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I Summary 

Purinergic enzymes and receptors are expressed on many immune cell types and are involved 

in the metabolism of extracellular adenine nucleotides. Under physiological conditions, the 

concentration of adenosine triphosphate (ATP) in the extracellular space is low, but it can 

drastically increase after ATP release from cells during inflammation, cell stress or cell lysis. 

Extracellular ATP induces mainly pro-inflammatory signaling pathways by activating P2 

receptors, including the ionotropic P2X7 receptor. ATP can be degraded to adenosine by the 

concerted action of the ectonucleotidases CD39 and CD73, and adenosine then induces anti-

inflammatory effects by activating P1 receptors. During T lymphocyte activation, ATP and 

adenosine have opposing effects, and the balance between both molecules is critical for the 

outcome of an immune response. Manipulating purinergic pathways could be used as therapy 

for inflammatory diseases. This requires a detailed analysis of the expression and complex 

interplay of the involved enzymes and receptors on human T cells. 

In the work presented in this thesis, I assessed the effects of ATP signaling in human T cells, 

and characterized the function and regulation of enzymes involved in ATP degradation and 

adenosine generation. We analyzed the expression of the ATP receptor P2X7 in the human 

T cell compartment, and could show that P2X7 is mainly expressed on innate-like T cells. P2X7 

expression renders these cells susceptible to ATP-induced Ca2+ influx and cell death. The rapid 

degradation of ATP to adenosine by CD39 and CD73 is a well described immune suppression 

mechanism, but co-expression of both ectonucleotidases on human T cells is rare. We 

thoroughly characterized the expression and function of both enzymes on human T cells, and 

found that CD73 is released on extracellular vesicles (EVs) from effector T cells upon T cell 

activation. EV-bound CD73 retains its enzymatic activity and mediates, especially in 

combination with regulatory T cells, immune suppression. Finally, we have identified murine 

CD73 as target for adenosine diphosphate (ADP)-ribosylation, a post-translational 

modification already known from the P2X7 receptor and other targets. Both the release of 

CD73 in EVs and the decrease of CD73 enzymatic activity through ADP-ribosylation constitute 

mechanisms to regulate CD73 function, and ultimately the outcome of an immune response.  
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In summary, in my thesis I show expression patterns, regulation mechanisms, and interactions 

of purinergic proteins involved in ATP-induced signaling pathways and in the degradation of 

ATP to adenosine.  
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II Zusammenfassung 

Purinerge Enzyme und Rezeptoren werden auf vielen unterschiedlichen Typen von 

Immunzellen exprimiert und sind an dem Metabolismus von extrazellulären Adenin-

Nukleotiden beteiligt. Unter physiologischen Bedingungen ist die Konzentration von 

extrazellulärem Adenosintriphosphat (ATP) gering. Während Entzündungsreaktionen, 

Zellstress oder Zelllyse wird ATP jedoch von Zellen freigesetzt, was zu einem starken Anstieg 

der extrazellulären Konzentration führen kann. Extrazelluläres ATP induziert vor allem 

entzündungsfördernde Signalwege durch die Aktivierung von P2-Rezeptoren, einschließlich 

des ionotropen P2X7-Rezeptors. ATP kann durch die Ektonukleotidasen CD39 und CD73 zu 

Adenosin abgebaut werden, welches durch die Aktivierung von P1-Rezeptoren 

entzündungshemmende Signalwege einleitet. Während der Aktivierung von T-Lymphozyten 

haben ATP und Adenosin gegensätzliche Effekte, und das Gleichgewicht zwischen beiden 

Molekülen ist entscheidend für den Ausgang einer Immunantwort. Eine gezielte Modulation 

von purinergen Signalwegen könnte zu der Therapie von entzündlichen Erkrankungen 

beitragen. Dies erfordert eine detaillierte Analyse der Expression und des komplexen 

Zusammenspiels der beteiligten Enzyme und Rezeptoren auf humanen T-Zellen. 

In dieser Arbeit habe ich die Effekte von ATP-Rezeptor-vermittelten Signalwegen sowie die 

Funktion und Regulation von Enzymen, die an dem Abbau von ATP und der Bildung von 

Adenosin beteiligt sind, untersucht. Wir haben die Expression des ATP-Rezeptors P2X7 auf 

humanen T-Zellen analysiert und konnten zeigen, dass P2X7 vor allem auf 

„unkonventionellen“ T-Zellen, die Charakteristika von Zellen des angeborenen Immunsystems 

aufweisen, exprimiert wird. Diese Zellen werden dadurch empfänglich für den ATP-

induzierten Einstrom von Ca2+-Ionen und Zelltod. Der Abbau von ATP zu Adenosin durch CD39 

und CD73 ist ein Mechanismus, der zu Immunsuppression führt und in diesem Kontext gut 

charakterisiert ist. Auf humanen T-Zellen ist die Co-Expression beider Ektonukleotidasen 

allerdings selten. Wir haben die Expression und Funktion von CD39 und CD73 auf humanen T-

Zellen umfassend charakterisiert und aufgezeigt, dass CD73 von aktivierten Effektor-T-Zellen 

auf extrazellulären Vesikeln (EVs) freigesetzt wird. Das EV-gebundene CD73 ist enzymatisch 

aktiv und führt, vor allem in Kombination mit regulatorischen T-Zellen, zu Immunsuppression. 

Abschließend haben wir herausgefunden, dass CD73 durch ADP-Ribosylierung modifiziert 

wird. ADP-Ribosylierung ist eine posttranslationale Modifikation, die bereits von dem P2X7-
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Rezeptor und anderen Proteinen bekannt ist. Sowohl die Freisetzung von CD73 auf EVs als 

auch die Verringerung der enzymatischen Aktivität von CD73 durch ADP-Ribosylierung stellen 

Mechanismen dar, die die Funktion von CD73 und letztlich den Ausgang einer Immunantwort 

beeinflussen.  

Zusammenfassend zeige ich in dieser Arbeit Expressionsmuster, Regulationsmechanismen 

und Interaktionen verschiedener Proteine des purinergen Systems, die an ATP-induzierten 

Signalwegen und an dem Abbau von ATP zu Adenosin beteiligt sind. 
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1 Introduction 

1.1 The immune system 

The immune system is critical to protect the host from pathogens. The first line of defense is 

the innate immune response, which is rapidly activated and recognizes broad classes of 

pathogens. The innate immune system relies on antimicrobial effectors, the complement 

system, and the recognition of conserved pathogen-associated molecular pattern (PAMPs) 

and subsequent phagocytosis of pathogens by innate immune cells such as macrophages and 

neutrophils. The adaptive immune system consists of B and T lymphocytes recognizing a huge 

variety of antigens through their highly diverse and specific antigen receptors. Dendritic cells 

(DCs) continuously transport antigens from the site of infection to lymphoid organs where 

they are recognized by naïve T cells specific for the presented antigen. After encountering 

their cognate antigen, naïve T cells proliferate and differentiate into effector T cells, which 

then either kill their target cells or produce cytokines to support other immune cells. Naïve 

B cells are activated after antigen recognition and interaction with their cognate T helper (Th) 

cells. They proliferate in the germinal center of secondary lymphoid organs and differentiate 

into antibody-secreting plasma cells. Antibodies contribute to pathogen clearance by 

neutralization, opsonization and complement activation, summarized as humoral immunity. 

The immune response must be tightly regulated to enable the efficient elimination of 

pathogens while preventing immune pathologies. Regulatory T cells (Tregs) and T cell-intrinsic 

mechanisms contribute to maintain the balance between activation and suppression of 

immune cells. Most B and T cells die after clearance of the infection, but a small pool of 

antigen-specific lymphocytes persists and, after encountering the same antigen again, expand 

rapidly. This long-lasting immunological memory contributes to the fast and effective immune 

response after reinfection and is a hallmark of the adaptive immune system (Murphy et al. 

2012). 

1.1.1 Activation of T lymphocytes 

T lymphocytes are main players of the cell-mediated adaptive immune response. Through 

their T cell receptor (TCR), T cells recognize foreign antigen peptides presented by the major 

histocompatibility complex (MHC) of antigen-presenting cells (APC). CD4 helper T cells 
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recognize peptides presented by MHC II, and, upon activation, produce cytokines to 

support/activate e.g. B cells or macrophages. Cytotoxic CD8 T cells recognize peptides 

presented by MHC I and contribute to the clearance of infected cells by releasing granzymes 

and perforins (Murphy et al. 2012). 

The TCR of conventional T lymphocytes consists of two chains, an α- and a β-chain. Less than 

10% of peripheral blood T cells have instead a γ- and δ-chain and belong to the so-called 

unconventional or innate-like T cells (Godfrey et al. 2015). The TCR chains belong to the 

immunoglobulin protein family and each chain consists of a transmembrane domain, a 

constant region, and a highly variable region to recognize antigens. The TCR is associated to 

CD3, forming together the TCR complex (Dong et al. 2019). T cell activation of naïve T cells 

requires several signals, specifically i) MHC-antigen recognition through the TCR, stabilized by 

co-receptors CD4 or CD8, ii) activation of co-stimulatory receptor CD28 on the T cells by 

CD80/CD86 on the APC, and iii) sensing of APC-produced cytokines by the T cell. TCR activation 

leads to the phosphorylation of immunoreceptor tyrosin activating motifs (ITAM) at the 

intracellular domain of the ζ-chain of CD3 by the lymphocyte-specific protein tyrosine kinase 

(Lck). Proteins with Src homology 2 (SH2) domain, e.g. zeta-associated protein-70 (ZAP-70), 

bind to phosphorylated ITAMs and become phosphorylated themselves. ZAP-70 activates 

linker of activated T cells (LAT), a protein with several adapter proteins. Then, phospholipase C 

(PLC), associated to LAT, is activated and cleaves phosphatidylinositol 4,5-bisphosphate (PIP2) 

in diacylglycerol (DAG) and inositol trisphosphate (IP3). These molecules induce several 

signaling pathways, which finally result in the activation and nuclear translocation of the 

transcription factors nuclear factor of activated T cells (NFAT), nuclear factor kappa-light-

chain-enhancer of activated B cells (NF-κB) and activator protein 1 (AP-1), and subsequent 

expression of genes responsible for T cell activation, proliferation and cytokine production 

(Hwang et al. 2020; Murphy et al. 2012; Brownlie and Zamoyska 2013).  

Several factors influence the extent of T cell activation, including the strength of MHC-peptide-

TCR interaction, co-stimulatory and co-inhibitory receptors, adhesion molecules within the 

immunological synapse, and the amount of presented antigen peptide by the APC. 

Additionally, pathways influencing TCR-mediated downstream signaling modify T cell 

activation. For example, protein kinase A (PKA) prevents the phosphorylation of Lck, inhibiting 

ZAP-70 activation and subsequent downstream signaling (Tasken and Ruppelt 2006). In 
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contrast, plasma membrane ion channels that enable Ca2+ influx from the extracellular space 

to the cytoplasm, e.g. P2X, transient receptor potential (TRP) and ORAI channels, increase 

intracellular Ca2+ concentrations and enhance NFAT signaling and T cell activation (Trebak and 

Kinet 2019). 

1.2 Purinergic signaling 

Extracellular purine nucleotides and nucleosides induce a variety of cell signaling pathways, 

commonly referred to as purinergic signaling. Besides purinergic receptors, the purinergic 

system includes enzymes and transporters that equilibrate the concentration of extracellular 

nucleotides. Purinergic receptors and enzymes are broadly expressed in almost all tissues of 

the body and on different cell types, including immune cells. By engaging their receptors, the 

adenine nucleotides adenosine triphosphate (ATP) and adenosine have immunomodulatory 

effects, and the balance between both molecules influences the outcome of an immune 

response. 

Under physiological conditions, the concentration of ATP in the extracellular space lays in the 

low nanomolar range. Inflammation, cellular stress, or cell death induce ATP release by cells, 

leading to a pericellular increase of the ATP concentration (Trabanelli et al. 2012). ATP can be 

released in a controlled way through exocytosis and pannexin or connexin channels (Woehrle 

et al. 2010), or uncontrolled during cell lysis. ATP induces pro-inflammatory signaling by 

activating P2X or P2Y receptors on immune cells. Alternatively, ATP can be degraded to 

adenosine, an anti-inflammatory mediator. The best described enzymes for this stepwise 

hydrolysis of ATP to adenosine are CD39 and CD73, also referred to as the canonical purinergic 

pathway for adenosine generation (Figure 1). 
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Figure 1. Canonical purinergic pathway. ATP is released into the extracellular space under 
inflammatory conditions, cellular stress or by dying cells. ATP can activate P2X or P2Y receptors, or is 
degraded to adenosine by the ectonucleotidases CD39 and CD73. Adenosine mediates mainly anti-
inflammatory effects by inducing P1 receptor signaling. Figure created with BioRender.com. 
 

1.3 Purinergic receptor signaling modulates the immune response 

The receptors mainly involved in purinergic signaling are P2X and P2Y receptors for ATP, and 

P1 receptors for adenosine.  

ATP receptors comprise the ion channels of the P2X family and the G protein-coupled 

receptors (GPCR) of the P2Y family. The P2X family consists of seven members (P2X1 through 

P2X7), which are all ATP-gated transmembrane cation channels (North 2002). Among the P2X 

receptors, the P2X7 receptor is the best studied subtype. The P2Y family consists of eight 

members. ATP is the ligand for P2Y1, P2Y2 and P2Y11, while the other members of this family 

are activated by adenosine diphosphate (ADP), uridine triphosphate (UTP), uridine 

diphosphate (UDP), or UDP-glucose (Lovászi et al. 2021). P2 receptors are expressed on 

immune cells, such as DCs, monocytes, and lymphocytes. The effects of P2 receptor signaling 

are overall described as pro-inflammatory, and include the release of pro-inflammatory 

cytokines by monocytes, degranulation of neutrophils, and activation of T cells. 

The family of adenosine receptors consists of A1, A2A, A2B and A3 receptors. They are all 

GPCRs coupled to different G proteins. The expression of the different receptor subtypes is 

highly cell type-specific and the downstream receptor signaling varies according to the 

subtype that is engaged (Haskó et al. 2008). T cells express A2A and A2B receptors, which 

induce anti-inflammatory signaling upon receptor engagement. 
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1.3.1 The ATP receptor and ion channel P2X7  

The P2X7 receptor is a ligand-gated transmembrane cation channel, and its only physiological 

ligand is ATP. P2X7 is a homotrimeric receptor, with each subunit having one extracellular ATP 

binding site. A special characteristic of the structure of P2X7 is a large cytoplasmic domain, 

which includes a cysteine-rich region (Illes et al. 2021; McCarthy, Yoshioka, and Mansoor 

2019). Palmitoylation of this region restricts the movement of the transmembrane domain of 

P2X7, and prevents receptor desensitization. The lack of desensitization is an exclusive feature 

of P2X7 compared to other P2X receptors (McCarthy, Yoshioka, and Mansoor 2019). ATP 

binding to P2X7 and receptor activation induce channel opening and allow the influx of Ca2+ 

and Na+ ions and the efflux of K+ ions. Compared to all other members of the P2X receptor 

family, P2X7 has a low affinity for ATP, and requires ATP concentrations in the micromolar 

range to become activated (>100 µM, compared to EC50 values of 0.5 – 10 µM for the other 

P2X receptors) (Illes et al. 2021). Importantly, there are differences between the human and 

rodent receptor in regard of the ATP sensitivity, with rodent P2X7 being around ten times 

more sensitive than the human receptor (Xing et al. 2016). In mice, P2X7 is not only activated 

by ATP, but also by ADP-ribosylation of the receptor. ADP-ribosylation is performed by the 

mono-ADP-ribosyltransferase ARTC2.2, which uses nicotinamide adenine dinucleotide (NAD+) 

as substrate and transfers the ADP-ribose (ADPR) residue to arginine 125 at the interface of 

two subunits of the receptor, close to an ATP binding site (Adriouch et al. 2008). ADP 

ribosylation of the P2X7 receptor mimics ATP binding, and leads to the activation of the 

receptor. Of note, only the splice variant P2X7(k), expressed mainly in T cells, is susceptible 

for this ADP-ribosylation, while variant P2X7(a) is less sensitive (Schwarz et al. 2012). There is 

no human orthologue of the ART2.2 enzyme (Haag et al. 1994), and it is not yet known if the 

human receptor can be modified to enhance its sensitivity towards ATP.  

1.3.1.1 Expression of P2X7 

In mice, P2rx7 is expressed in a variety of tissues, including brain, spleen, intestine, and liver, 

with the highest expression on mast cells and macrophages. Within the murine T cell 

compartment, Tregs and natural killer T (NKT) cells have the highest expression of P2X7 (B. 

Rissiek et al. 2015). 
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In humans, P2X7 is expressed in different tissues, with the highest expression on neuronal and 

glial cells (neurons, oligodendrocytes and microglia) in the brain. For immune cells, RNA data 

shows the highest gene expression of P2RX7 on monocytes and myeloid DCs. Within the T cell 

compartment, Tγδ cells and mucosal-associated invariant T (MAIT) cells show a slightly higher 

expression than other T cell subsets (Manohar et al. 2012; Gutierrez-Arcelus et al. 2019; Uhlen 

et al. 2019), although still three to four times lower than on monocytes. Protein expression of 

P2X7 was analyzed by staining of peripheral blood mononuclear cells (PBMCs) with the 

monoclonal antibody L4, confirming high expression on monocytes, and natural killer (NK) 

cells, while expression on B and T cells was low (Gu et al. 2000). Protein expression data for 

different T cell subsets is not yet available. The P2RX7 gene contains several single nucleotide 

polymorphisms (SNPs), and the genotype of the donor results in interindividual differences in 

P2X7 receptor expression and activity. The SNPs lead either to a gain-of-function or loss-of-

function (LOF), and the overall P2X7 activity depends on the combination of different SNPs 

(Adhikary et al. 2019; Fuller et al. 2009; Cabrini et al. 2005; Gu et al. 2001). Some of the P2RX7 

SNPs are associated to disease, e.g. the LOF variant rs28360457 is protective against 

neuroinflammation in multiple sclerosis (Gu et al. 2015) and the LOF variant rs3751143 is 

associated with reduced risk of ischemic heart disease and stroke in smokers (Gidlöf et al. 

2012). P2X7 antagonists are protective in a mouse model of multiple sclerosis (Matute et al. 

2007) and prevent streptozotocin-induced type 1 diabetes in mice (Vieira et al. 2016; Di 

Virgilio et al. 2017). In a phase II clinical study, P2X7 antagonist CE-224,535 was given to 

patients with rheumatoid arthritis, it had, however, no beneficial effect (Stock et al. 2012). 

Other clinical studies e.g. using P2X7 inhibitors for treating depressive disorders or pain 

conditions, are ongoing (Mishra et al. 2021). 

1.3.1.2 Function of P2X7  

Function of P2X7 on monocytes 

The effects of P2X7 receptor activation are well studied in monocytes. Here, a combination of 

toll-like receptor (TLR) and P2X7 receptor signaling induce NLRP3 inflammasome activation 

and subsequent release of pro-inflammatory cytokines IL-1β and IL-18 (Figure 2). Specifically, 

lipopolysaccharide (LPS) binds to TLRs, inducing NF-kB-mediated expression of inflammasome 

proteins (inflammasome priming) and cytokine precursors. ATP-induced activation of P2X7 
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and the resulting decrease in cytosolic K+ concentration lead to the assembly and activation 

of the inflammasome. The NLRP3 inflammasome contains the sensory protein NLRP3, the 

adaptor protein ASC and the effector protein caspase-1 (Pelegrin 2021). During inflammasome 

activation, caspase-1 becomes activated and cleaves pro-IL-1β and pro-IL-18, as well as 

gasdermin D (GSDMD) into biologically active forms. The N-terminal part of GSDMD (N-

GSDMD) multimerizes and forms large protein complexes in the plasma membrane, which 

allows the efflux of active IL-1β and IL-18 and other cellular components to the extracellular 

space. If not repaired by membrane repair mechanisms, large N-GSDMD pores lead to cell 

death (Rühl et al. 2018; Shi et al. 2015; X. Liu et al. 2016). The release of IL-1β after P2X7 

receptor activation is also shown for DCs (Pizzirani et al. 2007). 

 
Figure 2. P2X7 activation leads to the release of pro-inflammatory cytokines in monocytes. The 
combination of TLR and P2X7 activation leads to the assembly and activation of the NLRP3 
inflammasome. Activated caspase-1 generates mature IL-1β, which is released from the cell through 
N-GSDMD pores. Figure created with BioRender.com 
 

Function of P2X7 on T cells 

The effects of P2X7 signaling on T cells include T cell activation, differentiation, and cell death 

(Grassi 2020; Rivas-Yáñez et al. 2020). Early studies showed that low to intermediate ATP 
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concentrations (10 - 100 µM) increase the Ca2+ influx and proliferation of human T cells. This 

effect was inhibited with the P2X antagonist oxidized ATP (oATP) (Baricordi et al. 1996). 

Similarly, oATP inhibited TCR-dependent mitogen-activated protein kinase (MAPK) activation, 

proliferation and IL-2 secretion in CD4 T cells (Schenk et al. 2008). Yip et al. reported >60 µM 

ATP close to the cell surface, and addition of ATP in a similar concentration (100 µM) promoted 

T cell activation by enhancing NFAT activation and IL-2 release (Yip et al. 2009). P2X7 is 

additionally involved in the first steps of T cell activation by contributing to the generation of 

intracellular Ca2+ microdomains. Within milliseconds after TCR stimulation, Ca2+ is released 

from intracellular Ca2+ stores, inducing the opening of the pannexin channel PANX1 and the 

release of ATP to the extracellular space. ATP activates P2X7 in an autocrine manner, resulting 

in further increase of intracellular Ca2+ and amplification of Ca2+ microdomains (Brock et al. 

2022). Beyond T cell activation, P2X7 is involved in the thymic T cell development by 

contributing to γδ lineage commitment (Frascoli et al. 2012), in reducing the suppressive 

function of Tregs and inducing their conversion to Th17 cells in the presence of IL-6 (Schenk 

et al. 2011), and in promoting the polarization of naïve CD4 T cells into Th17 cells by P2X7 

receptor activation on DCs and subsequent IL-6 and IL-23 secretion (Atarashi et al. 2008). 

Additionally, the activation of P2X7 mediates T cell death (B. Rissiek et al. 2014).  

P2X7-induced cell death 

Prolonged P2X7 receptor activation leads to the formation of large pores in the cell 

membrane, leading to cell death if not tightly regulated. The P2X7 receptor, pannexin 

channels and gasdermin proteins are all able to form pores, and it is not yet known which pore 

is ultimately responsible for P2X7-mediated cell death. In monocytes, P2X7 engagement leads 

to the activation of the NLRP3 inflammasome, resulting in the caspase-1-dependent cleavage 

of GSDMD. N-GSDMD multimerizes and forms large pores in the cell membrane (Figure 2). If 

the pores are not repaired, the release of cellular material and loss of cell integrity results in 

cell death (Shi et al. 2015; X. Liu et al. 2016; Rühl et al. 2018). This form of inflammatory, 

programmed cell death is called pyroptosis (Cookson and Brennan 2001). T cells also contain 

different inflammasome components, including NLRP1, NLRP3, CARD8, caspases-1/3/8, and 

GSDMD (C. Zhang et al. 2021; Linder et al. 2020). NLRP3 inflammasome-dependent pyroptosis 

contributes to the reduced number of CD4 T cells in HIV-infected patients. The process is 

driven by increased reactive oxygen species (ROS) production and involves caspase-1 and 
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GSDMD (C. Zhang et al. 2021). During inflammation of the central nervous system, Th17 cells 

produce IL-1β in response to ATP, through ASC- and NLRP3-dependent caspase-8 activation 

(Martin et al. 2016). Whether P2X7 activation can induce a T cell inflammasome is not yet 

known. 

In contrast to human cells, where millimolar ATP concentrations are needed to induce P2X7-

mediated cell death, murine cells that express both P2X7 and ART2.2 (e.g. Tregs) are very 

sensitive to P2X7-mediated cell death because low NAD+ concentrations (1 - 30 µM) can 

already induce receptor activation by ADP-ribosylation of P2X7 (Seman et al. 2003). Cell death 

induced by NAD+ is referred to as NAD+-induced cell death (NICD) (Seman et al. 2003). NAD+ 

is released e.g. during cell preparations from tissue, depleting specifically ATP-sensitive cells 

(Borges da Silva et al. 2019). Indeed, treating mice with the ARTC2.2-blocking nanobody s+16a 

before organ harvest significantly increases cell numbers (Koch-Nolte et al. 2007; B. Rissiek et 

al. 2018). P2X7-mediated cell death contributes to the control of follicular helper T cell (Tfh) 

numbers in Peyer’s Patches (Proietti et al. 2014; Faliti et al. 2019), NKT cell regulation in the 

liver and mucosal tissues (Kawamura et al. 2006; Q. Liu and Kim 2019), tissue-resident T cells 

(Trm) maintenance (Fernandez-Ruiz et al. 2016; Stark et al. 2018; Borges da Silva et al. 2019, 

2020; Heiss et al. 2008), and Treg depletion for promoting antitumor responses (B. Rissiek et 

al. 2014; Hubert et al. 2010). 

1.3.2 Adenosine receptors A2A and A2B 

The adenosine receptor family consists of the A1, A2A, A2B and A3 receptors, summarized as 

P1 receptors. They are all GPCRs and, dependent on the associated G protein, adenosine 

receptor activation induces different intracellular signaling pathways. T cells express only the 

A2A and A2B receptors, and adenosine induces mainly anti-inflammatory effects. The 

expression of A2A and A2B under physiological conditions is low, but it is upregulated after 

T cell activation and under hypoxic conditions (Koshiba et al. 1999; Sitkovsky and Lukashev 

2005; Alam, Kurtz, Wilson, et al. 2009). 

The A2A receptor has a stimulatory G protein (GαS) attached, and receptor activation leads to 

GαS-dependent activation of the adenylate cyclase, generating intracellular cyclic adenosine 

monophosphate (cAMP). cAMP activates PKA which then affects several signaling pathways. 

For example, it phosphorylates the C-terminal Src kinase (Csk), which is then unable to activate 
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the tyrosine kinase Lck. This prevents the phosphorylation of the TCR-attached protein ZAP-

70, and consequently inhibits TCR downstream signaling (Figure 3A, see chapter 1.1.1 for TCR 

signaling) (Linden and Cekic 2012). Overall, A2A receptor signaling leads to a decreased 

activation, proliferation and cytokine production of T cells. Additionally, it maintains naïve T 

cells in a quiescent state by preventing IL-7 receptor downregulation and apoptosis of naïve T 

cells upon TCR stimulation (Cekic et al. 2013), and enhances the development and 

immunosuppressive capacity of Tregs (Ohta et al. 2012). 

The expression of the A2B receptor on human T cells is very low, but it can be, at least in 

endothelial cells, upregulated under hypoxic conditions by hypoxia-inducible factor (HIF) 

binding to the ADORA2B promoter (Kong et al. 2006). A2B is a low affinity receptor, needing 

higher adenosine concentrations for activation than the A2A receptor. Besides the generation 

of cAMP through the Gαs protein and subsequent pathways as described above, the A2B 

receptor is also linked to a Gαq protein. Gαq activates PLC, leading to the generation of the 

second messengers IP3 and DAG, which induce Ca2+ signaling (Figure 3B). It is not yet known 

which of these pathways is induced under which cellular conditions. In A2A/A2B-transfected 

cell lines, the two receptors build heteromers, resulting in a decreased accumulation of cAMP, 

suggesting an inhibition of A2A by A2B (Hinz et al. 2018; Franco et al. 2021). 

 
Figure 3. Adenosine receptor signaling in T cells. (A) A2A receptor signaling reduces T cell activation 
through a signaling pathway involving adenylate cyclase (AC), cAMP, PKA, and Csk. (B) The A2B 
receptor is associated to Gαs and Gαq proteins, inducing different signaling pathways. When expressed 
on the same cell, A2A and A2B can interact and form heteromers. Figure created with BioRender.com. 
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Beyond direct signaling through A2A and A2B receptors, T cells are indirectly affected by 

adenosine receptor signaling in APCs and other immune cells (Haskó et al. 2008). DCs release 

less IL-12 and TNF-α after adenosine treatment and have a reduced capacity to induce Th1 

polarization (Panther et al. 2003). LPS-stimulated macrophages treated with an A2B receptor 

agonist produce IL-10 (Németh et al. 2005), which in turn suppresses effector cell responses. 

Adenosine is rapidly degraded by adenosine deaminase (ADA) or taken up into the cell by 

nucleoside transporters, resulting in a very low extracellular half-life of less than ten seconds 

in blood (Klabunde 1983). Enhancing the half-life of adenosine by blocking equilibrative 

nucleoside transporters (ENT) is protective against colitis (Aherne et al. 2018). 

1.4 Purinergic enzymes metabolize adenine nucleotides 

Several ectonucleotidases are involved in the hydrolysis of pro-inflammatory ATP to anti-

inflammatory adenosine. The ‘canonical’ ATP to adenosine pathway involves the enzymes 

CD39 and CD73, with CD39 degrading ATP to ADP and further to adenosine monophosphate 

(AMP), and CD73 hydrolyzing AMP to adenosine (see Figure 1 in chapter 1.2). The concerted 

action of these two enzymes is one of the immunosuppressive pathways of murine Tregs 

(Deaglio et al. 2007). Further, cancer cells upregulate CD73 to produce adenosine and inhibit 

surrounding inflammation and activation of immune cells (de Lourdes Mora-García et al. 

2016). In addition to CD39 and CD73, other enzymes such as ENPP1, CD38, CD157, CD26, and 

alkaline phosphatases (AP) are involved in the metabolism of extracellular adenine 

nucleotides. 

1.4.1 CD39 degrades pro-inflammatory ATP to AMP 

CD39 (ecto-nucleoside triphosphate diphosphohydrolase-1/ENTPD1) stepwise hydrolyzes ATP 

to AMP, releasing a single phosphate in each reaction. CD39 is a highly glycosylated enzyme 

with a size of 70 – 100 kDa (Maliszewski et al. 1994). CD39 has two transmembrane domains, 

cytoplasmic N- and C-terminal domains, and an extracellular hydrophobic loop. The 

extracellular loop contains five apyrase-conserved regions with phosphate-binding motifs, 

critical for the enzymatic activity of CD39 (Mateo, Harden, and Boyer 1999). On immune cells, 

CD39 is expressed on monocytes, B cells and regulatory T cells (Pulte et al. 2007; Antonioli et 

al. 2013; Deaglio et al. 2007). CD39 is not expressed on resting CD8 and conventional CD4 
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T cells, but its expression increases after activation (Raczkowski et al. 2018; Maliszewski et al. 

1994), and is high at sites of inflammation (Moncrieffe et al. 2010). The expression of CD39 on 

Tregs and other T cell populations is genetically determined based on SNPs in the ENTPD1 

gene (A. Rissiek et al. 2015; Roederer et al. 2015). Low CD39 expression on T cells is associated 

with an increased risk of inflammatory bowel disease (Friedman et al. 2009; Gibson et al. 

2015), poor response to methotrexate treatment in rheumatoid arthritis patients (Gupta et 

al. 2018; Peres et al. 2015), and lower viral loads and slower disease progression in HIV-

infected patients (Schulze Zur Wiesch et al. 2011; Nikolova et al. 2011), underscoring the role 

of CD39 in immune regulation. 

1.4.2 CD73 generates anti-inflammatory adenosine from AMP 

The ectonucleotidase CD73 (ecto-5’-nucleotidase/NT5E) hydrolyzes AMP to adenosine. CD73 

is a glycosylphosphatidylinositol (GPI)-anchored protein with a size of 71 kDa, and forms 

homodimers connected by non-covalent bonds (Martínez-Martínez et al. 2000; Heuts et al. 

2012). The crystal structure of CD73 revealed that the N-terminal domain contains a metal ion 

binding site, while the C-terminal domain contains the substrate binding site and forms the 

dimerization interface (Heuts et al. 2012; Knapp et al. 2012). On immune cells, CD73 is 

expressed on B and T cell subsets. In the murine T cell compartment, CD73 is expressed on 

both CD4 and CD8 T cells, with the highest expression on Tregs. On human T cells, it is primarily 

expressed on naïve CD8 T cells, however, also some memory CD8 and CD4 T cell subsets 

express CD73 (Raczkowski et al. 2018). Of note, the expression of CD73 is very different 

between mice and humans, as it is e.g. highly expressed on murine Tregs, but almost absent 

on human Tregs (Schuler et al. 2014). CD73 expression is regulated under certain cellular 

conditions: it is downregulated on lymphocytes during the course of inflammation (Botta 

Gordon-Smith et al. 2015) and upregulated under hypoxic conditions due to a HIF-1α binding 

site in the NT5E promoter region (Synnestvedt et al. 2002), and in the presence of TGF-β or 

activin-A (Regateiro et al. 2011; Morianos et al. 2020). The SNP rs9444346 in NT5E, the gene 

encoding CD73, affects the frequency of CD73+ CD4 T cells (Roederer et al. 2015), but CD73 

expression is also influenced by environmental factors (Mangino et al. 2017). Mutations in 

NT5E that lead to a non-functional enzyme can lead to rare cases of arterial calcification, 

referred to as arterial calcification due to deficiency of CD73 (ACDC), with rheumatic 
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symptoms like joint pain and early-onset osteoarthritis (St. Hilaire et al. 2011; Ichikawa et al. 

2015). There is no immune phenotype described in patients with CD73 deficiency. 

The product of CD73 enzymatic activity is adenosine, an anti-inflammatory mediator that 

restricts T cell activation and function (see chapter 1.3.2). Because of its adenosine-generating 

function, CD73 plays a protective role in animal models of arthritis and colitis (Chrobak et al. 

2015; Bynoe et al. 2012). The potent immunosuppressive role of CD73 is underlined by its 

upregulation in several types of cancer, establishing an anti-inflammatory milieu for 

intratumoral T lymphocytes, which enables tumor growth. Blocking CD73 enzymatic activity is 

promising as cancer therapy. Several small molecule inhibitors of CD73 such as α,β-

methylene-ADP (AOPCP), a structural analogue of ADP, are already available for in vitro 

experiments, and are further refined for potential drug development (Bhattarai et al. 2020, 

2019). Clinical trials with inhibitors or monoclonal antibodies against CD73 are ongoing (Leone 

and Emens 2018). 

1.4.2.1 Soluble and vesicle-associated CD73 

Bodily fluids such as serum, plasma, and synovial fluid (SF) contain non-cell-bound CD73 

and/or CD73-dependent AMPase activity (Pettengill et al. 2013; Yegutkin, Samburski, and 

Jalkanen 2003; Morello et al. 2019; Schneider et al. 2019). Non-cell-bound CD73 widens the 

range of action of the enzyme and could transfer AMPase activity to cells lacking CD73. 

As GPI-anchored protein, proteolytic cleavage or hydrolytic shedding of the membrane anchor 

of CD73 leads to the release of the soluble protein. Which enzyme is responsible for the 

release of CD73 is not yet clear, but potential mechanisms involve PLC, phospholipase D (PLD), 

or metalloproteases (Lehto and Sharom 1998; Low and Prasad 1988; W. Zhang et al. 2018; 

Schneider et al. 2019). The enzymatic activity of PLC-released soluble CD73 is higher than for 

the membrane-bound form (Lehto and Sharom 1998), therefore, the presence of soluble CD73 

does not only widen its range of action, but also enhances the enzymatic activity.  

Next to its presence as soluble protein, CD73 was detected on extracellular vesicles (EVs) 

(Clayton et al. 2011; Morandi et al. 2018; F. Zhang et al. 2019; Smyth et al. 2013). GPI-anchored 

proteins are not evenly distributed on the cell surface, but enriched in lipid rafts, a specific 

region of the cell membrane rich in cell signaling proteins. EV formation is associated with lipid 

rafts, and lipid raft-associated molecules are preferentially found in EVs (López-Cobo, Campos-
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Silva, and Valés-Gómez 2016; Skryabin et al. 2020; De Gassart et al. 2003). EVs are small 

particles with a lipid bilayer membrane, released by almost all cell types under physiological 

or pathological conditions. The term ‘EV’ comprises exosomes and microvesicles, 

distinguishable mainly by their way of generation and their size (Raposo and Stoorvogel 2013; 

Buzas 2022). Exosomes are smaller vesicles (50 – 150 nm), generated through the endosomal 

pathway, which involves the formation of multivesicular bodies (MVB), and exosome release 

by MVB-fusion with the plasma membrane. Microvesicles are larger vesicles (50 – 1000 nm), 

and are released from cells by membrane budding. Typical surface markers of EVs are the 

tetraspanins CD9, CD63 and CD81, and flotillin, however, these markers are not specific for a 

certain type of EVs and depend on the cell of origin. Because neither the size nor the surface 

marker expression are exclusive for one type of EVs, it is difficult to clearly distinguish both 

types of vesicles. EVs carry membrane proteins, micro RNA (miRNA), cytokines, and other 

cellular content, in general reflecting the phenotype of their cell of origin (Fitzgerald et al. 

2018; Garcia-Martin et al. 2022). By transporting this content to other cells, EVs enable cell-

to-cell communication. CD73 was detected on EVs derived from different cell types, including 

cancer-, B cell-, and T cell-derived EVs (Clayton et al. 2011; Morandi et al. 2018; F. Zhang et al. 

2019; Smyth et al. 2013). CD73 is not the only purinergic enzyme released in EVs, also CD39 

has been detected on EVs from e.g. Tregs, tumor cells and mesenchymal stromal cells (Tung 

et al. 2020; Clayton et al. 2011; Carotti et al. 2022).  
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2 Aims of the study 

Purinergic signaling involves various enzymes and receptors, leading to a dynamic metabolism 

of adenine nucleotides and the induction of different intracellular signaling pathways. In 

T cells, the balance between pro- and anti-inflammatory signals is crucial for immune 

homeostasis, and the outcome can be shifted by adenine nucleotides towards immune 

pathology or immune suppression. The expression and function of purinergic molecules is 

already well characterized in mice or under certain conditions as e.g. in the tumor 

microenvironment. The goal of this thesis is to analyze the expression of the ATP receptor 

P2X7 and the adenosine-generating enzyme CD73 on human T cells, as well as mechanisms 

regulating CD73 function. Specifically, the aims of this project are: 

1.) To investigate the effects of ATP signaling in human T cells, specifically the 

expression of the P2X7 receptor on human T cell subsets and implications in the 

immune response 

2.) To characterize enzymes involved in ATP degradation and adenosine generation, 

focusing on the regulation of CD73 expression and activity, and the role of non-cell 

bound CD73 as important switch for the outcome of an immune response 
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3  Publications 

3.1 P2X7 is expressed on human innate-like T lymphocytes and mediates susceptibility 

to ATP-induced cell death 

The publication “P2X7 is expressed on human innate-like T lymphocytes and mediates 

susceptibility to ATP-induced cell death” was published in September 2022 in the European 

Journal of Immunology (EJI, Impact Factor 6.688 [2021]). The paper was selected for the “In 

this Issue” section of the November 2022 issue of the EJI. 

P2X7 is expressed on human innate-like T lymphocytes and mediates susceptibility 

to ATP-induced cell death  

R. Winzer, A. Serracant-Prat, V. J. Brock, C. Pinto-Espinoza, B. Rissiek, M. Amadi, N. 

Eich, A. Rissiek, E. Schneider, T. Magnus, A. H. Guse, B.-P. Diercks, F. Koch-Nolte, E. 

Tolosa 

Eur. J. Immunol. 52, 11 (2022), doi: https://doi.org/10.1002/eji.202249932 

In this work, we analyzed the expression and function of the ATP receptor P2X7 on human 

T cell subsets using nanobodies for cell surface staining and blockade of P2X7. We found that 

Tγδ cells and other innate-like T lymphocytes have the highest P2X7 expression within the 

T cell compartment. P2X7 expression correlates with the susceptibility to ATP, and we could 

show that Tγδ cells have a higher ATP-induced Ca2+ influx compared to CD4 T cells, and are 

prone to P2X7-mediated cell death.  

My part of this project is a continuation of the work started by Dr. Arnau Serracant Prat 

(Serracant Prat 2018). While Arnau Serracant Prat focused on the expression pattern of P2X7 

on immune cell populations and the immediate ATP effects, I analyzed the consequences of 

ATP stimulation on the function and survival of Tγδ cells. For this publication, I performed T 

cell assays (T cell isolation, sorting and stimulation), and measured cell death, activation and 

proliferation by flow cytometry (experiments shown in Figure 5B-C, Figure 6, Supplementary 

Figure 5 and Supplementary Figure 6 of the paper). I also performed immunofluorescence 

P2X7 staining of peripheral blood T cells (shown in Supplementary Figure 2E-F). I prepared the 

cells and was involved in establishing the method to measure the Ca2+ influx in primary human 

T cells (Figure 4, measurement was performed by Valerie Brock, Department of Biochemistry 

and Molecular Cell Biology, UKE). I was involved in conceptually developing the manuscript, 



3 Publications 

17 
 

as well as performing all experiments for the revision process. I prepared all figures and wrote 

the first version of the manuscript, and was involved in all correction steps. As corresponding 

author, I communicated with the editors and was responsible for preparing and submitting 

files during the submission and revision processes. 

 
_______________________   ________________________ 
Place, date     Eva Tolosa (Supervisor)    
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3.2 CD73-mediated adenosine production by CD8 T cell-derived extracellular vesicles 

constitutes an intrinsic mechanism of immune suppression 

The publication “CD73-mediated adenosine production by CD8 T cell-derived extracellular 

vesicles constitutes an intrinsic mechanism of immune suppression” was published in October 

2021 in Nature Communications (Impact Factor 17.694 [2021]).  

CD73-mediated adenosine production by CD8 T cell-derived extracellular vesicles 

constitutes an intrinsic mechanism of immune suppression 

E. Schneider*, R. Winzer*, A. Rissiek, I. Ricklefs, C. Meyer-Schwesinger, F. L. 

Ricklefs, A. Bauche, J. Behrends, R. Reimer, S. Brenna, H. Wasielewski, M. Lauten, 

B. Rissiek, B. Puig, F. Cortesi, T. Magnus, R. Fliegert, C. E. Müller, N. Gagliani, E. 

Tolosa 

*equal contribution 

Nat. Commun. 12 (2021), doi: https://doi.org/10.1038/s41467-021-26134-w 

In this publication, we describe that the ectonucleotidase CD73 is released from the plasma 

membrane of effector T cells on EVs. CD73 on EVs remains enzymatically active and conducts, 

especially in cooperation with regulatory T cells, anti-inflammatory effects. This publication is 

a shared first authorship together with Dr. Enja Schneider.  

For this publication, I established a sensitive method to measure adenine nucleotides (with 

the help of Andreas Bauche and Dr. Ralf Fliegert, Department of Biochemistry and Molecular 

Cell Biology, UKE). This method is based on the incubation of samples (e.g. cells, EVs, or serum) 

with fluorescent adenine nucleotide derivatives. Separation and quantification by high-

performance liquid chromatography (HPLC) allowed us to follow the stepwise degradation of 

these nucleotides, from which we can draw conclusions about the activity of enzymes involved 

(brief schematic overview of the method in Fig. 3b of the publication). This method was 

fundamental for the project, as it allowed us to assess the enzymatic activity of CD73 on EVs, 

which in turn was the basis for functional T cell assays. In addition, I performed various assays 

with primary human T cells for the publication and analyzed them by flow cytometry and 

ELISA. I am responsible for the performance, analysis and presentation of the experiments 

shown in Fig. 1b-c, Fig. 3c-d, Fig. 4f, Fig. 6a, Fig. 7d and Supplementary Fig. 1c. Additionally, I 

performed and analyzed the experiments in Response letter Fig. 1, Response letter Fig. 3 and 

Response letter Fig. 5 (first resubmission), and Response letter Fig. 1 (second resubmission). 
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Together with Enja Schneider, I was involved in performing the experiments shown in Fig. 1e-

f, Fig. 4a-b, Fig. 6b, Supplementary Fig. 7, Supplementary Fig. 8a, and Supplementary Fig. 9e 

as well as in preparing samples for experiments performed by co-authors. I was in involved in 

conceptually developing the manuscript. I wrote the first version of the results section 

including figure legends, the methods section (except for "Characterization of EVs", 

"Fluorescence microscopy" and "Statistical analysis"), and parts of the discussion, and I was 

involved in the revision of all parts of the paper. As corresponding author, I communicated 

with the editors and was responsible for preparing and submitting files during the submission 

process. 

This publication was awarded as UKE Paper of the Month October 2021. 

 

_______________________   ________________________ 
Place, date     Eva Tolosa (Supervisor)    
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3.3 Generation and function of non-cell-bound CD73 in inflammation [Review] 

The review “Generation and Function of Non-cell-bound CD73 in Inflammation” was published 

in July 2019 in Frontiers in Immunology (Impact Factor 8.787 [2021]). 

Generation and Function of Non-cell-bound CD73 in Inflammation 

E. Schneider, A. Rissiek, R. Winzer, B. Puig, B. Rissiek, F. Haag, H. W. Mittrücker, 

T. Magnus, E. Tolosa 

Front. Immunol. 10 (2019), doi: https://doi.org/10.3389/fimmu.2019.01729 

In this publication, we summarize what is known about the presence of CD73 as non-cell-

bound protein (as soluble protein and in EVs) and its relevance in inflammation. 

I contributed to this review article with a section on the release of CD73 from the cell 

membrane. This included the literature search as well as writing the first version of the 

corresponding section (page 3, "Evidence for non-cell bound and functionally active CD73", 

from paragraph 3). In addition, I was involved in the revision of the entire article. 

 

_______________________   ________________________ 
Place, date     Eva Tolosa (Supervisor)    
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3.4 Identification of the mouse T cell ADP-ribosylome uncovers ARTC2.2 mediated 

regulation of CD73 by ADP-ribosylation 

The publication “Identification of the Mouse T Cell ADP-Ribosylome Uncovers ARTC2.2 

Mediated Regulation of CD73 by ADP-Ribosylation” was published in August 2021 in Frontiers 

in Immunology (Impact Factor 8.787 [2021]). 

Identification of the Mouse T Cell ADP-Ribosylome Uncovers ARTC2.2 Mediated 

Regulation of CD73 by ADP-Ribosylation 

M. Leutert, Y. Duan, R. Winzer, S. Menzel, E. Tolosa, T. Magnus, M. O. Hottiger, 

F. Koch-Nolte, B. Rissiek 

Front. Immunol. 12 (2021), doi: https://doi.org/10.3389/fimmu.2021.703719 

In this publication, we describe that the ADP-ribosylation of murine CD73, a post-translational 

modification mediated by the mono-ADP-ribosyltransferase ARTC2.2, decreases the 

enzymatic activity of CD73.  

For this publication, I performed experiments by HPLC to measure the enzymatic activity of 

CD73 in different immune cell populations of different mouse lines (Figure 3D and Figure 3E). 

For this, I adapted the method described in Schneider, Winzer et al. (see chapter 3.2), and 

incubated murine cells with etheno-AMP. The sensitive detection of etheno-AMP and its 

degradation products by HPLC allowed us to see small differences between different 

conditions tested. I was responsible for the analysis of these experiments, and wrote the 

method to this part. 

 

_______________________   ________________________ 
Place, date     Eva Tolosa (Supervisor)    
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4 Discussion 

In the publications presented in this thesis, we show expression patterns, immune-related 

functions, and regulatory mechanisms of enzymes and receptors of the purinergic system. We 

could show that human innate-like T cells express higher levels of P2X7 than conventional 

T cells, which makes them susceptible to ATP-induced cell death. The ectonucleotidases CD39 

and CD73 rapidly degrade ATP, and we characterized the expression and function of both 

enzymes on human T cells. We show that CD73 is released on EVs from effector T cells upon 

T cell activation. The enzymatic activity of CD73 on EVs is preserved and mediates, in 

combination with Tregs, immune suppression. Furthermore, we have identified murine CD73 

as target for ADP-ribosylation. The release of CD73 in EVs and the decrease of the enzymatic 

activity of CD73 through ADP-ribosylation constitute mechanisms that alter CD73 function, 

and affect the outcome of an immune response. 

In this discussion, I will focus on the multiplicity of purinergic enzymes and receptors involved 

in the outcome of purinergic signaling events on T cells, their effect on the immune response, 

and the relevance of understanding this complex system for translational research. I will also 

discuss the differences between the expression and function of purinergic molecules in mice 

and humans. Finally, I will summarize current technologies available for measuring adenine 

nucleotides as well as techniques that would be useful in the future to further disentangle 

mechanisms of the purinergic system. The role of adenine nucleotides in inflammatory 

responses and cancer, and the huge efforts already made to develop therapeutics to intervene 

in purinergic signaling pathways, underscore the need for understanding the function of 

purinergic enzymes and receptors under physiological and pathological conditions. 

4.1 The conundrum of ATP signaling through the human P2X7 receptor 

Although single publications report the release of adenosine from the intra- to the 

extracellular space through transporters (Almeida et al. 2003), it is commonly accepted that 

the main source of extracellular adenosine is ATP. This leads to the paradoxical situation that 

a pro-inflammatory mediator must be released to generate an anti-inflammatory mediator, 

and raises the question of how the equilibrium between inflammation and tolerance is 

regulated and homeostasis is restored (Faas, Sáez, and de Vos 2017). Some researchers focus 

their research on ATP as ligand for P2 receptors without taking into account its degradation 
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to adenosine. Others see ATP merely as source of adenosine, without considering the 

presence of P2 receptors and potential ATP-mediated pro-inflammatory signaling 

(Nascimento et al. 2021; Ingwersen et al. 2016). Whether ATP leads rather to a stimulation of 

P2 receptors or to the generation of adenosine is most likely cell type- and tissue-specific. 

Peripheral blood Tγδ cells, for example, do not express CD39, making them presumably poor 

in degrading ATP, which could favor P2 receptor signaling. In the intestine, an ATP-rich 

environment, Tγδ cells have a high CD39 expression (Libera et al. 2020), and I would speculate 

that they are able to degrade ATP from their microenvironment and, consequently, avoid 

extensive P2 receptor activation. 

Activation of the human P2X7 receptor requires concentrations of extracellular ATP in the high 

micromolar to millimolar range (Jacobson, Jarvis, and Williams 2002). Early studies described 

an enhancing effect of P2X7 on T cell activation events such as IL-2 release, when the 

concentration of ATP is moderate (up to 100 µM) (Yip et al. 2009). In our hands, physiological 

concentrations of ATP released during T cell stimulation did not alter the activation of 

conventional or innate-like T cells because addition of the specific P2X7-blocking nanobody 

Dano1 had no effect on the upregulation of CD25 and cell proliferation (Winzer et al. 2022). 

When adding exogenous ATP to a proliferation assay, we observe a reduction in proliferation. 

This effect can be blocked with a CD73 inhibitor, demonstrating that the reduced proliferation 

occurs due to ATP degradation to adenosine and subsequent activation of A2A receptors. The 

addition of AMP or adenosine in concentrations of 50 µM already reduces T cell activation 

significantly (Schneider, Winzer et al. 2021). Considering these data, it seems more likely that 

ATP released during T cell activation is rather degraded to adenosine and acts on A2A 

receptors than activating P2X7. We observed P2X7-mediated effects in human peripheral 

blood T cells only after treatment with >1 mM ATP, resulting in cell death particularly of Tγδ 

cells, which have the highest P2X7 expression in the T cell compartment. We propose that the 

depletion of Tγδ cells in an ATP-rich environment could avoid Tγδ-mediated tissue damage 

and immune pathology (Winzer et al. 2022). In vivo, however, there might be factors that 

facilitate P2X7 signaling already with lower ATP concentrations. For years, researchers 

working with the human P2X7 receptor have wondered how millimolar ATP concentrations 

needed for P2X7 activation can be reached in the extracellular space. One explanation could 

be ATP release of neighboring cells due to cell death or massive inflammation. In this situation, 
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ATP concentrations in the millimolar range can only be reached pericellulary during a very 

short time. Additionally, unknown mechanisms may positively modulate the sensitivity of 

human P2X7 towards ATP. The murine P2X7 receptor can be activated with intermediate ATP 

concentrations (>100 µM) or low NAD+ concentrations (<30 µM) upon ARTC2.2-mediated 

ADP-ribosylation of the receptor (Seman et al. 2003). Humans do not express ARTC2.2, and 

the isoform ARTC1 is not expressed on immune cells. It is plausible that ARTC1 modulates 

P2X7 on neighboring cells (Wennerberg et al. 2022), or is released as soluble protein. 

Moreover, murine P2X7 can be positively modulated by nanobodies (Danquah et al. 2016), 

and human P2X7 can be positively modulated with the antiparasitic drug ivermectin, the 

antibiotic polymyxin B, the plant metabolite compound K and the antimicrobial peptide LL-37 

(Tomasinsig et al. 2008; Bidula et al. 2019; Ferrari et al. 2004; Nörenberg et al. 2012), 

altogether suggesting that there may exist physiological modulators of the receptor. A 

modulation of the P2X7 receptor could facilitate activation at micromolar ATP concentrations 

available in the pericellular environment during T cell activation. 

P2X7 is not the only ATP receptor expressed on human T cells, and all other P2 receptors are 

activated already with lower ATP concentrations (Figure 4) (Xing et al. 2016). Our work 

demonstrates that ATP-induced cell death is exclusively mediated by P2X7 because it can be 

completely blocked with the P2X7-inhibiting nanobody Dano1. The influx of Ca2+, however, 

occurs through different ATP-gated ion channels, and cannot be completely blocked with 

Dano1 in Tγδ cells (Winzer et al. 2022). Based on gene expression data, P2RX4 is expressed on 

different T cell populations, with the highest expression on CD4 memory T cells (Uhlen et al. 

2019). The sensitivity of P2X4 for ATP is around 100-fold higher than that of P2X7, suggesting 

that P2X4 rather than P2X7 is activated during T cell activation. P2X4 is, however, expressed 

on lysosomes, and it is not yet clear under which circumstances it is transported to the cell 

membrane (Kanellopoulos et al. 2021). In our experiments, the combination of the P2X7 

inhibitor Dano1 and the P2X4 inhibitor 5-BDBD abolished ATP-induced Ca2+ influx in Tγδ cells, 

indicating that P2X4 is at least to some extent present at the cell surface (data available in the 

peer review file of Winzer et al. 2022). P2X4 also contributes to NFAT activation and IL-2 

expression in P2X4 receptor-overexpressing Jurkat T cells (Woehrle et al. 2010), and to the 

formation of Ca2+ microdomains in murine T cells (Brock et al. 2022). Human CD4 T cells and 

Jurkat T cells also express P2RX1 and P2RX5 (Woehrle et al. 2010). Furthermore, the GPCR 
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P2RY11 has a similar expression profile as P2RX7, with a high gene expression in MAIT and Tγδ 

cells (Uhlen et al. 2019). P2Y11 is only expressed in humans, and counteracts P2X7-mediated 

pore formation and cell death (Dreisig et al. 2018), adding one more level of regulation to the 

activity of P2X7.  

 

 

Figure 4. ATP sensitivity of human P2 receptors. P2 receptors differ in their responsiveness to ATP. 
P2X7 needs much higher ATP concentrations for activation than all other P2 receptors. Figure obtained 
and adapted from Xing et al. (Xing et al. 2016). 
 

In conclusion, it is almost impossible to predict if extracellular ATP induces P2 receptor 

signaling or is immediately degraded by CD39 or other ATPases and elicits adenosine receptor 

signaling. The human P2X7 receptor requires high extracellular ATP concentrations for 

activation, suggesting that P2X7 is only activated under very specific conditions (e.g. at sites 

of inflammation or cell death), or that P2X7 may be modulated in vivo to increase its ATP 

sensitivity. ATP sensors and specific inhibitors for P2 receptors and for ATP-degrading enzymes 

would help to determine the fate of ATP in the extracellular space (see chapter 4.4). 

4.2 Complexity of the purinergic system 

The rapid metabolism of extracellular adenine nucleotides by purinergic enzymes, together 

with the dynamic receptor activation, requires studying the purinergic signaling cascade as a 

system rather than analyzing the role of individual proteins. The complexity of the system is 

reflected in additional enzymes involved in ATP degradation beyond the very well studied 

CD39 and CD73, post-translational modifications of purinergic molecules, and the recently 

discovered possibility of purinergic enzymes released from cells as soluble molecules or 

contained in vesicles.  
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Enzymes involved in the metabolism of adenine nucleotides 

The availability of ATP and adenosine in the close cellular environment determines the shift 

towards P2 or P1 receptor signaling on target cells. CD39 and CD73 are the better known 

enzymes responsible for ATP degradation and adenosine generation (Figure 5A and chapter 

1.4), but also other enzymes are involved in the metabolism of adenine nucleotides, shifting 

the signaling either towards a P2 or a P1 receptor response. These ‘alternative players’ are 

enzymes that either i) ‘feed’ the canonical pathway by generating substrates for CD39 or 

CD73, ii) take over the role of CD39 or CD73, or iii) irreversibly remove adenosine from the 

milieu. The activities of these enzymes are often referred to as the non-canonical purinergic 

pathway (Figure 5B-D). Further, nucleoside transporters influence the extent of purinergic 

signaling by shuffling adenosine through the cell membrane. 

The ectonucleotide pyrophosphatase/phosphodiesterase 1 (ENPP1, also known as CD203a or 

PC-1) hydrolyzes the direct cleavage of two phosphates from ATP to yield AMP. ENPP1 has 

also other substrates, including ADPR. In combination with CD38 or CD157, ENPP1 enables the 

generation of AMP from NAD+ (Figure 5B) (Horenstein et al. 2013; Deterre et al. 1996). Our 

own unpublished data shows that ENPP1 is only marginally expressed on the cell membrane 

of human T cells, with the exception of MAIT cells, but rather present on two very specific 

subsets of innate immune cells, CD141high DCs and CD56bright NK cells. A soluble form of ENPP1 

is present in plasma and serum (Belli, van Driel, and Goding 1993; Jansen et al. 2012), and it 

may be possible that soluble ENPP1 contributes to ATP degradation in bodily fluids.  

Alkaline phosphatases (AP) constitute a class of enzymes with broad substrate specificity that 

dephosphorylate a variety of targets. APs are divided into four groups: tissue-nonspecific AP 

(TNAP), intestinal AP, placental AP, and germ cell AP. The expression of each isoform is tissue-

dependent, with TNAP being broadly expressed in e.g. lung, brain, liver, and kidney. 

Lymphocytes do not express APs, but APs exist as soluble proteins (Pettengill et al. 2013), 

potentially enabling nucleotide metabolism in proximity to lymphocytes. ATP, ADP, and AMP 

count among the multiple substrates of APs, so it is plausible that APs take over the role of 

both CD39 and CD73 (Figure 5C), especially in the context of forced absence of these enzymes. 

Indeed, APs contribute significantly to the AMPase activity in the kidney and brain of CD73 

knockout mice (D. Zhang et al. 2012; Jackson et al. 2014), indicating a compensatory 

mechanism in the absence of CD73. Also in patients with CD73 deficiency, the activity of TNAP 
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is increased (Jin et al. 2016). The increased degradation of pyrophosphate (PPi) to phosphate 

(Pi) by TNAP in CD73 deficient patients decreases bone mineralization and promotes arterial 

calcification, leading to severe disease phenotypes (Jin et al. 2016). In the experiments 

described in this thesis, we used the highly specific CD73 inhibitor PSB-14685 (Schneider, 

Winzer et al. 2021; Bhattarai et al. 2020) to verify that the observed AMPase activity derives 

from CD73, or we performed the measurements in phosphate buffer to inhibit AP-mediated 

activity. 

With a half-life between five and ten seconds, the turnover of adenosine in bodily fluids and 

cell culture systems is extremely fast (Klabunde 1983). The reason is a rapid degradation of 

adenosine to inosine by ADA (Figure 5D). ADA is found as a soluble enzyme or, in humans, 

bound to the cell surface of T cells through CD26 (dipeptidyl peptidase-4, DPP4) (De Meester 

et al. 1994; Gao et al. 2018). Conventional T cells upregulate CD26 upon activation, which 

enables ADA binding and prevents adenosine-mediated auto-inhibition of the cells by rapid 

pericellular degradation of adenosine. Tregs do not express CD26 and, consequently, do not 

have ADA bound to the cell surface. They are more effective in suppression, potentially due 

to increased pericellular adenosine concentrations (Salgado et al. 2012; Mandapathil et al. 

2012). ADA deficiency leads to a form of severe combined immunodeficiency (SCID) because 

of the accumulation of intracellular deoxy-adenosine and deoxy-ATP, and extracellular 

adenosine (Whitmore and Gaspar 2016). When assessing the effect of adenosine on the 

activation and proliferation of responder T cells, we always added the ADA inhibitor erythro-

9-(2-hydroxy-3-nonyl)adenine hydrochloride (EHNA) to the cells to prevent the degradation 

of adenosine (Schneider, Winzer et al. 2021). This is of course an artificial system and it is 

possible that we are overestimating the effect of adenosine by this experimental design, 

however, it is currently not possible to mimic a cellular system in which there is a constant 

source of ATP and a controlled metabolism of adenine nucleotides. 
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Figure 5. Extracellular adenine nucleotides are metabolized by a variety of enzymes. (A) CD39 and 
CD73 degrade ATP to adenosine in a concerted action. (B) ENPP1 has a broad substrate specificity and 
is e.g. able to generate AMP from ATP. (C) APs release Pi from several substrates, including ATP and 
AMP. (D) ADA rapidly degrades adenosine to inosine, preventing adenosine receptor signaling. Figure 
created with BioRender.com. 
 

Transcriptional and post-translational regulation of purinergic enzymes and receptors 

Purinergic enzymes and receptors can be modified to enhance or block their function. An 

example for a protein regulated on multiple levels is CD73 (Alcedo, Bowser, and Snider 2021). 

On the transcriptional level, transcription factors HIF-1α, STAT3, and SP1 promote CD73 

expression (Morianos et al. 2020; Synnestvedt et al. 2002; Kordaß, Osen, and Eichmüller 2018; 

Hansen et al. 1995). miRNAs, e.g. miR-422a and miR-30a, bind to the 3‘-untranslated region 

of NT5E mRNA and prevent translation (Kordaß, Osen, and Eichmüller 2018). Post-

transcriptionally, alternative splicing generates a shorter transcript variant of CD73 that lacks 

AMPase enzymatic activity, is unable to dimerize, and builds a complex with canonical CD73 

leading to proteasome-dependent degradation of the functional CD73. The truncated variant 

is found in low amounts in healthy tissue, but is increased in liver cirrhosis and hepatocellular 

carcinoma (HCC) (Snider et al. 2014). Post-translationally, the CD73 protein is modified by N-

linked glycosylation. An altered glycosylation pattern, as found in HCC tumors, decreases CD73 

enzymatic activity (Alcedo et al. 2019). 
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We present here another mechanism how murine CD73 can be post-translationally modified 

by mono-ADP-ribosylation, a modification already well described for the P2X7 receptor and 

many other non-purinergic proteins (Seman et al. 2003; Teege et al. 2015; Lischke et al. 2013; 

Menzel et al. 2021). For murine P2X7, ARTC2.2 transfers the ADPR moiety of NAD+ to the P2X7 

receptor, mimicking ATP binding and leading to receptor activation in an NAD+-rich 

environment. The ADP-ribosylation of CD73 on murine T cells, mediated by the same enzyme, 

reduces the enzymatic activity of CD73 (Leutert et al. 2021). The ADP-ribosylation site of CD73 

is distant to its active site, but CD73 undergoes major conformational changes during 

substrate binding and cleavage (Knapp et al. 2012), and it is plausible that ADP-ribosylation 

impairs this movement. Recently, ADP-ribosylation has been described for human CD73 and 

P2X7. Recombinant ARTC1 mono-ADP-ribosylates human CD73 at six arginine residues, some 

of them at positions likely relevant for CD73 dimerization or substrate binding, and leads to 

an impaired generation of adenosine (Hesse et al. 2022). Because ARTC1 is not expressed in 

human immune cells (Uhlen et al. 2019), the relevance of CD73 mono-ADP-ribosylation for 

adenosine production by T cells is questionable. However, co-expression of ARTs with its 

targets may not be necessary as tumor cell-derived ART1 ADP-ribosylates P2X7-expressing 

tumor-infiltrating CD8 T cells, rendering them susceptible to NICD (Wennerberg et al. 2022). 

The cleavage of ARTs from the cell membrane and their release as soluble proteins would also 

overcome co-expression with its targets. Membrane cleavage has been shown for murine 

ARTC2.2, and is predicted for human ARTC1 (Kahl et al. 2000; Menzel et al. 2015). 

Extracellular vesicles 

Purinergic enzymes and receptors exist as soluble proteins or, as highlighted in this thesis, on 

EVs. The occurrence of CD73 on T cell-derived EVs has been extensively discussed in the 

publications (Schneider et al. 2019; Schneider, Winzer et al. 2021; Schneider 2020), however, 

also other purinergic molecules are contained in EVs derived from cancer cells, stem cells, T 

cells, or endothelial cells (Figure 6) (Carotti et al. 2022). CD39 and CD73 are both present on 

tumor-derived EVs (Clayton et al. 2011; Morandi et al. 2018; Schuler et al. 2014). EVs from the 

bone marrow of patients with multiple myeloma additionally contain CD38 and ENPP1 

(Morandi et al. 2018). Serum CD19+ B cell-derived EVs, increased in colon cancer patients, 

express CD39 and CD73, and decrease post-chemotherapeutic CD8 T cell responses (F. Zhang 

et al. 2019). Treg-derived EVs contain CD73 and CD39, potentially contributing to their 
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immunosuppressive capacity (Smyth et al. 2013; Tung et al. 2020). Moreover, purinergic 

signaling is involved in regulating the secretion of EVs as it has been shown that ATP induces 

the release of EVs from microglia and tumor cells in a P2X7-dependent way (Bianco et al. 2005; 

Ruan et al. 2020; Pegoraro et al. 2021; Lombardi et al. 2021). ATP is also contained as cargo in 

vesicles (Figure 6) (Sakaki et al. 2013; Graner 2018). 

 
Figure 6. Extracellular vesicles carry purinergic enzymes and other cellular content. EVs include 
exosomes and microvesicles, which are generated via the endosomal pathway and by membrane 
budding, respectively. EVs reflect their cell of origin in terms of protein expression and cargo. It has 
been shown that purinergic enzymes are released on EVs. Figure created with BioRender.com. 
 

The release of purinergic enzymes on EVs increases their spatial range of action by bringing 

the potential to metabolize adenine nucleotides away from the donor cell. This could as well 

protect the donor cells for example from the suppressive effect of adenosine, as well as 

facilitate local adenosine production close to target cells, particularly relevant when taking 

into account the fast turnover of adenosine. We propose that an advantage of releasing CD73 

on EVs is an increased half-life and a better distribution of the enzyme in bodily fluids when 

compared to the soluble protein (Schneider et al. 2019). There are many open questions 

related to the function of EVs. For instance, it is not yet known how far EVs can ‘travel’ in vivo 

or which signals poise them to fuse with a target cell. Most studies analyzing tissue distribution 

and uptake of EVs rely on injecting pre-labeled EVs in mice, in combination with in vivo imaging 

(Arifin, Witwer, and Bulte 2022). After injecting luciferase-labeled EVs intravenously in mice, 

EVs were rapidly distributed in the body and eliminated via hepatic and renal routes within six 

hours (Lai et al. 2014). Other groups were still able to detect EVs from luciferase-transfected 

cancer cell lines in the lung, liver and spleen of mice after nine days (Gangadaran et al. 2017). 

Magnetic resonance imaging (MRI), X-ray, and positron emission tomography (PET) are other 

methods commonly used for in vivo EV imaging (Arifin, Witwer, and Bulte 2022). Due to the 
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small size of EVs, most imaging techniques cannot discriminate between EV binding and 

uptake. Attaching a dual EGFP-Renilla luciferase-split tag to tetraspanins allowed the 

measurement of EV binding to a cell by EGFP fluorescence and EV uptake by luminescence 

(Toribio et al. 2019). Injection of exogenously labeled EVs for imaging biases the EV 

biodistribution depending on the site of administration, and labeled EVs may differ in their 

properties compared to endogenous EVs. To analyze EVs in vivo under more physiological 

conditions, prostate cancer cells were transfected with the bioluminescence resonance 

energy transfer (BRET)-based CD63-Antares2-reporter and transplanted into mice. The EVs 

released by the tumor cells were followed for up to 35 days, and could be found in blood, with 

a bioluminescence intensity correlating with tumor size, and in different organs, including 

lungs, stomach, intestine, and genital glands (Hikita et al. 2020). Incubation of T cells with EVs 

from a CD73-GFP-overexpressing glioblastoma cell line results in CD73 expression of the T 

cells, indicating EV uptake (Wang et al. 2021). Whether all and to which extent EVs fuse with 

target cells and equip them with previously not expressed purinergic enzymes is not yet 

known (Prada and Meldolesi 2016; Mathieu et al. 2019). 

EVs and EV-related cargo are associated with several diseases, making them interesting as 

diagnostic biomarkers, while their easy administration and bioavailability puts them in the 

focus for therapy. miRNA or proteins contained in EVs are discussed as biomarkers for e.g. 

rheumatoid arthritis and diabetes, or to predict the severity of COVID-19 (Fujita et al. 2021; 

Garcia-Contreras et al. 2017; Buzas 2022). Patients with rheumatoid arthritis show an 

increased plasma concentration of EVs, and EVs can increase the inflammation by containing 

e.g. pro-inflammatory cytokines like TNF-α (Withrow et al. 2016; Schioppo et al. 2021). On the 

other side, we have demonstrated an immune regulatory role for SF-derived EVs (Schneider, 

Winzer et al. 2021). Cancer cell line-derived EVs produce adenosine through CD39 and CD73, 

contributing to the suppression of T cells in the tumor environment (Clayton et al. 2011). 

Compared to cell-based therapy and soluble drugs, EVs may offer advantages including a low 

immunogenicity, the potential to cross biological barriers, and the cell-specific fusion and 

internalization (Arifin, Witwer, and Bulte 2022; Noren Hooten et al. 2020). Yet, open questions 

regarding their in vivo targeting mechanisms, biodistribution, stability, and off-target effects 

must be answered first. 
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The role of EVs in intercellular communication and their potential use as therapeutics placed 

EVs into a main focus of research. The presence of purinergic enzymes in EVs adds complexity 

and extends the scope of purinergic signaling, and may have major effects on the outcome of 

an immune response. 

4.3 Differences in murine and human purinergic signaling pathways 

It is virtually impossible to study complex cellular processes and in vivo effects of treatments 

in humans, therefore we use mouse models to dissect immunological processes. However, 

there are obvious differences between human and mouse physiology, and the impact of 

genetic and environmental factors cannot be detected when studying mice. The purinergic 

system stands out as an example of difference between mice and humans. 

The generation of anti-inflammatory adenosine by the concerted action of CD39 and CD73 is 

a well described immunosuppressive mechanism of murine Tregs (Deaglio et al. 2007). While 

murine Tregs express both CD39 and CD73 on the cell surface, human Tregs express CD39 (the 

frequency is highly dependent on the genotype of the donor, see chapter 1.4.1), but mostly 

no CD73. This conundrum is known for many years, however, the ‘desire to fit’ in translational 

research has pushed researchers to overestimate CD73 in Tregs and overlook data that were 

discordant to findings in the murine system (Da et al. 2022). The CD73 expression is not only 

different on Tregs, but also almost all conventional CD4 and CD8 T cells in the mouse express 

CD73, while CD73 expression in humans is high on naïve CD8 T cells, but rather low on 

circulating memory CD8 and CD4 T cells (Raczkowski et al. 2018). This opens up the question 

how adenosine is generated in human T cells. The release of CD73 by effector T cells on EVs 

offers a possibility how CD73 can interact with Treg-expressed CD39 to enable adenosine 

production (Schneider, Winzer et al. 2021). A reason why CD73 expression is different in mice 

and humans could be that adenosine receptor signaling affects Tregs and effector T cells in a 

different way in each species. Adenosine signaling inhibits the activation of both Tregs and 

effector T cells in humans (Baroja-Mazo et al. 2018), while it does not block, but even enhances 

the number of murine Tregs (Ohta et al. 2012; Ohta and Sitkovsky 2014; Zarek et al. 2008). 

The lack of CD73 on human Tregs could prevent an adenosine-mediated auto-inhibition, 

similarly to our proposed mechanism for effector T cells, which lose CD73 after activation 

(Schneider, Winzer et al. 2021; Schneider 2020). Moreover, T cells upregulate the plasma 
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membrane protein CD26 after activation. In humans, but not in mice, CD26 serves as ‘anchor’ 

for the adenosine-degrading enzyme ADA (Richard et al. 2000), suggesting that ADA in close 

proximity to the cell surface could reduce an autocrine effect of adenosine and auto-inhibition 

of the cells. 

Major differences between mice and humans are also noted for P2 receptors. There are 

several factors suggesting that humans evolved in a way to avoid P2X7 receptor signaling: 

Compared to murine P2X7, human P2X7 is i) less sensitive to ATP (Xing et al. 2016), ii) 

expressed at lower levels (at least on circulating T cells) (Winzer et al. 2022), and iii) not 

activated by low concentrations of NAD+ through ARTC2.2-mediated ADP-ribosylation (Haag 

et al. 1994). As an example, murine Tregs express high levels of P2X7 at the cell surface, and 

are very sensitive to P2X7-mediated cell death already with micromolar NAD+ concentrations 

released during tissue preparation. In contrast, human Tregs have a similar P2X7 expression 

as conventional CD4 T cells, and millimolar ATP concentrations are needed to induce cell death 

(Winzer et al. 2022). Of note, P2X7 expression varies between mouse strains with different 

genetic backgrounds (Er-Lukowiak et al. 2020), posing the question of how P2X7 would be 

expressed in ‘wild mice’ with a much higher genetic diversity. Moreover, laboratory mice are 

housed under controlled specific pathogen-free (SFP) conditions. Especially in the intestine, 

ATP concentrations are influenced by the microbiota, and it could well be possible that P2X7 

function is differentially regulated in the presence of a diverse intestinal flora. P2Y11, another 

ATP-gated receptor, is expressed in humans, but not in mice. P2Y11 interacts with P2X7, and 

inhibits P2X7-mediated pore formation and cell death (Dreisig et al. 2018), providing another 

mechanism how human P2X7 is maintained in an inactive state. Currently, we do not 

understand why there is such a difference in the ATP sensitivity and ATP response between 

murine and human T cells. 

Based on the differences in purinergic signaling between mice and humans, results from 

mouse models need to be carefully evaluated and are presumably not directly translatable to 

humans. 

4.4 Experimental approaches: Tools we have and tools we need 

As described in the publications presented in this thesis, we are able to measure the AMPase 

and ATPase activity of cells, EVs, cell culture supernatants, or bodily fluids with a sensitive 
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method based on the incubation of samples with fluorescent adenine nucleotides paired with 

HPLC detection (Schneider, Winzer et al. 2021; Leutert et al. 2021). The use of fluorescent 

etheno-nucleotides as substrates has several advantages. Fluorescence detection increases 

the sensitivity compared to ultraviolet (UV) detection, permitting the measurement of 

nucleotides in cell culture medium without disturbing background signals. Additionally, we 

can use concentrations of the substrate in the low micromolar or even nanomolar range, 

avoiding feed-forward inhibition of CD73 by ATP or ADP. The resulting product of etheno-AMP 

degradation is etheno-adenosine, which is not further degraded to inosine, overcoming the 

major setback of the very short half-life of adenosine. In combination with specific inhibitors, 

the HPLC-based detection of etheno-nucleotides is a powerful method to disentangle the role 

of the enzymes involved in adenine nucleotide hydrolysis. We used this method to monitor 

the ATPase and AMPase activities in different cell types, cell culture supernatants during 

differential ultracentrifugation, in EVs, and in SF (Schneider, Winzer et al. 2021; Leutert et al. 

2021). We could e.g. show a correlation between CD39 expression and ATPase activity in 

different T cell subsets with only small variances in CD39 expression (Schneider, Winzer et al. 

2021). This method can also be used to test newly discovered CD39 inhibitors, as we did for 

the anticancer drug ceritinib (Schäkel et al. 2022). 

Specific and potent inhibitors are crucial tools for assigning enzymatic activity to specific 

nucleotidases. Prof. Dr. Christa Müller (Department of Pharmaceutical and Medicinal 

Chemistry, University of Bonn) and colleagues have developed highly specific and stable small 

molecule inhibitors for CD73, e.g. PSB-14685, which we have used in the presented study 

(Schneider, Winzer et al. 2021). New inhibitors with improved potency or metabolic stability 

are continuously generated (Bhattarai et al. 2020; Scortichini et al. 2022). Developing 

inhibitors against CD39 seems to be more challenging. The most commonly used CD39 

inhibitor ARL67156 has a moderate potency for CD39, and a low selectivity against NTPDase3, 

ENPP1, and CD73 (Schäkel et al. 2020; Lévesque et al. 2007). Consequently, measured ATPase 

activity in complex biological fluids like serum or SF cannot be clearly assigned to CD39 or 

other ATPases. Used in many publications, this multi-target inhibitor may have caused 

conflicting results. Similarly, in our hands, published inhibitors against A2A and A2B receptors 

do not reliably work in human T cell assays because of a low efficacy and/or high toxicity 

(unpublished data). For targets for which the development of chemical-based inhibitors is 
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difficult, blocking nanobodies could be used as highly specific, non-toxic inhibitors of 

purinergic molecules. Nanobodies are the single variable domains/VHH fragments of camelid 

heavy chain antibodies. In contrast to conventional antibodies, nanobodies can bind 

functional pockets of proteins due to their small size. Additionally, they have a high stability, 

solubility, and tissue penetration, and can be easily coupled e.g. to albumin for an extended 

half-life for in vivo usage (Eggers et al. 2021; Bannas, Hambach, and Koch-Nolte 2017). 

Blocking nanobodies are available for both human and murine P2X7 receptors, and the anti-

human P2X7 nanobody Dano1, used in this study, displays a very high potency compared to 

the small-molecule P2X7 antagonists JNJ47965567 and AZ10606120 (Danquah et al. 2016). 

Beyond the measurement of enzymatic activities of purinergic enzymes, we aim to measure 

the nucleotide content in biological samples. Because of the short half-life of nucleotides due 

to metabolic processes, precautions are to be taken before and during sample processing to 

preserve the nucleotide content. By preventing the generation and degradation of adenosine 

during blood draw using a solution containing inhibitors for several purinergic enzymes and 

transporters, it is possible to ‘snapshot’ endogenous adenosine levels in blood (Löfgren et al. 

2018). This method can be adapted using combinations of different enzyme inhibitors. The 

combination of liquid chromatography and mass spectrometry (LC-MS) offers the possibility 

to separate, identify and quantify nucleotides with a high sensitivity and can be even used to 

detect low amounts of ATP contained in vesicles (unpublished data from Dr. Anna 

Worthmann, Department of Biochemistry and Molecular Cell Biology, UKE). 

LC-MS and similar methods are not suitable to quantify ATP with high spatiotemporal 

resolution. This is though essential to determine pericellular nucleotide concentrations, and 

to estimate which receptors are possibly activated in resting or stimulated cells. Available 

methods to detect ATP in cellular proximity of living cells are based on chemical approaches 

or genetically encoded biosensors (Lobas et al. 2019). A family of fluorescent chemosensors 

to detect phosphate anions is based on zinc-dipicolylamine (DPA) complexes, which can be 

further modified to specifically detect ATP (Ojida et al. 2002). To measure pericellular ATP, 

sensors must be attached to the cell membrane by lipophilic anchors or covalent bonds, which 

can alter their selectivity. The synthesis of chemosensors specific for ATP, with high sensitivity 

and membrane anchoring is currently ongoing (Laubach 2021). Most genetically encoded 

biosensors are based on Förster resonance energy transfer (FRET) or BRET signals (White and 
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Yang 2022). The ATP sensor ATeam contains the ε subunit of a bacterial ATP synthase linked 

to cyan fluorescent protein (CFP) and yellow fluorescent protein (YFP). In the presence of ATP, 

a conformational change of the ε subunit brings the two fluorescent proteins close to each 

other, resulting in a FRET signal (Imamura et al. 2009). ATeam was modified with a 

transmembrane anchor to detect extracellular ATP (Conley et al. 2017). Another version of 

ATeam, termed BTeam, detects intracellular ATP through BRET (Yoshida, Kakizuka, and 

Imamura 2016). The drawback of these methods is that they require transfection of the cells 

with the sensor. This is difficult when using primary cells because transfection leads to cell 

stress and a reduced viability, accompanied by undesired ATP release. To overcome the 

problems associated with cell transfection, ‘sniffer cells’ that detect the desired nucleotide 

can be used. For this, cell lines are transfected with sensitive ATP-gated Ca2+ channels and 

loaded with a Ca2+ sensor. During co-culture with primary cells, ATP release of the primary 

cells is sensed by the ‘sniffer cells’, and the resulting Ca2+ influx can be measured by 

fluorescence microscopy. With this method, low nanomolar ATP concentrations were 

detected using rat P2X2-transfected HEK293 cells loaded with the Ca2+ sensor Fura-2, 

(Eersapah, Hugel, and Schlichter 2019). Another possibility to detect pericellular ATP without 

the need of transfection is to link a bacteria-produced ATP sensor to the plasma membrane 

of the cells of interest. A modified, Cy3 fluorophore-labeled ε subunit of a bacterial ATP 

synthase (ATPOS sensor) and the fluorescent dye Alexa Fluor 488 were coupled through 

biotin-streptavidin interactions to a protein that binds gangliosides on the cell surface of 

neurons. ATPOS detects ATP in the nanomolar range and enables e.g. the visualization of 

extracellular ATP signaling during neuronal excitation (Kitajima et al. 2020). The ATPOS sensor 

complex could be adapted to bind other cell surface molecules, e.g. CD45 present on T cells 

(unpublished data from Valerie Brock, Friedrich Haag et al.). Besides detecting pericellular 

ATP, biosensors are useful to measure adenosine receptor activation by detecting the 

intracellular A2A downstream second messenger cAMP. This is particularly important because 

flow cytometry antibodies or nanobodies to measure adenosine receptor protein expression 

are not available. Binding of adenosine to A2A-expressing reporter HEK293 cells induces 

cAMP, which can be detected through a cAMP-responsive luciferase construct (Häusler et al. 

2010). Additionally, the FRET-based sensor Epac1-camps has been used to measure cAMP in 

T cells of transgenic mice (Kurelic et al. 2021). 
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4.5 Conclusion and perspectives 

The pro-inflammatory mediator ATP is released under inflammatory conditions and activates 

P2 receptors such as P2X7. We used the anti-P2X7 nanobody Dano1 to show that, in the 

human T cell compartment, P2X7 is expressed mainly on innate-like T cells making them 

susceptible to ATP-induced Ca2+ influx and cell death. ATP signaling is restrained by the 

ectonucleotidases CD39 and CD73, which rapidly degrade ATP to adenosine. We thoroughly 

characterized the expression and function of these enzymes on human T cells, and showed 

that enzymatically active CD73 is released on EVs from activated T cells. The presence of non-

cell-bound ectonucleotidases has major implications on ATP and adenosine availability, even 

for cells that do not express the enzymes. We additionally showed that ADP-ribosylation, a 

post-translational modification already known from the P2X7 receptor, reduces the activity of 

CD73. The release of CD73 in EVs and the decrease of CD73 enzymatic activity through ADP-

ribosylation regulate the function of CD73, and affect the outcome of an immune response.  

The data on human P2X7 and CD73 presented in this study derive from peripheral blood 

T cells. There are, however, many indications that the expression and function of these 

proteins and other purinergic molecules may be different in tissue. Interestingly, a subset of 

memory CD73+ CD8 T cells in the blood have elevated expression of Trm markers (Fang et al. 

2021) and show enriched gene expression of the gut homing marker CCR9 (Figure 7A). We had 

the chance to measure CD73 expression in lymphocytes from the small intestine of patients 

undergoing bariatric surgery. Our preliminary results show that CD73 is much higher 

expressed on intestinal T cells compared to the periphery (Figure 7B-C), in line with existing 

literature (Alam, Kurtz, Rowlett, et al. 2009). The intestine is an environment rich in antigens, 

of which some derive from commensal bacteria or other non-pathogenic sources. Adenosine 

production by CD73-expressing intraepithelial or lamina propria lymphocytes may contribute 

to establish tolerance to intestinal antigens and prevent inflammation. Supporting this idea, 

CD73 was found protective in a mouse model of colitis (Bynoe et al. 2012). Using functional T 

cell assays, we plan to elaborate the function of CD73 and its interplay with other purinergic 

enzymes in the human intestine. 
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Figure 7. CD73 is highly expressed on intestinal T cells. (A) Bulk RNA sequencing analysis of peripheral 
blood CD73+ versus CD73- CD8 memory T cells (n = 3). (B-C) CD73 expression on CD4 and CD8 T cells in 
(B) peripheral blood of healthy donors (data from Schneider, Winzer et al. 2021) and (C) intestinal 
lymphocytes from patients who underwent bariatric surgery (samples kindly provided by Jonas 
Wagner, UKE). 
 

P2X7 is highly expressed on hepatic and intestinal murine Trm cells (Stark et al. 2018; Borges 

da Silva et al. 2019). There is not much known about the expression of P2X7 in human tissue. 

Tfh cells from the Peyer’s Patches (PP) have a higher ATP sensitivity compared to other cells 

from the PPs, indicating a higher P2X7 expression (Proietti et al. 2014). When staining P2X7 

on peripheral blood cells with a Tfh-like phenotype (CD4+CXCR5+PD-1+), we measured a P2X7 

expression even lower than in total CD4 T cells (Winzer et al. 2022). This points out that the 

expression of P2X7 is highly dependent on the cellular environment. We plan to measure P2X7 

expression e.g. in the liver and in the intestine. Using the anti-P2X7 nanobody Dano1 for flow 

cytometry analysis and cellular assays, we have a good tool to measure differences in P2X7 

expression and function between peripheral blood and tissue. This will help us to determine 

if there is a tissue-specific expression of P2X7, in addition to the already known species-

specific expression. The development of new biosensors suitable for measuring pericellular 

ATP in primary human T lymphocytes hopefully will give us the opportunity to better 

understand the cellular environment in which P2 receptors become activated. 
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