Ca2+ microdomains, 

the approach is technically limited by its spatial and temporal resolution. Computational 

restoration of low SNR images can further increase their quality afterwards. Thus, advanced 

computational solutions for image sequences were tested to improve temporal resolution and 

visualization of Ca2+ microdomains.  
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2.1.1 Publication I: Contribution 

In this publication, a deconvolution algorithm (Arigovindan et al., 2013) was extended by a 

regularization term emphasizing the time dependency of an image sequence, S.10 term (1). 

The algorithm can be used to deconvolve Ca2+ microdomain sequences or other low SNR 

image sequences to increase the resolution of the sequence computationally. The algorithm 

was tested on different image sequence datasets. Two datasets concern Ca2+ imaging in T 

cells. In one of these datasets, lysosomal TPCs of Jurkat T cells were tagged with a genetically 

encoded Ca2+ indicator to visualize local lysosomal Ca2+ release. For the other dataset, Jurkat 

T cells were loaded with Fluo4 and FuraRed to visualize cytosolic Ca2+ microdomains. 

Moreover, the algorithm by Arigovinian and co-workers (Arigovindan et al., 2013) was 

implemented and tested on static images in our lab. I was involved in data acquisition and 

implementing the algorithm in the Calcium Signaling working group. Since the algorithm was 

written in the scripting language Python, I was responsible for installing all necessary programs 

to run the script in the laboratory of the Calcium Signaling group and for testing the script itself 

and the user-friendliness of the script. Moreover, I assisted adjusting the algorithm's 

parameters, e.g., for the analytical calculation of the PSF, for the microscope system used for 

the data acquisition. I was also involved in reviewing and editing the manuscript. 
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2.2 Publication II 
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2.2.1 Publication II: Contribution 

In this publication, the roles of the purinergic cation channels P2X4 and P2X7 and of the ATP 

releasing channel PANX1 on the formation of Ca2+ microdomains were analyzed using a high-

resolution live-cell-imaging system as described earlier by our group (Diercks et al., 2019; Wolf 

et al., 2015). I performed all Ca2+ microdomain measurements in murine CD4+ T cells in the 

presence and absence of direct TCR/CD3 stimulation with and without anti-CD3/anti-CD28 

coated beads. To elucidate the influence of P2X4, P2X7 and PANX1 on the formation of Ca2+ 

microdomains, I used a wide set of approaches, including knockout mouse models, chemical 

antagonists, inhibiting nanobodies, apyrase and inactivated apyrase. Additionally, I was 

responsible for the co-localization measurements of P2X4 and P2X7 using super-resolution 

imaging with optical reassignment (SoRa) to analyze the interaction of the channels. 

Downstream effects of the P2X4 and P2X7 channel deficiency were studied. Thus, I measured 

global Ca2+ signals in the T cells loaded with Fura-2. Finally, I carried out the statistical data 

analysis, prepared the figures and wrote the first draft of the manuscript. 
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2.2.2 Publication II: Paper of the Month 
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3. Discussion 

3.1 Summary of the results implemented in this thesis 

The aim of this PhD project was to understand the impact of purinergic signaling on the 

formation of initial Ca2+ microdomains. The visualization of Ca2+ signals, especially of the 

spatiotemporally restricted Ca2+ microdomains, is challenging. To this end, an advanced image 

deconvolution algorithm was adjusted for Ca2+ imaging sequences. The unique algorithm, 

which emphasizes the time dependency of an imaging sequence for image reconstruction, 

was tested on different datasets concerning Ca2+ imaging: (i) one synthetic dataset with 

simulated Ca2+ signals, (ii) two datasets visualizing Ca2+ microdomains with different Ca2+ 

indicators in T cells and (iii) another dataset of spontaneous Ca2+ signals in astrocytes. 

As major part, we analyzed the role of the ATP-gated cation channels P2X4 and P2X7 on the 

formation of Ca2+ microdomains using either knockout mice, pharmacological antagonists or 

inhibiting nanobodies. For the first time, P2X4 and P2X7 channels were shown to promote the 

formation of Ca2+ microdomains milliseconds after T cell stimulation. Moreover, this thesis 

hypothesized that extracellular ATP released from the activated cell via PANX1, fosters the 

Ca2+ microdomain formation by activating the P2X channels. In CD4+ T cells, in the absence 

of direct TCR/CD3 stimulation, the purinergic axis of P2X4/PANX1 triggered the formation of 

Ca2+ microdomains with lower amplitude and frequency compared to those occurring after 

TCR/CD3 stimulation. Co-localization analysis of P2X4 and P2X7 revealed no functional 

interaction of the two channels during the formation of initial Ca2+ microdomains in the absence 

or presence of TCR/CD3 stimulation. An extended (5 min) stimulation of the T cell with an anti-

CD3 antibody increased colocalization of P2X4 and P2X7. Finally, global Ca2+ signaling was 

decreased in both, P2rx4-/- and P2rx7-/-. In contrast, only in T cells of P2rx7-/-, but not of P2rx4-

/-, the expression of NUR77 and the proliferation of the T cells was reduced, revealing 

functional differences of the two purinergic channels in T cells.  

 

3.2 Ca2+ signaling: image restoration 

Deconvolution techniques can improve the resolution of a blurred image or reconstruct the 

blurred image of an object (Wallace et al., 2001). Several image restoration techniques have 

been developed and are suitable for different approaches, like photography (Kang, 1998) and 

microscopy (McNally et al., 1999; Sage et al., 2017). This thesis aimed to extend a 

deconvolution algorithm suited for fluorescence image sequences of Ca2+ microdomains.  
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Common algorithms are often optimized for natural images and applied to fluorescence images 

regardless of their highly different characteristics. Fluorescence images generally show small, 

single structures on dark backgrounds, whereas natural images, e.g. photos, contain different 

structural elements with smooth transitions of brighter to darker elements and more colors 

(Dey et al., 2006; Kang, 1998; McNally et al., 1999; Schelten et al., 2015). Deconvolution 

algorithms generate estimations of an original object to create an image of it (Wallace et al., 

2001). To this end, different approaches are needed for fluorescence images compared to 

other images. Arigovindan and colleagues (2013) assume that fluorescence images are 

characterized by sparsely distributed high-intensity points. They introduced an “entropy-like” 

regularizer term with a logarithmic weighting that has a more pronounced sparsifying effect for 

the intensity variations in fluorescence images. They claim and experimentally show that their 

algorithm captures the spatial image patterns of fluorescence images better than commonly 

used modern methods (Fig. 3.1), e.g. Huygens constrained maximum-likelihood method 

(Arigovindan et al., 2013).  

The algorithm emphasizes the spatial characteristics of a fluorescence image, whereas it does 

not address the temporal characteristics of an image sequence. The Ca2+ microdomain 

measurements we usually perform, are sequences and not single-frame images. The spatial 

features of a single frame can change in a series of multiple frames. Deconvolution algorithms 

like the “entropy-like” algorithm deal with this only for every single frame (Arigovindan et al., 

2013), while temporal relationships are not considered. Thus, the “entropy-like” algorithm, 

including the spatial regularization (Arigovindan et al., 2013), was extended during this thesis 

by the time-dependency of an image sequence. The advantage of the extended algorithm is a 

Figure 3.1: Spatial image patterns were captured better by the “entropy-like” deconvolution algorithm (ER-
Decon). Depth color-coded z-projections of deconvolved live images of yeast Zip1 filament. Raw image (left, RAW). 
Image after deconvolution with the “entropy-like” algorithm (middle, ER-Decon) and after deconvolution with 
Huygens constrained maximum-likelihood method (right, Huygens). Modified from Arigovindan et al. 2013. 
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new regularizer term utilizing now the temporal information of an image sequence to improve 

the temporal resolution (Woelk et al., 2021). To this end, not only Ca2+ imaging sequences will 

benefit from the new deconvolution algorithm but also a wide range of other molecular 

fluorescence approaches analyzing time-dependent changes.  

Although deconvolution techniques can enhance the spatial and temporal resolution of a 

blurred image, artifact formation is a problem. Artifacts are characterized by the loss of very 

dim signals and structures or the blurring or “blowing up” of very bright signals (Wallace et al., 

2001). For example, the Lucy-Richardson algorithm often produces intensity oscillation 

artifacts due to a noise amplification after a small number of iterations, which can be clearly 

improved by a specific regularization term (Dey et al., 2006). Here, our algorithm tends to blur 

only spots of very high Ca2+ concentrations, which might be due to the commonly used data 

fidelity component of the algorithm that suppresses high-frequency components (Woelk et al., 

2021). In future approaches, this commonly used data fidelity component needs to be adjusted 

to improve the algorithm for high SNR images. 

The algorithm was written using the scripting language Python, enhancing the portability to 

different platforms like Windows or Macintosh (Chapman & Chang, 2000). Moreover, Python 

is easy to read for a wide community and the established code consists of only a few data-

dependent adjustable parameters (Arigovindan et al., 2013; Woelk et al., 2021), increasing 

user-friendliness. The adjustable parameters influence the smoothness and restoration of 

weak intensities in the spatial and temporal direction (Arigovindan et al., 2013; Woelk et al., 

2021) and the iterative nature of the algorithm might increase artifacts by amplifying it 

(Anastasopoulou et al., 2019). Anastasopoulou and colleagues (2019) described the 

appearance of artifacts in their image with a higher iteration number during their optimization 

of parameters for a different iterative deconvolution algorithm. Nevertheless, iterations do not 

necessarily increase artifact formation. Thus, the adjustable parameters must be chosen 

thoughtfully, depending on the used algorithm and the input data.  

 

3.3 The complexity of the Ca2+ channel network 

The formation of Ca2+ microdomains is a quite complex network of different, interacting key 

players of Ca2+ release and entry channels (Brock et al., 2022; Diercks et al., 2018; Gu et al., 

2021; Roggenkamp et al., 2021; Wolf et al., 2015). The second messenger NAADP, which is 

rapidly produced by the NADPH oxidase DUOX2 (Gu et al., 2021) and orchestrated by the 

NAADP-binding protein HN1L/JPT2, targets the RYR1 channel in the ER membrane 

(Roggenkamp et al., 2021). Ca2+ release from the ER is sensed by STIM1 and STIM2, 

activating SOCE by ORAI1 (Diercks et al., 2018). We recently published the role of the ATP-

gated cation channels P2X4 and P2X7 on the formation of Ca2+ microdomains (Brock et al., 
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2022), pointing out another, so far unknown key player of the Ca2+ microdomain formation 

network. A question that arises is why Ca2+ microdomain formation is influenced by such a 

huge network of different channels and proteins? Since global Ca2+ signaling maintains many 

diverse cell responses, like cytokine expression, cell metabolism, migration, invasion and 

differentiation (Bootman & Bultynck, 2020; Gu et al., 2021; Ledderose et al., 2018; Macian, 

2005; Y. Wang et al., 2020), the versatility of interacting proteins forming Ca2+ microdomains 

might direct the responses of the cells depending on their physiological needs.  

The translocation of NFAT to the nucleus was shown to be triggered by Ca2+ signals formed 

by NAADP-mediated RYR1 activity, SOCE and purinergic signaling via the P2X channels 

(Dammermann et al., 2009; Emrich et al., 2021; Prasai et al., 2011). The structure of the NFAT 

DNA-binding domain is highly flexible, permitting the interaction with many different 

transcription partners, like the activator protein (AP) 1 or the interferon regulatory factor 4 

(IRF4) (Jain et al., 1992; Macian, 2005; Rengarajan et al., 2002). Thus, NFAT activation 

induces diverse T cell responses, like the expression of different cytokines, proliferation and 

differentiation (Amasaki et al., 2002; Macian, 2005; Yoshida et al., 1998).  

Kar and colleagues (2011) revealed that local Ca2+ signals have a greater impact on the 

initiation of the translocation of NFAT1 than long-lasting global Ca2+ signals. Additionally, they 

proposed a so-called "short term memory" of the NFAT1 translocation to maintain gene 

expression long after the initiation by local Ca2+ signals (Kar et al., 2011). In hippocampal 

neurons, a similar observation was described. After a short 3 min depolarization, a persistent, 

heightened level of nuclear NFATc4 was detected up to 60 min (Oliveria et al., 2007). 

Incubation of the cells with a fast Ca2+ chelator (BAPTA) and a slow chelator (EGTA) indicated 

the dependency of NFAT translocation on spatiotemporally restricted Ca2+ signals. NFATc4 

translocation was strongly suppressed by BAPTA, whereas EGTA treatment did not alter 

NFATc4 movement (Oliveria et al., 2007). The dependency of NFAT translocation on 

spatiotemporally restricted Ca2+ signals and the versatility of the output of NFAT gene 

transcription seems to be one part of the explanation for the utility of the complex network of 

Ca2+ microdomain modulators.  

However, cell migration has also been described to be dependent on precisely coordinated 

Ca2+ signals. In non-excitable melanoma cells, it was shown that their ability to initiate 

invadopodia formation, degradation of extracellular membrane and migration into tissues, is 

coordinated by a SOCE-dependent Ca2+/calmodulin – proline-rich tyrosine kinase 2 (Pyk2) – 

sarcoma (Src) kinase pathway (Lu et al., 2019). They observed spontaneous “Ca2+ glows” 

originated exclusively from Ca2+ entry and not from Ca2+ release from cellular Ca2+ stores. 

Moreover, they demonstrated that SOCE-mediated Src activation only occurs in adherent cells 

due to the activation of the cell adhesion kinase Pyk2 (Lu et al., 2019). Newest findings in an 
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osteosarcoma cell line suggest that the migratory ability is affected by different SOCE levels 

due to constitutively active STIM1 or dominant negative STIM1 (Lin et al., 2022). Many studies 

discuss the impact of SOCE on adhesion and migration (Hammad & Machaca, 2021; Lin et 

al., 2022; Lu et al., 2019), although, Ca2+ signals promoted by P2X4 were implicated in T cell 

migration (Ledderose et al., 2018). After T cell activation, P2X4 is activated at the front of the 

cell, while P2Y11 receptors at the back trigger mitochondrial trafficking to the activation site to 

stabilize the formation of the immune synapse and amplify Ca2+ signals promoted by P2X7 

(Ledderose et al., 2020). This mechanism highlights the role of precisely localized Ca2+ signals 

to initiate directed cell migration.  

All these cellular processes need energy. Accordingly, Ca2+ signaling is linked to energy 

metabolism of a cell. Stimulation of T cells rapidly increases ATP production inside the 

mitochondria which translocate towards the immune synapse (Ledderose et al., 2014, 2018). 

Already in unstimulated cells a basal IP3R-MCU-mediated Ca2+ transfer from the ER into the 

mitochondrion is essential for optimal mitochondrial activity and cellular bioenergetics 

(Cárdenas et al., 2010). The mitochondria not only sense IP3R-mediated Ca2+ signals for their 

energy production, but also were shown to regulate SOCE by buffering high [Ca2+]i 

concentrations, which otherwise results in a negative feedback loop inhibiting SOCE (Hoth et 

al., 1997). 

Conclusively, these data reveal the complexity of the Ca2+ microdomain network and the 

interplay with ATP and purinergic signaling, and finally highlight the importance of fine-tuning it.  

 

3.4 P2X4 and P2X7: structural and functional differences 

In this thesis, we analyzed the influence of P2X4 and P2X7 on the formation of Ca2+ 

microdomains and identified different time periods of action of the two channels (Brock et al., 

2022). 

Analysis of the structure might give insights into the functional differences, although the 

structure of the P2X channels show many similarities. Especially the overall shape of the 

dolphin-like extracellular and transmembrane domains is comparable (Hattori & Gouaux, 2012; 

Mansoor et al., 2016; McCarthy et al., 2019). Three ATP-binding sites are present in a trimeric 

P2X channel at each interface of a subunit pair (Hattori & Gouaux, 2012). The ATP-binding 

sites are located in the extracellular domains and coordinated by the head, left flipper and 

upper body of one subunit and by the dorsal fin and lower body of the neighboring subunit 

(Hattori & Gouaux, 2012; Sheng & Hattori, 2022). The naming of the structural elements is 

related to the dolphin-like shape of the P2X channels. The ATP forms a U-shape with the β- 

and γ-phosphates folded towards the adenine ring inside the binding pocket (Hattori & Gouaux, 

2012). Comparison of, e.g. the human P2X3 (hP2X3, a P2X channel with a high ATP affinity) 
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and rat P2X7 (rP2X7, the P2X channel with the lowest ATP affinity) demonstrated that the U-

shape form of ATP and the shape of the occupied binding pocket are virtually identical 

(McCarthy et al., 2019). Thus, we will have a deeper look into the channel structures, to identify 

structural differences, that might correlate with the functional differences observed in this 

thesis. 

Differences of the ATP binding pocket demonstrate one first insight into channel differences. 

The binding pocket of the rP2X7 comprises a narrow channel (Fig.2, <11 Å orifice) in the apo 

state, whereas the hP2X3 binding pocket shows a wider channel (Fig. 3.2, 17 Å orifice) 

(McCarthy et al., 2019). This observation correlates with the size of ATP of 14 Å (Azarashvili 

et al., 2011), limiting the ligand access for a channel with a smaller orifice. Moreover, this 

correlation might be related to the different ATP affinities of the channels. While P2X3 is 

sensitive to ATP concentrations in the nanomolar range, P2X7 gets activated at ATP 

concentrations in the micromolar range (Kaczmarek-Hájek et al., 2012). In contrast, the P2X4 

channel shows intermediate ATP affinities between P2X3 and P2X7, that also correlates with 

an intermediate ATP binding pocket orifice of approx. 15 Å of the zebrafish P2X4 (zfP2X4) 

structure (Fig. 3.2). The ligand accessibility might explain the different times of activity of P2X4 

and P2X7 observed in this thesis. Since ATP can access the P2X4 channel easier due to the 

wider orifice compared to the one of P2X7, P2X4 might be activated earlier and, like proposed 

before, is more sensitive to ATP. More experiments are needed to confirm the effects of the 

ligand accessibility on the differences in ATP affinity of the P2X channels.  

Moreover, in the binding pocket of the P2X4 channel, an amino acid substitution of leucine 

(Leu) at L214 of the dorsal fin domain alters ligand binding and signal transduction (Zhang et 

al., 2014). The L214 directly hydrophobically interacts with the ATP and influences channel 

desensitization (Zhang et al., 2014). In contrast, in the P2X3 channel the residue serine (S) 

275 in the left flipper is implicated in ATP binding and desensitization (Petrenko et al., 2011). 

Figure 3.2: Extracellular orthosteric binding site. Comparison of the binding pocket orifice of the rP2X7 and 
hP2X3 in the apo state with the binding pocket of the zfP2X4 in the apo state. Figures of rP2X7 and hP2X3 modified 
from McCarthy et al. 2019. zfP2X4 crystal structure published by Hattori and Gouaux 2012 and displayed with 
PyMOL (Version 2.5.2, Schrödinger, LLC.). Distance measurement of the zfP2X4 orifice by PyMOL. 
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Zhang and colleagues (2014) tested for the P2X4 channel different amino acids substitutions 

at the position L214, which resulted in more rapidly desensitizing channels, like the isoleucine 

(Ile) of P2X1 and the methionine (Met) of P2X3 channel. Under natural conditions, the P2X4 

channels show a slower desensitization compared to P2X1 and P2X3, whereas no 

desensitization has been described for P2X7 (Habermacher et al., 2016; McCarthy et al., 

2019). The substitution of Leu in the residue L214 in P2X4 with Ile increases and with Met 

decreases the desensitization rate. Consequently, they hypothesized that this residue might 

influence agonist orientation inside the binding pocket (Zhang et al., 2014). 

These results demonstrate the structural influence on the different ATP affinities, which are 

linked to functional differences of the P2X channels. In this thesis, the P2X4 channel, but not 

the P2X7, was demonstrated to influence TCR/CD3-independent Ca2+ microdomains (Brock 

et al., 2022), correlating with its higher ATP affinity. Since a first, so far measurable, ATP burst 

occurs within 30 seconds after T cell stimulation (Ledderose et al., 2014), a lower ATP release 

might appear already in the absence of direct TCR/CD3 stimulation, which can activate the 

more sensitive P2X4 channel. These assumed spatiotemporally restricted ATP microdomains 

need further investigations. Additionally, the different channel desensitization rates could be 

associated with the different time spots of P2X4 and P2X7 activity. For P2X7, no 

desensitization is described (McCarthy et al., 2019), correlating with the greater impact of 

P2X7 on the downstream signals in T cells, like its influence on the expression of NUR77 

(Brock et al., 2022). 

Another approach to explain the functional differences of P2X channels is an additional key for 

channel desensitization introduced in 2016 by Mansoor and colleagues. They claim that the 

cytoplasmic cap, found in the crystal structure of the hP2X3, stabilizes the channel opening 

and, to this end, sets the rate for channel desensitization (Mansoor et al., 2016). Removal of 

the flexible cytoplasmic cap leads to a recoil of the TM2 for channel desensitization (Mansoor 

et al., 2016). Analysis of the rP2X7 channel structure confirmed the influence of the 

cytoplasmic cap on channel desensitization. In rP2X7, the cytoplasmic cap is anchored by long 

fatty acids and this prevents the TM2 recoiling for channel desensitization (McCarthy et al., 

2019). The differences of the cytoplasmic cap in P2X3 and P2X7 are associated with the 

variations in desensitization of these channels. Since the proposed structure of the P2X4 

channel is truncated in the cytosolic region (Hattori & Gouaux, 2012; Kawate et al., 2009), no 

cytoplasmic cap for this channel is described so far. It can be assumed that the P2X4 channel 

shows structural characteristics of the cytoplasmic cap between the fast-desensitizing P2X3 

channel and the non-desensitizing P2X7 channel due to its intermediate desensitization 

properties. Further investigations in the structure of the cytosolic region of the P2X4 channel 

are needed to confirm this assumption. The structural analysis of the P2X channels, and further 
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the implication of different amino acid residues and channel domains on ATP binding 

properties and channel desensitization demonstrate the complexity of the P2X channel gating. 

Thus, the complexity of P2X channel gating may explain the wide range of functional activities 

of the P2X channels, especially of P2X4 and P2X7. 

As mentioned before, we demonstrated different time periods for P2X4 and P2X7 activity. 

While P2X4 is already active prior direct TCR/CD3 stimulation, P2X7 gets activated after 

TCR/CD3 stimulation (Brock et al., 2022), possibly due to the specific ATP binding properties 

of P2X4 and P2X7. The early activity of P2X4 might forward a rapid response within 

milliseconds to an external T cell stimulus. Following T cell stimulation, P2X4 but not P2X7 

translocates to the immune synapse (Woehrle et al., 2010). Both channels promote the 

formation of Ca2+ microdomains after TCR/CD3 stimulation (Brock et al., 2022), and further 

amplify the Ca2+ signals for a global Ca2+ response and T cell activation (Brock et al., 2022; 

Trebak & Kinet, 2019; Woehrle et al., 2010; Yip et al., 2009). The P2X7 channel might have a 

higher impact on the amplification of the Ca2+ response because of the non-desensitizing 

properties of this channel. The cytosolic ballast of P2X7 contains a binding site for guanine 

nucleotides and a dinuclear zinc ion complex (McCarthy et al., 2019), indicating interactions of 

P2X7 with other proteins, which might also alter channel functions compared to other P2X 

channels.  

Functional differences of P2X4 and P2X7 are described, e.g. their influence on cell migration. 

Stimulation of human CD4+ T cells and of the human leukemia cell line Jurkat with the 

chemokine CXCL12, which binds to the chemokine receptor CXCR4, triggers T cell migration 

to the APC controlled by the accumulation of mitochondria with the P2X4 receptor at the front 

of the T cells (Ledderose et al., 2018). In this context, inhibition of the P2X7 channel did not 

alter migration speed, whereas inhibition of P2X4 decreased migration speed (Ledderose et 

al., 2018). The cell migration (speed and range) was correlated with the expression level of 

CD69 (Ledderose et al., 2018), which is a marker for early T cell activation (Ziegler et al., 

1994). Inhibition of P2X4 significantly decreased CD69 expression after stimulation with the 

chemokine, whereas inhibition of P2X7 did not effect it (Ledderose et al., 2018). 

Additionally, in human PBMC cells stimulated with soluble anti-CD3, the CD69 expression was 

decreased in T cells after P2X4 inhibition (Ledderose et al., 2020). The proposed stimulation 

condition ensures that the CD4+ T cells directly interact with APCs to achieve the required co-

stimulation with the CD28 co-receptor for a complete T cell activation (Ledderose et al., 2020). 

In contrast, in this thesis, the CD69 expression was not altered in murine P2rx4-/- and P2rx7-/- 

T cells after stimulation with soluble anti-CD3 and anti-CD28 (Brock et al., 2022), indicating a 

possible stimulus-dependent activation of P2X4 to promote migration of the T cell to the APC, 

which is followed by the T cell activation. The activity of P2X4 during cell migration further 
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correlates with the low-grade activity of P2X4 in the absence of direct TCR/CD3 stimulation 

described in this thesis (Brock et al., 2022). P2X4 might act as a precursor to promote T cell 

migration to the APC to initiate Ca2+ microdomain formation and to stabilize the immune 

synapse followed by a fostered ATP release and production, P2X7 stimulation and a strong 

activation of the T cell. 

Consequently, the P2X7 channel activity might be required for a strong T cell response, which 

is reflected by the decreased expression level of Nur77 (a marker of the strength of T cell 

stimulation) in murine P2rx7-/- T cells (Brock et al., 2022). Analysis of the responses of the 

P2X4 and P2X7 channels to different stimuli in human and murine T cells will further elucidate 

the functional differences of these two channels during the T cell activation. Furthermore, 

investigations in the structural difference of P2X4 and P2X7, will help to produce highly specific 

antagonists and agonists for their functional differentiation.  

 

3.5 ATP release 

The P2X channels, analyzed in this thesis, are ATP gated. Extracellular ATP is proposed to 

activate the channels for opening and Ca2+ influx. Hence, the first approach to analyze the 

impact of extracellular ATP on the formation of Ca2+ microdomains after TCR/CD3 stimulation 

was to remove the extracellular ATP. To this end, T cells were incubated with apyrase, which 

is an ATP degrading enzyme (Handa & Guidotti, 1996), resulting in significantly reduced Ca2+ 

microdomains (Brock et al., 2022). Moreover, previous publications have highlighted the 

PANX1 channel releasing the ATP after T cell stimulation to activate the P2X channels 

(Schenk et al., 2008; Woehrle et al., 2010). Thus, we analyzed Ca2+ microdomains in cells 

incubated with a PANX1 antagonist in the presence and absence of direct TCR/CD3 

stimulation (Brock et al., 2022). TCR/CD3-independent Ca2+ microdomains were reduced after 

PANX1 inhibition, indicating a required ATP release during this stage of T cell activity. ATP 

release independent of cell stimulation was already proposed in other cell types. In human 

bone marrow-derived mesenchymal stem cells (hMSCs), spontaneously occurring Ca2+ 

oscillations were evoked by CNX hemichannel-mediated ATP release (Kawano et al., 2006). 

Since many studies reveal the role of ATP acting as an autocrine and paracrine signaling 

molecule (Bours et al., 2006; Junger, 2011; Trabanelli et al., 2012), a precise release of 

spatiotemporally restricted ATP microdomains in the absence of direct TCR/CD3 stimulation 

is not unlikely to forward rapid responses.  

The release of ATP is a well-organized mechanism mediated by a wide range of releasing 

channels and proteins or exocytosis (Pankratov et al., 2007; Taruno, 2018; Y. Wang et al., 

2013). A huge variety of pharmacological and biological antagonists were used to identify and 

differentiate ATP releasing channels like CNX, PANX1 or voltage-regulated channels 
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(VRAC/MACs) in many cell types (Lohman & Isakson, 2014). The proposed specific gap 

junction blocker carbenoxolone (CBX) inhibits not only PANX1 and different CNX (Bruzzone 

et al., 2005) but also VRAC-mediated currents (Benfenati et al., 2009; Zahiri et al., 2021). 

Hence, CBX is only one example demonstrating the specificity issues of the pharmacological 

antagonists for ATP releasing channels.  

Since the specificity of pharmacological approaches to distinguish between the ATP releasing 

channels was unsatisfactory, another method was introduced producing specific mimetic 

peptides mimicking primary amino acid sequences of the CNX or PANX1 channels (Dahl et 

al., 1994; Lohman & Isakson, 2014). The initial idea of these mimetic peptides was to imitate 

the docking gate of gap junction channels (Dahl et al., 1994; J. Wang et al., 2007). The 

peptides were used to inhibit CNX or PANX1 channels specifically. However, an inhibitory 

effect of CNX mimetic peptides on PANX1 was demonstrated and vice versa, hypothesizing 

the mechanism of action of these “mimetic” peptides is by a steric channel block rather than 

mimicking some gap junction protein characteristics (J. Wang et al., 2007).  

The antagonist for PANX1 used in this theses was the mimetic peptide 10Panx1 (Brock et al., 

2022). Thus, we cannot exclude the role of CNX in the release of ATP during the formation of 

Ca2+ microdomains. Analysis of CNX in lymphocyte subpopulations reveal the surface 

expression of the CNXs Cx40 and Cx43, which were upregulated after cell stimulation (Oviedo-

Orta et al., 2000). Additionally, an ATP release via vesicular exocytosis after T cell stimulation 

was reported in previous studies (Tokunaga et al., 2010). Hence, the ATP releasing 

mechanism during the formation of Ca2+ microdomains needs to be addressed in more detail. 

Knockout models and more specific pharmacological approaches, as well as the development 

of highly specific inhibiting nanobodies for CNX and PANX1 like those already available for 

P2X7 (Danquah et al., 2016), might be suitable strategies to validate the results.  

For PANX1, a knockout mouse line is available, but it is bred on C57BL/6J background 

(Vandenbeuch et al., 2015). We performed all mouse experiments implemented in this study 

on the Balb/C background due to a single nucleotide polymorphism (SNP) of P2rx7. Different 

mouse lines carry either a proline (Pro) or a Leu at the position 452 of the C-terminal tail of the 

P2X7 receptor, influencing P2X7 mediated pore formation (Adriouch et al., 2002), but not Ca2+ 

flux (Le Stunff et al., 2004; Sorge et al., 2012). The P2rx4-/- C57BL/6J mouse was backcrossed 

from a Balb/C background and differs from the WT C57BL/6J in the single nucleotide 

polymorphism of P2rx7, leading to a higher P2X7 surface expression and a higher sensitivity 

to ATP and NAD+ compared to the WT (Er-Lukowiak et al., 2020). Although Ca2+ signaling is 

not directly influenced by the SNP, we decided to work on the Balb/C background to enable 

comparability of T cells from P2rx4-/- and P2rx7-/- and the corresponding WT. Accordingly, 
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analysis of the inhibited PANX1 channel were performed on the same mouse background, on 

which no PANX1 knockout is available. 

 

3.6 Species-dependent differences: transferability of mouse data 

The influence of the purinergic signaling via PANX1, P2X4 and P2X7 on the formation of Ca2+ 

microdomains described in this thesis was studied in primary murine T cells. Using knockouts 

of P2X4 and P2X7 enabled a clear differentiation of the channel function, especially in the 

formation of TCR/CD3-independent Ca2+ microdomains. As we have seen for the 

differentiation of ATP releasing channels, pharmacological antagonists are often lacking 

specificity, while side effects cannot be excluded for a knockout as well as pharmacological 

approaches. In the study implemented in this thesis, we used both knockout and 

pharmacological or nanobody-mediated inhibition of P2X4 and P2X7, verifying the functional 

effects (Brock et al., 2022). The aim of analyzing the influence of these channels on the 

formation of Ca2+ microdomains was to elucidate the mechanism of T cell activation as an 

initial part of the adaptive immune response, thus opening up new possibilities for therapeutic 

targets. Accordingly, it might be interesting to discuss if and to what extent the data acquired 

using murine T cells are transferable to humans. 

A very remarkable difference is the P2Y11 receptor that is expressed in human but not in 

murine cells (Dreisig & Kornum, 2016). The P2Y11 receptor is associated with an ATP-, NAD+- 

or NAADP-mediated Ca2+ and AC signaling as well as cAMP production (Dreisig & Kornum, 

2016; Moreschi et al., 2006, 2008). Moreover, P2Y11 was shown to influence P2X7. The 

GPCR receptor affects the sensitivity of P2X7 to ATP and protects the cells against pore 

formation and cell death, whereas P2X7-associated Ca2+ signaling is not influenced (Dreisig 

et al., 2018). Dreisig and colleagues (2018) postulated that the decreased responsiveness of 

naïve human CD8+ T cells to ATP was due to the P2Y11 receptor expression. Since murine T 

cells lack the P2ry11, the species-dependent differences in ATP responsiveness might also 

be due to this receptor, although some studies hypothesize the existence of a P2Y11-like 

protein in mice (Bourguignon et al., 2019; Prada et al., 2019). In retinal microvessels from rats, 

a similar P2X7-mediated cell death preventing mechanism due to another P2Y receptor than 

P2Y11 was shown, namely P2Y4 (Sugiyama et al., 2005). P2Y4 was found to prevent pore 

formation after ATP induction (Sugiyama et al., 2005), implying that P2Y11 functions might be 

replaced by the activity of other receptors in species lacking the P2Y11 receptor or, like 

proposed before, by a P2Y11-like protein. 

Ledderose and co-workers (2020) also demonstrated the unique role of P2Y11 on P2X 

channels. During the formation of an immune synapse, P2Y11 via the cAMP/protein kinase A 

(PKA) pathway together with P2X4 orchestrates mitochondria to the front of the cell to foster 
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localized ATP release to enhance P2X4- and P2X7-mediated Ca2+ signaling and cell migration 

(Ledderose et al., 2020). The P2Y11 receptor is a good example of receptor-dependent 

differences in human and murine cells. This GPCR influences the sensitivity of the P2X7 

receptor and functions with the P2X4 receptor in a cooperative manner. The impact of the 

receptor on the formation of Ca2+ microdomains due to its ability to alter P2X channel function 

is still unclear since we performed our analysis in murine T cells. Further investigations on the 

interaction of P2X and P2Y receptors and the formation of P2X-mediated Ca2+ microdomains 

in human CD4+ T cells are required. 

Beside interaction partners of the purinergic channel can differ in murine and human cells, the 

P2X7 channel, e.g. shows species-dependent structural differences. The P2X7 channel 

activation kinetics were demonstrated to speed up during repeated stimulation with ATP 

(McCarthy et al., 2019; Roger et al., 2010). This phenomenon, called channel facilitation, was 

not due to an increased channel expression at the PM, but due to some biophysical properties 

of the channel (Roger et al., 2010). The human and rat P2X7 channel differ in channel 

facilitation. The hP2X7 facilitates slower than the rP2X7. Interestingly, these differences are 

due to a CaM-binding site in the C-terminal end of the rP2X7, which is absent in the hP2X7 

(Roger et al., 2010). The recently published full-length structure of rP2X7 highlights the 

cytosolic ballast as an important channel compartment for interactions with other proteins 

(McCarthy et al., 2019). A structural comparison of this region in different species may reveal 

functional differences between human and other species. 

Functional differences were observed here in comparison to previous studies. We performed 

expression analysis of, e.g. CD69 in P2X4 and P2X7 knockout mice and analyzed the 

proliferation of CD4+ T cells (Brock et al., 2022). The expression of CD69, a marker for early T 

cell activation, was not altered in murine CD4+ T cells of P2rx4-/- and P2rx7-/- after TCR/CD3 

stimulation, whereas the proliferation of these cells was significantly decreased in T cells of 

the P2rx7-/- mice (Brock et al., 2022). In contrast, in human CD4+ T cells stimulated with 

CXCL12, the CD69 expression was significantly decreased after P2X4 inhibition, but not after 

P2X7 inhibition, while the proliferation of these cells was decreased for both inhibiting 

conditions (Ledderose et al., 2018). While the different stimuli might trigger these differences, 

it is also possible that they are species-dependent.  

Many studies use knock-out or knock-in mouse models to mimic human diseases. However, 

drastic functional differences are shown for the P2X2 receptor in humans and mice in response 

to zinc (Tittle & Hume, 2008), pointing out that the transferability of mouse models on human 

diseases cannot be generalized.  

Species differences were not only observed for purinergic signaling but also Ca2+ signaling via 

SOCE. In T cells of human ORAI1-deficient patients, a complete absence of CRAC currents 
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is observed (Feske et al., 2006), whereas mice lacking ORAI1 showed only reduced currents 

(Gwack et al., 2008). Moreover, STIM1 deficient mice were demonstrated to be resistant to 

different diseases, e.g. experimental immune thrombocytopenia or acute pneumonitis (Braun 

et al., 2009), whereas patients with a STIM1 deficiency exhibit these diseases (Picard et al., 

2009). These results demonstrate species-dependent differences in the output of ORAI1 and 

STIM1 deficiency in humans and mice. 

Although the results discussed above reveal species-dependent differences in purinergic and 

Ca2+ signaling, many functional results were similar between humans and mice. The approach 

to analyze the channel- and receptor-mediated signaling using mouse models enhance our 

knowledge of these pathways and their impact on the immune response. P2X4 and P2X7, e.g. 

were demonstrated to influence Ca2+ signaling in primary murine and human CD4+ T cells after 

TCR/CD3 stimulation and in both species, P2X4 but not P2X7 was shown to be implicated in 

a state of T cell activity prior to TCR/CD3 stimulation (Brock et al., 2022; Ledderose et al., 

2018). Additionally, the inhibition of P2X7 decreased in both, mice and humans, the release of 

proinflammatory cytokines like IL-1β (Danquah et al., 2016).  

Moreover, similarities were observed in STIM1 deficient mice and humans in the agonist-

selected T cell (e.g., Tregs and NK T cell) development (Fuchs et al., 2012; Oh-Hora et al., 

2013; Picard et al., 2009). Comparative analysis of the pathology and signaling pathways of 

human and mouse data with single-channel deficiencies are essential for clinical trials of 

related diseases and the development of new therapeutics. Not only the similarities, but also 

the differences of these data are important to enhance our knowledge of the signaling 

mechanisms and their influence on immune responses. 

 

3.7 Cell type-specific signaling and channelopathy 

Ca2+ and ATP are common signaling molecules, influencing cell functions in various cell types. 

In the study included in this thesis, we used murine CD4+ T cells to analyze the purinergic-

signaling-dependent Ca2+ microdomain formation (Brock et al., 2022). These cells exhibit an 

αβ TCR heterodimer in their TCR/CD3 complex (Borst et al., 1984). Another T cell subset 

exhibit the γδ TCR heterodimer, and thus were named γδ T cells. γδ TCRs are less expressed 

in the circulating T cells of humans; less than 10 % exhibit this TCR subtype (Carding & Egan, 

2002). This T cell subset, of which the majority are Vγ9Vδ2+, have many innate cell-like 

features like a fast activation after recognition and the recognition of stress-related non-peptide 

antigens, like the phosphoantigen (pAg) isopentenyl pyrophosphate (IPP) (Bonneville et al., 

2010; Carding & Egan, 2002). The purinergic receptors A2a, P2X4, P2X7 and P2Y11 are 

highly expressed in these cells (Manohar et al., 2012). Expression analysis of CD69 in γδ T 

cells stimulated with anti-CD3/anti-CD28-coated beads and incubated with inhibitors for these 
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purinergic receptors reveal no differences compared to the WT. In contrast, after stimulation 

of the cells with IPP, inhibition with suramin, a non-specific P2 receptor inhibitor, decreased 

the expression levels of CD69 significantly. In addition, inhibition of P2X4 significantly reduced 

the expression of TNF-α and INF-γ after stimulation with anti-CD3/anti-CD28-coated beads or 

IPP, indicating the unique role of P2X4 on the activation of γδ T cells (Manohar et al., 2012).  

Vγ9Vδ2+ T cells display a delayed and long-lasting Ca2+ response compared to conventional 

CD4+ T cells after TCR/CD3 or pAg-mediated stimulation (Nedellec et al., 2010). The 

restrained and delayed response in Vγ9Vδ2+ T cells was sped up and enhanced by the co-

stimulation of the activating NK cell receptor (NKG2D) and regulated by a PKCθ transduction 

pathway (Nedellec et al., 2010). The atypical Ca2+ response properties of the Vγ9Vδ2+ T cells 

and the special role of P2X4 above P2X7 on the functions of these cells, reveal differences in 

activation cascade between γδ and CD4+ T cells. 

The activation of B cells was linked to Ca2+ signaling via the interaction of STIM and ORAI, 

comparable to CD4+ T cells (Berry et al., 2020). Interestingly, the strength of BCR stimulation 

controls cell survival, cell-cycle entry and proliferation. While a low BCR stimulation forwarded 

cell death relative to untreated cells, an increased stimulation strength improved cell viability, 

cell numbers, the number of dividing cells and the number of divisions per cell (Berry et al., 

2020). Thus, Ca2+ signaling is related to a variety of functions in different cell types and fine-

tuned by similar mechanisms, including, among others, SOCE and ATP-gated P2X channels.  

Moreover, unraveling the Ca2+ signaling network in specific cell types, like in this thesis, the 

influence of P2X4 and P2X7 on the formation of Ca2+ microdomains in CD4+ T cells, will 

increase our understanding of transferable key regulators for other cell types. The extent of 

the influence of a specific channel or receptor on one or another cell function might vary 

between the different cell types, but a few of the key players were already extensively 

analyzed, demonstrating great therapeutic targets treating a wide range of diseases.  

Besides the development of channel-specific therapeutic, the identification and analysis of the 

pathology of diseases related to the deficiency of a specific Ca2+ channel are also of great 

interest. The pathology of such disease is linked to the functional outcomes of channel activity, 

and therefore increases our knowledge of single-channel specificities. Diseases that contribute 

to the dysfunction or deficiency of a single ion channel or transporter are called 

channelopathies (Vaeth & Feske, 2018). The ORAI1 and STIM1 dysfunction-related diseases 

are collectively called CRAC channelopathy.  

CRAC channelopathy is characterized by immunodeficiency, autoimmunity, altered 

lymphocyte function and non-immune symptoms like congenital muscular hypotonia or 

ectodermal dysplasia (Lacruz & Feske, 2015; Lian et al., 2018; Picard et al., 2009). Patients 

with the CRAC channelopathy due to a loss of function mutation or null mutation of ORAI1 
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have an impaired T cell function, characterized by a defective proliferation after stimulation 

and diminished cytokine production, e.g., IL-2, IL-22, TNF-α and INF-γ (Lian et al., 2018). 

These findings are similar to patients with a deficiency in STIM1 (Fuchs et al., 2012; Picard et 

al., 2009). The immunodeficiency associated with CRAC channelopathy seems to be due to 

the reduced T cell and not B cell function, since the B cell development and antibody responses 

are unaffected in mice lacking STIM1 and STIM2 (Matsumoto et al., 2011). 

The P2X gene family exhibit a large set of SNPs with gain or loss of functions of the concerning 

receptor, implicated in various disease. Especially SNPs of the P2X7 channel are investigated 

intensively (Caseley et al., 2014). The variety of SNPs of a specific P2X channel results in a 

wide range of disease associations, whereby a generalized phenotype for patients with a, e.g. 

P2X4 or P2X7 deficiency, like the postulated phenotypes of the CRAC channelopathy, is not 

defined so far.  

The loss of function mutation Y315C in the P2X4 receptor, e.g., was demonstrated to increase 

pulse pressure in a large white test cohort (Stokes et al., 2011). The same SNP in the P2rx4 

was shown to be implicated in an age-related macular degeneration (AMD). Patients with AMD 

contain this variant 2-fold more frequently than the healthy control cohort (Gu et al., 2013). 

This loss of function mutation influences the P2X7-mediated phagocytosis implying an 

interaction of this P2X4 variant with the P2X7 channel and an effect, especially on 

macrophages. Additionally, the mutated P2X4 receptor was much less sensitive to ATP (Gu 

et al., 2013; Stokes et al., 2011). Modeling of the P2X4 Y315C variant reveals that this SNP 

influences the shape of agonist binding inside the binding pocket for ATP (Stokes et al., 2011). 

Since this loss of function often occurs in a heterozygous inheritance with the WT P2X4 variant 

(Stokes et al., 2011), the effects of the SNP might be rescued to some extent. Interestingly, 

this SNP in the P2X4 channel is sometimes coinherited with a SNP in the P2X7 channel, 

increasing the effects described for the P2X4 Y315C mutation (Gu et al., 2013). 

As mentioned before, SNPs of the P2X7 are quite frequent in the human P2X7 channel leading 

to various gain or loss of function mutations (Caseley et al., 2014). One SNP of the P2X7 

channel was already introduced in this thesis, the amino acid polymorphism at position 451 of 

the C-terminal tail of the mouse P2X7 channel, influencing P2X7-mediated pore formation 

(Adriouch et al., 2002), but not Ca2+ flux (Le Stunff et al., 2004; Sorge et al., 2012). The SNP 

variant varies between different mouse strains in its amino acid residue (Pro or Leu) and needs 

to be considered while working with transgenic mice (Er-Lukowiak et al., 2020). As mentioned 

above, this SNP was the reason for us to work on the Balb/C mouse background in this thesis 

(Brock et al., 2022). Additionally, the P451L mutation was examined to be associated with 

reduced neuropathic and inflammatory pain (Sorge et al., 2012). Accordingly, several other 

SNPs imply the association of P2X7 with neuropathic and inflammatory pain like the gain of 
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function mutations A348T and H155Y (McHugh et al., 2012; Ursu et al., 2014). Moreover, 

these mutations were mentioned to be related to gender-dependent differences in the 

prevalence of pain disorders (Ursu et al., 2014). While a pain reduction in the loss of function 

mutation R270H is controversially discussed (Ursu et al., 2014), a decreased Ca2+ flux and 

pore formation ability were demonstrated. More recent studies investigating the role of R270H 

in pain intensity and chronic inflammation reduction strengthen the association of P2X7 in this 

context (Kambur et al., 2018; Sorge et al., 2012).  

Another loss of function mutation (homo- and heterozygote), E496A in the C-terminal tail of 

the P2X7 channel, was three-fold higher in patients with chronic lymphocytic leukemia (CLL) 

(Wiley et al., 2002) and patients carrying this polymorphism of the 1513C instead of the 1513A 

allele had a better overall survival (Thunberg et al., 2002). This observation is contrary to the 

reduced susceptibility of leukemic B cells to undergo ATP-induced apoptosis and the 

prolonged survival in vivo (Wiley et al., 2002).  

The highly variable P2X genes result in a huge set of SNPs with implications in different human 

diseases. For the P2rx7 gene, e.g. 32 non-synonymous SNPs were postulated so far (Fuller 

et al., 2009). The coinheritance of different SNPs of P2rx7 or SNPs of P2rx7 and P2rx4 alter 

postulated effects of a single SNP (Fuller et al., 2009; Gu et al., 2013), thus resulting in 

ambiguous pathologies of P2X4- and P2X7-related diseases compared to the clearer 

pathology of ORAI1/STIM1 deficiencies.  

However, the SNPs of the P2X channels are possibly useful as biomarkers for certain 

diseases. Moreover, combining the pathology of such diseases with molecular analysis of the 

signaling pathways of single channels will help to identify their physiological role in an 

organism.  

 

3.8 Outlook 

Here, we developed a deconvolution script adjusted for Ca2+ imaging sequences and analyzed 

Ca2+ microdomains evoked by the activation of the purinergic ATP-gated channels P2X4 and 

P2X7.  

The new deconvolution script (Woelk et al., 2021) was not used on the data of the 

measurements of the Ca2+ microdomains evoked by P2X4 and P2X7 channel activity (Brock 

et al., 2022) so far. In future investigations on Ca2+ microdomains, the use of this new 

deconvolution script will computationally increase the resolution of the Ca2+ signals and might 

give new insights into subcellular features of these signals. The implication of RYR1, IP3R and 

ORAI1 on the formation of Ca2+ microdomains is a well-studied topic of the last decades 

(Diercks et al., 2018; Trebak & Kinet, 2019; Wolf et al., 2015), whereas the role of P2X 

channels on the initial formation of Ca2+ signals was not established. The activity of P2X4 and 
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P2X7 during the first seconds after T cell stimulation highlights their role for the adaptive 

immune response, although the polymorphic nature of the P2X gene (Caseley et al., 2014; 

Fuller et al., 2009) appears to impede a clear identification of the channel physiology and 

pathology. Moreover, stimulus- and cell-type-dependent differences of Ca2+ microdomains 

formation need further investigations which might elucidate channel specifications for a certain 

stimulus or cell type, like the role of the P2X4 channel in orchestrating the response of γδ T 

cells (Manohar et al., 2012). 

The thesis established the role of purinergic signaling of PANX1, P2X4 and P2X7 on the initial 

T cell activation using Ca2+ measurements, however the ATP, released via PANX1 and 

activating the P2X channels, is not visualized in this thesis. Future studies focusing on ATP 

live-cell imaging during the T cell activation are needed to elucidate the ATP kinetic during cell 

activation.  

Several studies investigated the role of ATP during the cell activation using luciferin/luciferase 

assays or high-performance liquid chromatography (HPLC) measurements (Burow et al., 

2015; Ledderose et al., 2014; Manohar et al., 2012; Yip et al., 2009), hence not reflecting the 

real-time ATP kinetic at the cell surface during the activation.  

Another approach is to bind an ATP sensor to specific cell compartments. One possibility for 

this approach is to generate fluorescent, genetically-encoded ATP sensors, which can be 

transfected into cells (Imamura et al., 2009; Pellegatti et al., 2008). The Förster fluorescence 

resonance energy transfer (FRET)-based ATP indicator ATeam is constructed of the ε subunit 

of the bacterial F0F1 ATP synthase linked at the C- and N-terminus with a CFP and YFP. 

Imamura and co-workers (2009) demonstrated that the ATP affinity of the ATeam is in the high 

micromolar to the low millimolar range but can be adjusted by substituting the ε subunit with 

that of a different bacteria or by introducing point mutations into the interface between the N- 

and C- terminal domains of the ε subunit. Moreover, the ATeam exhibits a high selectivity for 

ATP above other nucleoside polyphosphates. For primary cells, the use of genetically-encoded 

indicators is limited since the transfection of primary cells is challenging and often troubled with 

a low efficiency and bad cell viability (Kumar et al., 2021; Tay, 2020).  

Additionally, chemosensors were developed for measuring the ATP concentrations in cell 

compartments and at the cell surface. Hence, a promising approach is the use of metal 

chelators coupled with a chromophore, like the dipicolylamine (DPA)-Zn(II) complex (Kurishita 

et al., 2012; Moro et al., 2010). The coupling of these complexes to a specific linker enables 

the sensors to localize in the PM or other cell compartments, like the mitochondria or at the 

surface of nanoparticles (Kurishita et al., 2012; Ledderose et al., 2018; Moro et al., 2011). One 

advantage of these chemosensors is the possibility of an “on-line” usage, thus no transfection 

is needed. The indicators are sensitive in the low micromolar range and sufficient changes in 
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the fluorescence intensity are observed for ATP and ADP. These chemosensors also sense 

(with a lower affinity) other nucleoside polyphosphates, e.g. GTP or UDP (Kurishita et al., 2012; 

Moro et al., 2011), thus, they are not highly selective for ATP. 

A recently published sensor for ATP combines the advantages of the genetically-encoded 

indicators based on the bacterial F0F1 ATP synthase with high selectivity for ATP and the 

chemosensor with the ability for an “on-line” usage. The so-called ATPOS sensor is based, as 

mentioned, on the ε subunit of a bacterial F0F1 ATP synthase, like the ATeam, and enhanced 

by a cysteine point mutation at which a small-molecule fluorophore is conjugated (Kitajima et 

al., 2020). It can be linked to the PM of cells via a biotin-streptavidin linkage, thus it can be 

added to the cells just prior to the measurements. The ATPOS sensor has a high ATP 

selectivity and a high ATP affinity in the range of high nanomolar to several micromolar. The 

binding kinetics, association and dissociation, of the ATPOS indicate that the sensor is fast 

enough to follow ATP dynamics in the time scale of seconds (Kitajima et al., 2020). To this 

end, the sensor might be a nice tool to analyze spatiotemporally restricted ATP signals after T 

cell stimulation in future approaches.  
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