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1. Summary

1. Summary

Despite advances in preventive strategies in the treatment of ischemia/reperfusion injury (IRI), IRI
continues to be associated with high morbidity and mortality. Further improvement of therapeutic
strategies requires a deeper understanding of the cellular and molecular mechanisms, that occur after
myocardial infarction (MI) and acute kidney injury (AKI). A key event in the early phase after injury is
ATP release into the tissue microenvironment by apoptotic/ necrotic cells promoting pro-inflammatory
responses, while its breakdown-product, adenosine, formed by CD39 and CD73, signals via adenosine
receptors (AR, AzaR, AzpR or A3;R) and promotes healing processes. The present study explored the
role of the purinergic signaling and adenosine in two experimental models: the heart and the kidney
after IRI using various tissue-specific CD73 mouse mutants.

In the heart, we demonstrated that cardiac infiltrating T cells upregulated the expression of CD73 after
MI. Stimulation of T cells resulted in increased ATP hydrolysis and adenosine formation underlining
the role of T cells in nucleotide breakdown. Moreover, we showed that extracellular ATP catabolism
aside of CD39 importantly involves pyrophosphatases. Infiltrating and blood circulating CD4" T cells
express AR, but more interestingly the AR became upregulated only on cardiac infiltrating CD4" T
cells after MI. In functional studies we demonstrated that A,,R as well as A,gR stimulation reduced the
overall cytokine secretion profile (e.g., IFN-y and IL-17). FACS sorted cardiac T cells lacking CD73
showed increased secretion of pro-inflammatory cytokines indicating an important role of A,sR and
ApR signaling for the healing process after MI. In the kidney, we found that loss of CD73 on
fibroblasts/ pericytes led to reduced kidney function, increased collagen formation and matrix
deposition due to increased myofibroblast transformation as well as impaired immune cell infiltration
after 14d, while initial injury was the same compared to control littermates. This phenotype could be
fully reversed after treatment with soluble CD73. Moreover, fibroblasts isolated from CD73” mouse
kidneys and cultured in vitro displayed a hyperproliferative phenotype compared to fibroblasts isolated
from wildtype kidneys. In contrast, lack of CD73 on tubular cells resulted in increased tissue damage
in the initial phase after injury leading to impaired kidney function and increased fibrosis formation
after 14d.

Taking together, our findings suggest that CD73 activity on T cells infiltrating the infarcted
myocardium plays an important role in tissue recovery and healing, which is mediated by A;aR and
A,pR signaling by inhibition of pro-inflammatory cytokines. In the kidney, we found that CD73 on
fibroblasts/ pericytes and tubular cells importantly contributes to fibrosis formation and resolution of
inflammation after AKI. In summary, we showed the importance of CD73 and adenosine signaling in
orchestrating wound healing and immune response, which may lead to novel therapeutic concepts for

treatment of MI or AKI.



2. Zusammenfassung

2. Zusammenfassung

Trotz Fortschritte bei der Behandlung von Ischimie/ Reperfusionsschiden (I/R) an Herz und Niere,
bleibt der resultierende Krankheitsprozess mit einer hohen Morbiditédts- und Mortalititsrate assoziiert.
Weitere Fortschritte auf diesem Gebiet hdngen wesentlich von einem tieferen Verstindnis der
zelluldren und molekularen Mechanismen ab, welche den Krankheitsverlauf nach Herzinfarkt (MI)
oder akutem Nierenversagen (AKI) bestimmen. Ein Schliisselereignis in der frithen Phase nach I/R, ist
die Freisetzung von ATP durch nekrotische/ apoptotische Zellen, welches typischerweise zu einer pro-
inflammatorischen Antwort fiihrt, wohingegen das ATP-Abbauprodukt Adenosin, welches durch die
Ektoenzyme CD39 und CD73 gebildet wird, iiber Adenosinrezeptoren (AR, A;xR, AR oder AsR)
anti-inflmmatorische Effekte vermittelt. In der vorliegenden Studie wurde die Rolle von Adenosin im
Rahmen der purinergen Signaltransduktion in zwei experimentellen Modellen untersucht: im Herzen
und in der Niere nach MI bzw. AKI unter Verwendung verschiedener Gewebs-spezifischer CD73
Maus-Mutanten.

Im Herzen war bekannt, dass T-Zellen, welche das Herzgewebe nach Infarkt infiltrieren, die
Expression von CD73 hochregulieren. Stimulation von T-Zellen resultierte in erhohter Hydrolyse von
ATP und der Bildung von Adenosin, was die Beteiligung von T-Zellen im Abbau von Nukleotiden
belegte. Weiterhin konnten wir zeigen, dass beim extrazelluldren ATP Abbau neben der CD39 noch
Pyrophosphatasen beteiligt sind. Sowohl infiltrierende als auch im Blut-zirkulierende CD4" T-Zellen
exprimierten wesentlich den A; R, wobei der A,gR interessanterweise nur in Herz-infiltrierenden
CD4" T-Zellen nach Infarkt hochreguliert wurde. In funktionellen Studien konnten wir zeigen, dass
eine Stimulation des AsRs als auch des A,gRs, eine allgemine Reduktion der Zytokinausschiittung zur
Folge hatte (z. B. IFN-y und IL-17). In der Niere fanden wir, dass ein Verlust von CD73 auf
Fibroblasten/ Periyzten der Niere zu einer reduzierten Nierenfunktion, erhohten Kollagenbildung und
Matrixablagerung im Zuge erhohter Myofibroblasten-Transformation sowie einer gestdrten
Immunczellinfiltration nach 14 Tagen fiihrt, wobei die initiale Verletzung vergleichbar zu der der
Kontrolltier-Gruppe war. Zusitzlich zeigten Fibroblasten, welche aus der Niere von CD73” Miusen
isoliert und in vitro kultiviert wurden, einen hyperproliferativen Phéanotyp. Im Gegensatz dazu fiihrte
der Verlust der CD73 auf tubulédren Zellen der Niere zu einem erhohten Gewebsschaden in der initialen
Phase der Verletzung, und dies fiihrte langfristig ebenfalls zu gestorter Nierenfunktion und gesteigerten
Fibrose.

Insgesamt zeigen unsere Ergebnisse, dass die CD73-Aktivitit auf T-Zellen eine zentrale Rolle bei der
Heilung des Herzens nach Infarkt spielt, was durch eine Adenosin-bedingte Hemmung pro-
inflammatorischer Zytokine bedingt ist und iiber eine Aktivierung von A;4R und A,gR vermittelt wird.
In der Niere sind insbesondere CD73 auf Fibroblasten/ Perizyten und tubulidren Zellen wichtig, wobei
das dort gebildete Adenosin antifibrotisch und entziindungshemmend wirkt. Zusammenfassend
konnten wir die Bedeutsamkeit von CD73 und Adenosin in der Orchestrierung von Wundheilung und
Immunantwort aufdecken, was die Moglichkeit fiir die Entwicklung neuer therapeutische Konzepte fiir
die Behandlung von MI oder AKI bietet.



3. Introduction

3. Introduction

3.1. Ischemia/ reperfusion injury

Despite the advances in preventive strategies and treatment of ischemia/ reperfusion injury (IRI), IRI
continues to be associated with high morbidity and mortality contributing to a wide range of
pathologies, including myocardial infarction, acute kidney injury, ischemic stroke trauma, circulatory
arrest, sickle cell disease and sleep apnea. IRI is a pathological condition characterized by an abrupt
interruption of blood supply causing tissue hypoxia to an organ followed by regeneration of perfusion
and reoxygenation [1]. The extent of tissue injury and cell death is determined by the magnitude and
duration of blood supply interruption followed by a subsequent damage induced by reperfusion [2].
After injury many pathological processes contribute to the extent of damage associated with IRI

(figure 1) [1].

Cell death programms
Apoptosis, necrosis,
autophagy-associated cell death

Ischemia

[ Transcriptional ] [ Vascular leakage ]

reprogramming

and

reperfusion

Autoimmunity
Autoantibody and

[ Innate and adaptive ]
complement activation

immune activation

Fig. 1: Pathological processes contributing to ischemia and reperfusion associated tissue injury.
Many factors like vascular leakage, innate and adaptive immune activation as well as autoimmunity,
transcriptional reprogramming and cell death programs contribute to tissue injury after IRI
[modified;1]. Reprinted from [1] with permission from Springer Nature © 2011.

During ischemia oxygen reserve within the tissue is limited, rapidly leading to hypoxia and
dysfunction of endothelial barrier associated with vascular permeability due to a reduction of adenylate
cyclase activity and low intracellular cAMP levels [3; 4]. Although IRI typically takes place under

sterile conditions, inflammation can occur when hypoxia stimulates the innate and adaptive immune

3



3. Introduction

system including immune cell differentiation and trafficking into the site of injury [5; 6]. In addition
reperfusion injury leads to activation of the complement system (autoimmunity) [7]. Moreover,
hypoxia is associated with modifications in transcriptional control of gene expression mediated by an
inhibition of the oxygen-sensing prolylhydroxylase (PHD), an enzyme, that hydroxylates the alpha
subunit of the hypoxia-inducible transcription factor (HIF-1a or HIF-2a) [5]. Furthermore, the lack of
oxygen supply as well as abrupt reperfusion results in activation of cell death programs, including

mainly necrosis but also apoptosis or autophagy-associated cell death [8].

3.1.1. Vascular leakage

The entire circulatory system is constructed by a single layer of cells, the vascular endothelium, which
maintains vascular integrity by counteracting leukocyte adhesion and platelet aggregation to prevent
inflammation and thrombosis. Moreover, the vascular endothelium is an important regulator of
vascular tone by production of vasoactive substances. Ischemia followed by reperfusion disturbs the
functional integrity of the endothelium leading to “endothelial dysfunction”, which is associated with
increased vascular permeability, endothelial cell inflammation and imbalance between vasodilating and
vasoconstricting factors [1; 9]. Loss of endothelial barrier function is caused by reactive oxygen
species (ROS) through changes in endothelial cell cytoskeletal proteins leading to intercellular gaps
[10]. As a consequence of IRI, infiltrating immune cells play a major role in orchestrating tissue
remodeling. Changes in the microenvironment induced by IRI lead to leukocyte activation,
chemotaxis, leukocyte-endothelial cell adhesion and transmigration mediated by increased expression
of P-selectin inducing leukocyte “rolling” [11]. Once leukocytes transmigrate into the interstitial
compartment, toxic ROS, proteases and elastases are released resulting in increased microvascular

permeability, oedema, thrombosis and parenchymal cell death [11; 12].

3.1.2. Innate and adaptive immune activation

The immune system is a complex regulatory system of the body for host defense against invasive
pathogens. Infection leads to an activation of several signaling cascades resulting in activation and
recruitment of immune cells, in particular neutrophils and macrophages, immune cells of the innate
immune system. Inflammation, that occurs after injury in the absence of microorganisms, such as in
IRI, is called “sterile inflammation”. “Sterile inflammation” is characterized by recruitment of

neutrophils and macrophages and production of pro-inflammatory cytokines and chemokines similar to
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pathogen-induced inflammation. Damage-associated molecular patterns (DAMPs) are host-derived
non-microbial stimuli, that are released from dying cells of injured tissue and trigger pro-inflammatory
effects [13]. DAMPs are endogenous factors, such as chromatin-associated protein high-mobility group
box 1 (HMGb1), heat shock proteins (HSPs), and purine metabolites, such as ATP and uric acid, which
under normal conditions — because of their intracellular location - are hidden from recognition by the
immune system [13-17]. Once released into the extracellular microenvironment by necrotic cells,
which failed to undergo apoptosis, DAMPs interact with toll-like receptors (TLRs) and other cell

surface receptors to initiate sterile inflammation by immune cell recruitment and activation [13].

Beside the activation of the innate immune system, IRI is associated with robust stimulation of
T lymphocytes, including CD4" and CD8" T cells as well as regulatory T cells (T,). T cells are a part
of the adaptive immune system activated by antigen specific stimulation in sterile inflammation [6].
Several studies demonstrated the importance of T lymphocytes during ischemia followed by
reperfusion, whereas the contributions of T cells to inflammation and healing processes was shown to
be dependent on tissue specificity, composition of the innate immune system, infiltration kinetics and
developmental states. Depending on their phenotype, activated T cells presented a variety of immune
functions. Th1 cells secreting IFN-y or Th17 cells releasing IL-17 promote inflammatory pathologies.
However, IL-4 and IL-13 production by Th2 cells as well as IL-10 secretion by T, cells are important
for resolution of inflammation [18]. Moreover, B cells have been shown to be an important regulator of
immune response after IRI by production of antibodies, which bind to ischemic cells contributing to

autoimmunity [19].

3.1.3. Autoimmunity

Autoimmunity during IRI is mediated by recognition of natural antibodies against self-proteins leading
to activation of the complement system [20]. The compliment system acts as an interface between
innate and adaptive immune system consisting of several fluid-phase and membrane-bound proteins
[21]. In IRI models several studies have shown that inhibition or depletion of the complement

components lead to decreased tissue damage [21].

In contrast to T cells, which can be pathological or protective in IRI depending on the type of organ
injury or T cell population, B cells have been reported to be predominantly pathogenic in all organs
systems including the intestine, heart, kidney and skeletal muscle [22]. For example, B cell deficiency
protected mice from injury after IRI in the kidney, whereas serum transfer could partially restore the

injury-induced effects [23].
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3.1.4. Transcriptional reprogramming

Mammalian organisms are provided with a unique mechanism to adapt to low oxygen levels and
oxidative stress (hypoxia). A major mediator in hypoxic conditions is the hypoxia-inducible factor
(HIF), a DNA-binding transcription factor, which interacts with specific nuclear cofactors under low
oxygen levels to initiate expression of various genes initiating adaptive responses to compromised
oxygen tension [24]. HIF is a heterodimer and consists of two subunits, HIF-10 or HIF-2a and HIF-1p.
HIF-1a is ubiquitously expressed, whereas HIF-2a is restricted to tissue specificity [5; 25]. In further
descriptions HIF-a will be used to denote either HIF-1a or HIF-20. Under normal oxygen conditions,
the PHD enzyme hydroxylates the proline residues of HIF-a [26]. Because of hydroxylation, HIF-a
interacts with the B-domain of the von Hippel-Lindau tumour suppressor protein (pVHL), which leads
to subsequent ubiquitylation by the Elongin BC/Cul2/pVHL ubiquitin—ligase complex assembled via
the pVHLa domain [27]. Ubiquitinated HIF-a is then recognized by the 26S proteasome and degraded
[28]. During normoxia HIF-a is continuously synthesized and degraded, whereas under hypoxic
conditions degradation of HIF-a is inhibited [29]. For its catalytic activity the PHD enzyme requires
oxygen to hydroxylate proline residues of HIF-a. During hypoxia oxygen levels are decreased and
hydroxylation of HIF-a is abrogated resulting in accumulation of the transcription factor and
dimerization with the constitutively expressed HIF-1f subunit [24; 29]. In the nucleus the HIF
heterodimer binds to hypoxia-response elements within the DNA and recruits coactivator proteins for

increased expression of hypoxia-associated specific target genes [29].

HIF complex-induced gene alterations are a central feature of the cellular stress response to hypoxia,
which involves activation of glycolysis, erythropoiesis and angiogenesis for restoration of oxygen
homeostasis on systemic, local and cellular levels [30-33]. The primary metabolic pathway of ATP
generation is oxidative phosphorylation with the highest intracellular oxygen consumption [32]. During
hypoxia, transcription of genes encoding for glucose transporter 1 and enzymes of the glycolytic
pathway become activated, whereas expression of genes involved in electron transport chain are

downregulated allowing ATP synthesis by an O,-independent pathway [32; 34; 35].

Several studies have shown that gene expression of erythropoietin (EPO) is initiated by HIF-a, whereas
HIF-2a is the major activator of gene transcription in kidney and liver [36; 37]. In response to hypoxia
renal EPO concentrations are controlled by the number of renal EPO-producing cells (REPCs), which
increase proportionally to the grade of systemic hypoxia [38; 39]. REPCs are located in the interstitium
between tubules and nutritive peritubular capillaries of the deep cortex and outer medulla. They are
part of the peritubular interstitial/perivascular fibroblast population characterized by fibroblast/

pericyte markers (PDGFR-B polypeptide and ecto-5"-nucleotidase/CD73) and neuronal markers
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(microtubule-associated protein 2 (MAP2) and neurofilament protein light polypeptide (NFL)) [39—
43]. Beside its role in regulating erythropoiesis, EPO was shown to be an important mediator in anti-

apoptotic, anti-oxidative and anti-inflammatory properties after IRI [44].

Moreover, HIF complex-induced transcriptional modulation controls sprouting angiogenesis by
activation of vascular endothelial growth factor (VEGF) expression [45]. During the first step of
angiogenesis some endothelial cells transform to "tip cells" inside the capillary and start angiogenic
expansion according to VEGF stimulation. In the next steps migration and proliferation of endothelial
cells as well as tube formation are also regulated by interaction of VEGF and its receptors VEGFR

[46].

3.1.5. Cell death programs

After ischemia and reperfusion different cell death programs become activated, which can be
categorized in three groups: necrosis, apoptosis and autophagy-associated cell death. Necrosis, usually
considered as an “accidental”, non-programmed cell death, is characterized by cell and organelle
swelling as well as surface membrane rupture with spillage of intracellular contents as a result from a
metabolic failure associated with ATP depletion [8]. Early stages of necrosis are marked by loss of
plasma membrane and organelle integrity, which was shown to be related to osmotic forces resulting
from opening of non-specific, glycine-inhibitable anion channels (death channels) [47]. Reviewing the
literature of the last decades, several studies come to the conclusion that classification of necrosis as
uncontrolled cell death is no longer tenable. Necrosis, a controlled and programmed cell death, is not
the result of one well-studied signaling pathway, but rather a cause of extensive interaction between
several biochemical and molecular events at different cellular levels [48]. Mediators for necrosis are
ROS, which are generated as a result of reperfusion after ischemia and activation of aerobic energy
synthesis promoting damage to proteins, lipids and DNA using direct or indirect pathways [49].
Moreover, cells undergoing necrotic cell death release their whole cell content including DAMPs
(3.1.2), which act like danger signals entering the circulation and activating innate immune cells to

induce sterile inflammation [8; 50; 13].

In contrast to necrosis, apoptosis is defined by cell shrinkage, condensed and fragmented nuclei as well
as formation of apoptotic bodies leading to the loss of plasma membrane integrity [51]. A characteristic
of apoptosis is the cleavage of cytoskeletal proteins by pro-apoptotic aspartate-specific proteases
(caspases) resulting in the breakdown of subcellular components [8]. Apoptotic cell death can be

activated by two different mechanisms termed the extrinsic and intrinsic pathways. The extrinsic
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signaling cascade is mediated by activation of cell-surface death receptors (Fas (CD95) and TRAIL
(tumor necrosis factor-related apoptosis-inducing ligand) receptor), which regulate the activation of
caspase 8 and thereby mediate cell destruction [8; 52]. The intrinsic pathway is triggered by
intracellular stress such as DNA damage, increased ROS formation or changes in the metabolic status
of the cell, events that occur after IRI. These triggers affect the permeabilization of the mitochondrial
membrane mediated by Bax (or Bak) and a BH3-only protein, such as Bid, leading to release of
cytochrome ¢ from mitochondria. In the cytoplasm cytochrome ¢ forms a multi-protein complex by
assembling with APAF1 and recruitment of caspase 9 termed the apoptosome, which activates effector
caspases such as caspase 3 leading to dismantling of the cell and the formation of apoptotic bodies

[53-55].

The self-digestive process of autophagy is an important regulator for long-lived or excessive proteins
and aged organelles under normal conditions to maintain protein and organelle quality [56]. Several
studies have shown that autophagic flux during the reperfusion phase is markedly increased in IRI
mediated by oxidative stress of the cell [57; 58]. However, the contribution of autophagy to the extent
of injury after IRI is controversially discussed in the literature as to whether autophagy will be
protective or detrimental. One possibility of its protective effect could be the removal of damaged
mitochondria and thereby inhibition of cytochrome ¢ release and induction of apoptosis. Moreover,
recycling of proteins and organelles by the autophagic-lysosomal pathway provides free amino acids
and fatty acids, which are used for mitochondrial ATP production and protein synthesis. In contrast,
long-term upregulation of autophagy can trigger cell death by excessive degradation of essential

proteins and organelles [59].

3.2. Myocardial Infarction

The heart is a hollow muscular organ, that supplies all other organs and tissues with oxygen and
nutrients by rhythmic contractions. To accomplish this enormous functional performance, it is
important that the heart muscle itself is provided with blood. This occurs by the coronary arteries,
which originate above the aortic valve. Coronary arteries build a coronoid structure all over the heart
and branch out in the periphery. Accordingly, the myocardium is well capillarized, which results in
short diffusion distances and allows supply of oxygen and nutrients for heart muscle cells
(cardiomyocytes) [60]. A narrowing or an occlusion of the coronary arteries leads to ischemia and a
lack of nourishment of the surrounding tissue. Acute oxygen deficiency by flow obstruction leads to

myocardial infarction (MI) [61]. The leading cause for occlusion of coronary arteries is atherosclerosis
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associated with chronic inflammation of the vessel wall. Accumulation of lipids, immune cells, smooth
muscle cells as well as extracellular matrix as a cause of endothelial dysfunction results in a critical
narrowing of the blood vessel and limits blood flow [62]. Inflammatory processes and biomechanical
forces lead to destabilization of the plaque ending in a rupture of the thin fibrous cap and allowing the
pro-coagulant lesion center to interact with the flowing blood resulting in initiation of acute thrombosis
[62; 63]. As a result, the formation of a thrombus causes an occlusion of the coronary artery leading to

MI (figure 2) [62].

3.2.1. Wound healing after myocardial infarction

Wound healing of the heart after MI can be categorized into three phases. During the first 2 days
cardiomyocytes undergo cell death due to ischemia (3.2.1.1) followed by an inflammatory response
(3.2.1.2). The blood supply is restored and the damaged tissue become remodeled by scar formation

(3.2.1.3) (figure 2) [64].

3.2.1.1. Ischemia-induced cell death of cardiomyocytes

Consistent oxygen supply is needed by cardiomyocytes for cellular homeostasis, which is provided by
oxidative phosphorylation of mitochondria for generating energy in the form of adenosine triphosphate
(ATP) [65]. An occlusion of a coronary artery leads to a lack of oxygen supply for cardiomyocytes
resulting in an interruption of the respiratory chain and ATP generation by mitochondria [66]. To
compensate for low ATP levels, the cell reacts via activation of another metabolic pathway, termed
anaerobic glycolysis, including HIF complex-induced upregulation of enzymes involved in the
glycolytic pathway [32; 35; 67; 68]. However, energy production by anaerobic glycolysis is less
efficacious than oxidative phosphorylation by mitochondria and is associated with less ATP generation
and inhibition of enzymes involved in glycolysis by its accumulating metabolic products [69-71]. As a
result, reduced energy supply as well as accumulation of anaerobic metabolic products lead to

induction of cell death (3.1.5) [55; 72].

Oxygen levels, which are needed for oxidative phosphorylation, can be restored by opening of the
coronary artery and recovery of blood flow in the ischemic heart area. Moreover, after reperfusion
metabolic waste products can be removed from the tissue [2]. Early reperfusion of ischemic heart
tissue is associated with reduced tissue damage and leads to protection of viable myocardium thereby

limiting the infarct area [73]. Although reperfusion mediates tissue protection by restoration of oxygen
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and nutrients, its by-products including ROS formation contribute to initiation of cell death programs,

such as apoptosis and necrosis, and thereby increasing tissue damage (3.1.5) [49; 74].
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Fig. 2: Healing processes of the heart after MI. A) Schematic picture of the heart with occluded left
anterior descending artery (LAD). The gray area indicates the area at risk after MI. B) Histological and
schematic pictures of a healthy heart as well as of hearts after MI during different phases in the healing
processes. Upper row: Cross-sections of murine hearts. Middle row: Histology of normal myocardium
and different phases of infarcted myocardium. Lower row: Schematic representations of healthy heart
tissue and alterations, that occur after IRI. An occlusion of the coronary artery leads to a lack of
oxygen supply for cardiomyocytes resulting in initiation of cell death (3.2.1.1), which is associated
with recruitment and activation of immune cells, such as macrophages and Ly-6C" monocytes, due to
pro-inflammatory signals (3.2.1.2). Pro-inflammatory responses are followed by anti-inflammatory
processes mediated by Ly-6C' monocytes, M2 macrophages and lymphocytes followed by fibroblast
activation and scar formation (3.2.1.2 and 3.2.1.3) [modified; 75-78]. Reprinted from [75-78] with
permission from BioMed Central Ltd © 2013 (CC BY 2.0)/ Springer Nature © 2018/ Elsevier
© 2018 / BMJ Publishing Group Ltd. © 2012.
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3.2.1.2. Activation of the inflammatory system

The inflammatory response after MI is initiated by several events including the release of DAMPS,
which stimulate the complement system and TLRs [13]. Both processes mediate the activation of the
transcription factor NF-kB contributing to the expression of chemokines, cytokines and cellular
adhesion molecules promoting the inflammatory response [79; 80]. Some activated factors of the
complement system function as chemoattractants [81]. Moreover, ROS lead to NF-xB activation and
thereby contribute to the release of chemokines and cytokines via inflammasome formation in cardiac
fibroblasts [82; 83]. The inflammasome consists of a large multiprotein complex, that processes pro-
IL-1P and secretes mature IL-1f leading to an initial pro-inflammatory response [84]. Furthermore, P-
selectin, which is continuously expressed by endothelial cells and stored in cytosolic bodies, is
presented to the cell surface within minutes of reperfusion mediating initial leukocyte binding [85].
Expression of immunoglobulin cell adhesion molecules (CAM), such as ICAM-1, by endothelial cells
is increased four to six hours after reperfusion, which regulates immune cell activation and tissue
infiltration [86]. Endothelial cells thereby control the recruitment and activation of immune cells
circulating in the blood and initiate their infiltration into the damaged tissue starting with neutrophils
followed by monocytes/ macrophages and leukocytes [87; 88]. Migration of immune cells occurs along

a chemoattractant gradient guiding the way to cells undergoing necrosis [89; 90].

The first immune cell subset infiltrating the infarcted myocardium within one hour after IRI is
neutrophils [91]. At the site of injury neutrophils take up denatured matrix proteins and also secrete
matrix degrading enzymes, such as matrix metalloproteinases-9 (MMP-9), which are important for
tissue repair [92]. On the contrary, neutrophils have been shown to release toxic agents, such as
oxidants and proteases, causing harm to the surrounding cardiomyocytes and vascular endothelial cells
[93]. Moreover, secretion of chemokines by neutrophils maintains recruitment of inflammatory

monocytes and their activation, thereby further promoting inflammation [94].

Monocytes are forming the second wave of immune cells infiltrating the tissue after IRI [87]. In the
early phase of monocyte infiltration, Ly-6C™ monocytes migrate to the site of injury mediated by
CCR2, a receptor for the chemokine monocyte chemotactic protein-1 (MCP-1), promoting phagocytic,
proteolytic, and inflammatory functions [88]. The inflammatory stimulus influences macrophage
differentiation leading to Ly-6C™ monocyte-derived M1 macrophages, that remain inflammatory by
expressing IL-1p and TNFa and by contributing to oxidative stress [95; 96]. The later phase of
monocyte infiltration is associated with a decrease in the number of Ly-6C" monocytes combined with
increased accumulation of Ly-6C'° monocytes by CX(3)CR1, which supports healing processes via

myofibroblast accumulation, angiogenesis, and deposition of collagen [88]. Moreover, M1
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macrophages become replaced by M2 macrophages contributing to tissue healing processes. Due to the
fact that macrophage turnover in the infarcted zone is remarkably fast, M2 macrophages are assumed
to derive from less inflammatory Ly-6C"° monocytes or from Ly-6C" monocytes in a

microenvironment that promotes resolution [95].

Whereas the innate immune system is rapidly activated in early stages of MI as described above, cells
of the adaptive immune system infiltrate the damaged tissue in later stages [87]. Infiltrating
T lymphocytes can be categorized into two groups, CD4" and CD8" T cells. Both T cell subsets
become activated by interaction with antigen presenting cells (APCs), such as dendritic cells and
macrophages. Antigens are internalized by APCs followed by degradation in lysosomes and
presentation of antigen-derived peptides on histocompatibility complex (MHC) class I or MHC class II
molecules [97; 98]. It has been shown that CD4" T cells are important mediators of wound healing
after MI. Deficiency of CD4" T cells in mice resulted in increased left ventricular dilation, higher total
numbers of leukocytes and pro-inflammatory monocytes and disturbed collagen matrix formation [99].
Moreover, regulatory T cells (T,,), which are directly derived from CD4" T cells, show protective
effects against adverse ventricular remodeling and contribute to improved cardiac function by
inhibition of inflammation [100]. On the other hand, it has been shown that CD8" T cells can recognize
cardiomyocytes in vitro triggering cytotoxic effects [101]. Recent literature suggests an important role
of T cells in modifying the response during cardiac IRI. However, the underlying molecular

mechanisms by which T cells control cardiac remodeling remain unclear.

3.2.1.3. Proliferation of fibroblasts and endothelial cells

Phagocytosis and clearance of cell debris and necrotic cardiomyocytes by neutrophils, monocytes and
macrophage mediate resolution of inflammation and transition into the reparative phase [77]. IL-10, a
cytokine secreted by Ly-6C" monocytes, macrophages and Th2 lymphocytes inhibit the production of
pro-inflammatory cytokines and activate the expression of TIMP-1 (tissue inhibitor of

metalloproteinases-1) promoting extracellular matrix remodeling [95; 77; 102].

Upregulation of TGF-f suppresses chemokine and cytokine expression and modulates fibroblast
phenotype and function by stimulating the synthesis of various extracellular matrix proteins including
collagens, fibronectin, tenascin-C and proteoglycans [77; 103]. TGF-B stimulation of fibroblasts leads
to activation of a-smooth muscle actin (a-SMA) expression and myofibroblast trans-differentiation and
thereby increasing extracellular matrix protein synthesis [104; 105]. Myofibroblast synthesis of

collagen III is already starting on day 2 after MI [106]. Collagen III fibers form an elastic network,

12



3. Introduction

which is less stable, but ideal for maintaining structural integrity of the network [107]. During the
processes of wound healing and scar formation, collagen III is replaced by stable and dense collagen I
fibers creating a mechanical stable infarct area of the heart [106; 107]. During maturation processes the
number of cells in between the forming scar decreases due to apoptosis, which includes the elimination
of inflammatory cells and the reduction of the number of myofibroblasts [108]. Cross-linking of
collagen fibers stabilizes the tissue of the infarcted area and is important in the remodeling phase. On
the other hand it has been shown that cross-linking leads to chamber stiffness and is associated with

left ventricular dilatation and systolic dysfunction [109-111].

Finally, revascularization is induced by the generation of new blood vessels (angiogenesis), a process,
that is mediated by angiogenic growth factors, such as vascular endothelial growth factor A (VEGF-A),
angiopoietins and fibroblast growth factor (FGF) [112]. VEGF-A is an important regulator of
endothelial proliferation and migration to promote blood vessel formation and cardiac remodeling

[112; 113].

3.3. Acute kidney injury

The kidneys are a pair of organs, that are part of the excretory system. Beside the function of blood
filtration in order to generate urine for regulation of water balance and excretion of waste products, the
kidneys are an important mediator of electrolyte balance and metabolism, blood pressure regulation,
and hormone production [114]. The human renal parenchyma is divided into outer cortex and inner
medulla forming several conical lobes. Each lobe is based onto the papilla, a region where the urine is
directed from the collecting ducts to the ureter. Although rat and mice have unipapillar kidneys, the
basic structure is similar to humans and can also be divided into cortex and medulla [115]. Unfiltered
blood containing waste products flows via the renal artery to the capillary network of the glomerulus,
where the blood is filtered by passive diffusion across the glomerular basement membrane and the
glomerular slit diaphragm. The majority of biomolecules, electrolytes and water of the primary filtrate
is reabsorbed by a variety of channels and transporters present on the cell surface of the renal
epithelium in the proximal tubule. Increase of the surface area by formation of microvilli, finger-like
cytoplasmic protrusions, termed the apical brush border, increases uptake efficiency [114; 116]. The
urine becomes more concentrated in the Loop of Henle as well as in the distal tubule by reabsorption of
water ending up in the collecting duct. Filtered blood free of waste products leaves the kidney via the

renal vein (figure 3) [114].
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Proximal tubule

Fig. 3: Anatomic scheme of human kidney. The human kidney parenchyma can be divided into
cortex and medulla forming several conical lobes. Unfiltered blood containing waste products enters
the kidney via the renal artery and is filtered in the capillary network of the glomerulus. Primary filtrate
enters the proximal tubule containing a variety of channels and transporters present on the cell surface
of the renal epithelial cells mediating reabsorption of biomolecules, electrolytes and water. Urine
becomes more concentrated by passing through the Loop of Henle and distal tubule ending up in the
collecting duct, which directs the urine to the ureter. Filtered blood without waste products leaves the
kidney via the renal vein [modified; 116]. Reprinted from [116] with permission from Springer Nature
© 2018.

A decrease of the arterial blood pressure as a result of acute heart failure is known to be an important
cause of acute kidney injury (AKI). AKI is associated with the decrease in renal excretory function
leading to accumulation of nitrogen-metabolism products, such as creatinine and urea, as well as
accumulation of metabolic acids, and increased potassium and phosphate concentrations in the urine
[114; 117]. In response to decreased arterial blood pressure the body reacts with shock-dependent
centralization of the circulatory system by adrenergic “emergency” vasoconstriction leading to reduced
blood supply for the kidneys (ischemia). Moreover, AKI can be a result of renal events, such as
inflammation of glomeruli (glomerulonephritis), poisoning (e. g. heavy metals or fungi) or medications

with nephrotoxic effects (e. g. antibiotics, cytostatics or immunosuppressors) [114].
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3.3.1. Wound healing after acute Kidney injury

AKI displays many common features compared to MI for biological and molecular mechanism, which
occur after ischemia. After IRI tissue damage leads to tubular cell necrosis and apoptosis (3.3.1.1)
resulting in immune cell infiltration promoting pro-inflammatory responses (3.3.1.2) followed by

resolution of inflammation and scar formation (3.3.1.3).

3.3.1.1. Ischemia-induced alterations in tubule cell metabolism and structure

Directly after ischemia ATP depletion initiates a cascade of metabolic changes within tubule cells
[118]. A lack of ATP leads to impaired calcium uptake by the endoplasmic reticulum as well as
diminished extrusion of cytosolic calcium into the extracellular space resulting in increased free
intracellular calcium after injury, which mediates necrosis or apoptosis of the cell [118-121].
Moreover, ischemia activates NO synthesis in tubular cells with the consequence of cell damage
induced by oxidant injury as well as protein nitrosylation, which is mediated by NO interaction with
superoxide to form peroxynitrate [118; 119]. Collectively, ROS formation leads to increased renal
tubule cell injury by oxidation of proteins, peroxidation of lipids, damage to DNA and thereby

activation of necrosis or apoptosis [122].

Another phenomenon of IRI is the structural changes of tubular cells. As a result of ischemia tubular
cells lose their cell polarity and brush borders, undergo cell death followed by dedifferentiation of
viable cells, proliferation, and restitution of a normal epithelium [119]. Depletion of ATP is associated
with rapid destruction of the apical actin cytoskeleton and rearrangement of actin from the apical
domain and microvilli into the cytoplasm [123]. Because of changes in the structure of microvilli,
membrane-bound, free-floating extracellular vesicles, or “blebs,” are formed and either internalized or
lost into the tubular lumen contributing to cast formation and obstruction [119; 123]. Polarization of
tubular cells is lost by early disruption of basolaterally polarized proteins, such as Na,K-ATPase and
integrins. Under normal conditions the Na,K-ATPase is bound to the spectrin-based cytoskeleton at the
basolateral domain via the adapter protein ankyrin. After ischemia the Na,K-ATPase, ankyrin, and
spectrin accumulate in the cytoplasm of viable cells leading to impaired proximal tubular sodium
reabsorption and a consequent increase in fractional excretion of sodium, which is a marker for AKI
used in diagnostics [119; 124]. B1 integrin is normally fixed to the basal domain mediating adhesion,
which becomes rearranged to the apical membrane after ischemia leading to detachment of viable cells

from the basement membrane [119].
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3.3.1.2. Initiation of the cellular immune response

AKI is associated with a rapid immune response, which is initiated directly after injury, similar to those
in the heart after MI. In the early phase of IRI, rapid immune cell activation promotes pro-
inflammatory events and potentiate early injury, whereas in the later phase immune cells are required
for the subsequent successful resolution of damage contributing to anti-inflammatory effects [125;

126].

Initial immune response is mediated by neutrophils, which accumulate at the site of injury 30 min after
IRI secreting IL-17 to promote further downstream immune cell activation [127; 128]. The second
wave of infiltrating immune cells consists of monocytes/ macrophages starting with Ly6C™ monocytes
[129]. Exposure of Ly6C" monocytes to granulocyte-macrophage colony-stimulating factor (GM-CSF)
induces differentiation to M1 macrophages promoting inflammation [130; 131]. First infiltration of
Ly6C™ monocytes is followed by increased accumulation of Ly6C"® monocytes and M2 macrophages
promoting tissue remodeling, while the number of Ly6C™ monocytes is decreasing [130; 132].
Decrease of Ly6C™ monocytes is mediated by the colony stimulating factor-1 (CSF-1), which induces

Ly6C™ monocyte polarization to M2 macrophages [131].

Neither B cells nor T lymphocytes are present in large numbers in the uninjured kidney and after AKI
[125; 129]. Because of the small T cell numbers in the kidney, researchers have been skeptical for a
long time on their contribution to tissue remodeling. Findings of the last two decades, however, now
suggest an important role for T cells in tissue healing after AKI presenting either pathogenic or
protective contributions depending on the subtype. Mice lacking CD4" T cells were relatively protected
from IRI, whereas adoptive transfer of T cells restored injury [133]. Another study demonstrated that
Ty cells infiltrating the injured tissue after IRI promoted healing processes by modulating pro-

inflammatory cytokine production of other T cell subsets [134].

3.3.1.3. Fibrosis formation and tissue recovery

The tubular epithelium of mammalian kidney has a unique capacity for repair and regeneration to
restore normal epithelial integrity after AKI [135; 136]. To maintain tissue homeostasis, proximal
tubular cells have a slow turnover rate under normal conditions, which changes after injury to fast
proliferation processes [137]. The origin of proliferating tubular epithelial cells is controversially

discussed in the literature. Recent studies support the findings that terminally differentiated epithelial
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cells can dedifferentiate after injury, migrate along the basement membrane regaining stem-cell

characteristics, proliferate and expand in size to repair the tissue damage [137; 138].

In addition, tubule degeneration and inflammation results in massive accumulation of myofibroblasts.
Myofibroblasts are derived from resident interstitial cells, such as fibroblasts or pericytes stimulated by
Notch and TGF-B stimulating pathways initiated by tubular epithelial cells [139-141]. Myofibroblast
transformation is associated with robust upregulation of aSMA, a hallmark for myofibroblasts, as well
as increased collagen I and collagen III secretion leading to organization of interstitial fibrosis and scar

formation [139; 142].

3.4. Regulation of tissue healing processes and maladaptive repair mechanism

After IRI inflammatory responses and immune cell activation are necessary for proper tissue
remodeling by elimination of cell debris and apoptotic or necrotic cells to initiate scar formation for
stability of the tissue. As illustrated in figure 4, the orchestrated interplay of immune cells mediates
acute and chronic inflammation in the heart after MI. Inhibition and resolution of inflammation after
MI is an active process regulated by recruitment, differentiation and activation of reparative immune
cells secreting anti-inflammatory mediators [143]. On a cellular basis macrophage polarization and the
balance between M1 and M2 macrophages is an important contributor to tissue healing associated with
reduced ventricular dysfunction and lower rate of heart failure [144]. Moreover, T, cells derived from
CD4" T cells have been shown to mediate protective effects against adverse ventricular remodeling and

contributed to improved cardiac function by inhibition of inflammation [100].

Excessive or prolonged inflammation is a risk factor promoting additional tissue damage, which is
associated with impaired heart function leading to heart failure [143]. For example, excessive immune
cell infiltration leads to increased destruction of extracellular matrix, which is a risk factor for
disruption of the heart wall [145]. Moreover, prolonged immune cell infiltration disrupts the formation
of a stable scar leading to dilatation of the ventricle [143; 146; 147]. Furthermore, no resolution of
immune cell response leads to expansion of immune cell infiltration in healthy, not infarcted tissue

resulting in fibrosis and reduced pump function of the heart [148—150].
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Fig. 4: Orchestrated interplay of pro- and anti-inflammatory immune cells after MI. Limitation
of acute inflammation and improved resolution of immune cells by balancing pro- and anti-
inflammatory contributors of tissue recovery might lead to reduced ventricular dysfunction and lower
rate of heart failure [modified; 144]. Addopted from [144] with permission from Halade © 2013.

Similarly, persistent parenchymal inflammation as a result of AKI is associated with maladaptive
repair including increased numbers of myofibroblasts and accumulation of extracellular matrix leading
to chronic kidney disease (CKD) [151]. CKD is marked by inflammatory infiltration, tubular atrophy,
capillary rarefaction, podocyte depletion, mesangial expansion, thickening of the glomerulus basal
membrane (GBM) and fibrosis resulting in irreversible organ scaring (figure 5) [152-155].
Inflammation is triggered by pro-inflammatory cytokines and chemokines, such as TNF-q, IL1-B or
MCP-1, mediating increased infiltration of leukocytes [152; 156; 157]. Secretion of TGF-B1 by
infiltrating immune cells and epithelial cells initiates myofibroblast transformation in detached

pericytes and fibroblasts after injury [158; 155].

Several studies have shown that TGF-B1 is a key regulator of fibrosis after kidney injury, but also a
risk factor for developing CKD. In CKD multiple mechanisms controlling TGF-B signaling mediated
by SMAD are dysregulated [155]. Recently, Li et al. could show that TGF- signaling is regulated by a
positive auto-regulation mechanism mediated by increased miR433 levels. Blockade of miRNA
expression inhibited progression of renal fibrosis in obstructive nephropathy [159]. Moreover,
increased expression of aVB1 integrin in the tubular epithelium is mediated by TGF-B signaling
leading to subsequent tubulointerstitutial fibrosis, which could be dampened by blockade of B1 integrin

signaling [155; 160].
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Fig. 5: Scheme of cellular events after AKI leading to maladaptive repair. Ischemia and
reperfusion-mediated tissue injury leads to secretion of pro-inflammatory chemokines and cytokines
including TGF- promoting immune cell infiltration, resident fibroblast activation and pericyte
detachment. Excessive pro-inflammatory stimuli contribute to podocyte loss, mesangial expansion,
GBM thickening and tubular atrophy. Immune cells accumulate at the site of injury driving
inflammation. Increased myofibroblast transformation leads to excessive extracellular matrix (EMC)
deposition being a risk factor for CKD [modified; 155]. Reprinted from [155] with permission from
Elsevier © 2016

In summary, prevention of excessive immune cell infiltration including reduction of pro-inflammatory
stimuli as well as intervention in myofibroblast transformation provides an interesting target for
treatment in patients suffering from MI or AKI to avoid or reduce progression to chronic diseases. A
group of molecules known to be important mediators for the process of wound healing and modulation
of immune responses during IRI consists of extracellular nucleotides and nucleosides, which are part of
purinergic signaling [161]. In particular, adenosine is known to be an important modulator in this
process mediating anti-inflammatory processes [162; 163]. The mechanism of adenosine in promoting
healing processes in IRI is still poorly understood. The next chapter briefly introduces synthesis,
breakdown, uptake and function of the purinergic mediators as well as ectoenzymes and relevant

receptors.
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3.5. Purinergic signaling

Within the cell, nucleotides (e.g., ATP, ADP, AMP and NAD) and nucleosides (e.g., adenosine) are
building blocks of nucleic acid but also have central functions in cell metabolism and signal
transduction [164]. During IRI nucleotides and nucleosides are involved in mediating inflammation as
well as fibrosis through interactions with a variety of membrane channels, enzymes and receptors.
Release of ATP and NAD occurs after cell lysis being either a passive process or controlled by active
mechanisms (3.5.1). Extracellular nucleotides signal via P2 receptors mediating predominantly pro-
inflammatory events (3.5.2) or become converted by ectoenzymes to adenosine (3.5.3), which in turn
signals via P1 receptors (3.5.4). Additionally, adenosine becomes degraded or taken up again by cells

(3.5.5).
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Fig. 6: Schematic overview of the purinergic signaling. ATP is released by connexin (Cx) or
pannexin (Panx) channels into the extracellular space. Once released ATP signals via P2X receptors
(P2 signaling) or becomes hydrolysed for example by ectonucleoside triphosphate
diphosphohydrolases (ENTPDs) to ADP, which signals for example via P2Y receptors (P2 signaling),
and further to AMP. In a second step AMP is degraded by CD73 to adenosine, which signals via its
specific adenosine receptors (AdoR) (P1 signaling). Moreover, adenosine is taken up by concentrative
nucleoside transporters (CNTs) and equilibrative nucleoside transporters (ENTs) or further hydrolyzed
by adenosine deaminase (ADA) to inosine [modified; 165]. Reprinted from [165] with permission from
Springer Nature © 2011.
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3.5.1. Release of nucleotides

Intracellular ATP is needed for energy-requiring processes including active transport, cell motility and
biosynthesis, whereas extracellular ATP is considered to be a powerful signaling molecule [166].
Under normal physiological conditions extracellular ATP and NAD concentrations are very low. In the
plasma NAD concentrations range from 0.1 to 0.3uM and are thereby 1000 fold lower compared to
respective intracellular concentrations of ~ 0.3 mM [167-169]. Extracellular ATP concentrations are
only about 1 — 10 nM, whereas respective intracellular concentrations are ~ 1 — 10 mM [1; 170-175].
Under basal conditions efflux of ATP out of the cell is rather low (about 20 — 200 fmol x min™ per 10°
cell) when measured in vitro [176]. In contrast to normal conditions, under pathological conditions,
such as ischemia following by inflammation, high amounts of nucleotides are released into the
extracellular microenvironment mediated by two processes. On the one hand necrotic cells release their
entire cell contents due to loss of membrane integrity, while apoptotic or activated cells release
nucleotides by controlled mechanisms [1; 13; 177]. Transport of nucleotides is regulated by connexin
(Cx) or pannexin (Panx) hemichannels, and additional mechanisms are believed to be involved in this
process, such as release by anion channels or vesicles [178—181]. A hemichannel consists of six
connexin resp. pannexin subunits forming a central pore in the cell membrane [182; 183].
Depolarization of the membrane, changes in intra- and extracellular ion concentrations, mechanical
stress and posttranslational modifications lead to opening of the channels and release of ions or small
molecules of about 1 — 2 kDa in size [184]. ATP release is mediated by several Cx and Panx
hemichannels, namely Cx26, Cx30, Cx36, Cx37, Cx43 and Panx1, whereas NAD is released only by
Cx43 hemichannels [184; 185]. Activated immune cells, such as granulocytes and T cells, release ATP
into the microenvironment via Panxl or Cx43 hemichannels [178; 186]. Extracellular ATP

concentrations are elevated by monocytes and macrophages via Cx37 [185].

3.5.2. Signaling via P2 receptors

In the extracellular space nucleotides signal via P2 receptors, which are expressed by nearly every cell
population [171]. P2 receptors are divided into two subtypes, namely P2X (ligand-activated ion-
channels) and P2Y receptors (G-protein coupled receptors) [187]. The seven P2X receptor subtypes,
that are expressed in human and mouse (P2X, - P2Xj), are activated by ATP but have differing ligand
binding affinities [188]. Binding of ATP results in changes of the receptor conformation leading to
opening of an intrinsic pore and thereby to ion exchange; intracellular Ca®* and Na* concentrations

increase and K" is released from the cell [189; 190]. As a result the plasma membrane becomes
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depolarized and increasing cytosolic Ca** concentrations lead to activation of several signaling
cascades [191]. Immune cells predominantly express P2X;, P2X,, P2Xs and P2X; receptor subtypes
known to be important contributors to pro-inflammatory effects [16; 171]. For example, stimulation of
the P2X5 receptor on macrophages activates the formation of the inflammasome resulting in secretion
of pro-inflammatory cytokines, such as IL-1p and IL-18 [192; 193]. Moreover, activation of P2X;,
P2X,, and P2X; receptors initiate the activation of T cells, whereas the P2X, receptor on neutrophils

mediates chemotaxis [194-196].

For the P2Y receptors eight different subtypes have been identified in mammals (P2Y,, P2Y,, P2Y,,
P2Y¢, P2Y,; - P2Y4) and they are activated by diverse purine or pyrimidine nucleotides, such as ATP,
ADP, ADP-ribose, UTP, UDP and NAD depending on the receptor subtype [191; 165; 197].
Stimulation of P2Y receptors leads to activation of a coupled heterodimeric G-protein, which
disassociates its o-subunit and fy-complex resulting in initiation of intracellular signaling cascades; in
different immune cell populations these signaling pathways predominantly mediate pro-inflammatory
effects [191; 198]. For example, activation of the P2Y, receptor on macrophages initiates secretion of
MCP-1, thereby recruiting immune cells to the site of injury [199; 200]. Moreover, macrophages
express the P2Y, and P2Y, receptor subtypes, but the functional relevance of both receptors is still
unclear [198]. Activation of the P2Y, receptor may be involved in increased phagocytic activity,
whereas stimulation of the P2Y, receptor was associated with secretion of pro-inflammatory cytokines

[201; 202]. P2Y, receptors contribute to directed chemotaxis of neutrophils [203].

3.5.3. Extracellular degradation of nucleotides by ectoenzymes

Extracellular nucleotides become degraded by membranous ectoenzymes. It is important to recognize
that the distribution and activity of these enzymes control duration and intensity of P2 receptor-

mediated signaling [204].

Nucleoside triphosphate diphosphohydrolases CD39

The family of nucleoside triphosphate diphosphohydrolases (NTPDases) consists of eight members
(NTPDasel — NTPDase8), that differ from each other in their preferences for catalytic hydrolysis of
nucleoside tri- (ATP and UTP) or diphosphates (ADP and UDP) [205; 206]. NTPDases 1 — 3 and 8 are
located on the cell surface, whereas NTPDases 4 — 7 share an intracellular organellar organization

[207]. Moreover, NTPDases 5 and 6 can be secreted by cells [208; 209].
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In contrast to other membranous NTPDases, NTPDase 1, also termed CD39, hydrolyses extracellular
ATP directly to AMP without accumulation of the intermediate product ADP [205; 207]. Interestingly,
membranous CD39 localization is closely related to P2Y receptors assuming that CD39 is an important
regulator of P2Y receptor activity by degradation of the substrate ATP [210]. Several studies have
underlined the importance of CD39 in modulating purinergic signaling transduction and co-ordination
of immunoregulatory functions [211]. Lack of CD39 in diseases of chronic inflammation, such as
chronic intestinal inflammation (colitis) or IRI in the liver, led to more pronounced inflammatory

reaction compared to the disease response in wildtype mice [161; 212; 213].

Ectonucleotide pyrophosphatases/ phosphodiesterases

The ectonucleotide pyrophosphatase/ phosphodiesterase (ENPP) family consists of seven members
(ENPP1 — ENPP7). ENPP1 — 3 are known to hydrolyze extracellular nucleotides [204]. ENPP1
(CD203a or PC-1) is positioned on the outside of the cell membrane and catalyzes 1) ATP to AMP and
pyrophosphate or 2) ATP to ADP and phosphate depending on the binding position at the catalytic
center of ATP [204; 214]. ENPP1 (CD203c), also localized on the cell surface, hydrolyzes ATP to
AMP but with lower efficiency [204; 207]. In addition, breakdown of pyrophosphates or other
phosphodiester bonds, such as in NAD and ADP-ribose, is also mediated by these ectoenzymes [215—
218].

CD38 and CD157

Extracellular NAD can also be degraded by the multifunctional enzymes CD38 and CD157 (bone
marrow stromal cell antigen-1 (BST-1)) [219]. On the one hand both enzymes function as ADP-ribosyl
cyclases catalyzing NAD to cyclic ADP-ribose (cADPR), while on the other hand these enzymes can
mediate hydrolysis of cADPR to ADP-ribose (ADPR) [219-221]. Beyond that, CD38 catalyzes
metabolism of NAD directly to ADPR [219]. ADPR can be degraded by ENPPs or signal via P2Y,
receptors [222]. In contrast, cADPR is internalized by cells and binds to calcium channels leading to

Ca’" release from the endoplasmic reticulum [223].
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ADP-ribosyltransferases

ADP-ribosyltransferases (ART) are another class of ectoenzymes, that mediate NAD catalysis [219].
Four members of the ART family have been found in humans (ART1, ART3 — ARTSY), whereas six
subtypes have been found in mice (ART1, ART2a, ART2b, ART3 — ARTS) [224]. The two ART2-
isoforms are expressed by different leukocyte populations mediating the ADP-ribosylation of the P2X;
receptor, which initiates apoptosis of the cell [219; 225; 226].

3.5.4. CD73 - a key enzyme for generating extracellular adenosine

The degradation of both extracellular ATP and NAD to AMP is mediated by several ectoenzymes as
described above leading to increased AMP levels in the microenvironment. In a second step AMP
becomes dephosphorylated mainly by ecto-5’-nucleotidase (CD73) to adenosine [207; 227]. CD73 is a
dimeric glycoprotein, that is attached via a glycosyl phosphatidylinositol (GPI)-linked anchor to the
extracellular membrane [228; 229]. Each monomer consists of two different domains. The N-terminal
domain binds two catalytic divalent metal ions, which are important for the catalytic activity of the
enzyme. The C-terminal domain mediates substrate binding and provides the substrate specificity
pocket for nucleotides [228; 230]. The substrate with highest affinity for CD73 is AMP (K, value 1 —
50 uM), but recently it has been shown that CD73 can convert NAD to adenosine [227; 231; 232].
CD73-mediated NAD hydrolysis is less efficient than AMP hydrolysis, which poses the question
whether this pathway has any impact under physiological conditions [232]. Several studies have shown
that CD73-dependent adenosine generation is an important mediator in regulation of inflammatory
processes. Loss of CD73 in mice led to increased immune cell infiltration and more pronounced tissue
damage in different disease models, such as acute lung injury, vascular lesion as well as intestinal IRI

compared to wildtype mice [233-236].

Beside CD73, alkaline phosphatases (ALP) can degrade AMP to adenosine. In human and mouse four
different subtypes for ALP have been found (ALP - liver/bone/kidney (ALPL), ALP - placental
(ALPP), ALP - placental like 2 (ALPP2), ALP - intestinal (ALPI)), whereas the tissue nonspecific
ALP (ALPL) showed the widest distribution within several tissues including liver, bones and kidneys
[207]. In contrast to CD73, ALPs are less specific resulting in hydrolysis of a broad spectrum of other
nucleotides including ATP, ADP and cAMP [204]. Moreover, the substrate affinity of ALPs for AMP
is substantially lower compared to CD73 (K., value 441 uM) [237]. It was reported that in different

organs, such as lung, liver and heart, of CD73 deficient mice extracellular adenosine levels are
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significantly decreased suggesting a central role for CD73 in adenosine formation as compared to

ALPs [233; 238].

3.5.5. Signaling via P1 receptors (adenosine receptors)

Adenosine signals via its specific adenosine receptors (AdoR), which are located on the outside of the
cell surface, resulting in activation of intracellular signal transduction and thereby mediating multiple
physiological and pathological processes of the cell [239]. AdoR are G-protein coupled receptors and
are divided into four subtypes, namely A R, As4R, AypR and A;R [240; 241].

ENT

Ca®* release from
internal stores

Fig. 7: Schematic overview of signaling via adenosine receptors. In the extracellular space
adenosine signals via its specific adenosine receptors, namely AR, A;4R, AR and A3;R, which are
coupled to different G-proteins (A|R: Gi,, A2aR: Gigir, A2gR: Gyq and AsR: Gij). Activation of AR,
AR and Aj3R leads to 1) activation of phospholipase C (PLC), which increases inositol-trisphosphate
(IP;) levels thereby leading to Ca®* release from internal stores or 2) signaling via diacylglycerol
(DAG) to activate protein kinase C (PKC). Moreover, A;aR and AR signaling results in activation of
adenylate cyclase and thereby in increase of intracellular cAMP levels activating protein kinase A
(PKA), whereas AjR and A;R signaling mediates adenylate cyclase inhibition [modified; 242].
Reprinted from [242] with permission from Elsevier © 2013.
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Adenosine A receptor (A;R)

The AR is the most conserved AdoR among different species with a broad expression pattern
throughout the body and highest levels in the brain [243; 244]. The AR is coupled to a Gy,-protein and
its activation leads to inhibition of adenylyl cyclase activity mediating decreased intracellular cAMP
concentrations. Moreover, binding by adenosine results in activation of phospholipase C (PLC), which
increases intracellular calcium and inositol-trisphosphate (IP;) levels leading to Ca™ release from
internal stores or signaling via diacylglycerol (DAG) to activate protein kinase C (PKC) [239; 245;
246]. In the heart, stimulation of A;Rs mediates several changes in the cardiovascular system including
negative chronotropic and dromotropic effects [162]. Related to the immune response, activation of the
AR initiates neutrophil and macrophage chemotaxis and adhesion, tumor necrosis factor-alpha (TNF-
a) secretion and ROS production [247]. Beside its pro-inflammatory effects, A|R stimulation using a
specific AjR-agonist in the kidney led to decreased renal tubular necrosis, apoptosis and inflammatory

response after IRI, while A;R deficiency increased renal injury following IR [248; 249].

Adenosine A, receptor (Az,R)

High levels of A;sR expression were found in the striatum of the brain, immune cells of the spleen and
thymus, leukocytes and blood platelets and intermediate levels could be detected in the heart, lung and
blood vessels [240; 241]. Stimulation of A;aRs by adenosine results in activation of the cyclic AMP—
protein kinase A (PKA) pathway associated with increased intracellular cAMP levels by coupling to
Gs-protein in peripheral tissues or to Ggeprotein in the brain [243; 250; 251]. Similar to the AR,
A,ARs play an important role in mediating the cardiovascular system resulting in vasodilatation after
activation via adenosine [252; 253]. Moreover, it has been shown that A;4R signaling has an important
impact on mediating the inflammatory response, because of its expression on a broad range of different
immune cells influencing predominantly anti-inflammatory effects [254]. Compared to AR
stimulation A;sR stimulation functions in opposing ways leading to reduced phagocytosis of
neutrophils, production of ROS and endothelial adhesion [247; 255-257]. In addition, several studies
have shown that A;sR signaling inhibits expression of pro-inflammatory cytokines, such as IL-12,
IFN-y and TNF-a, in monocytes/ macrophages, dendritic cells and T cells [258-263] The production of
the anti-inflammatory cytokine IL-10 was found to be increased in monocytes and macrophages after
AyaR activation [264; 265]. Based on these findings a protective role for the A;aR was suggested, as
shown by inhibition of inflammatory effects in several disease models [266]. For example, in the heart

treatment with A,sR-agonists resulted in decreased infarct size in different species [266-269].
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Moreover, in the kidney A;aR stimulation reduces cytokine and chemokine expression in renal tubules

cells and leukocytes, including macrophages, lymphocytes and neutrophils [270-272].

Adenosine A,g receptor (AsR)

The A,gR is widely expressed among different tissues, but mostly in low abundance. In comparison to
the other AdoRs (ECsp = 0.3 — 0.7 uM), the A,gR is the most adenosine-insensitive receptor requiring
micromolar adenosine concentrations for activation (ECsy = 24 uM), which are rarely achieved under
physiological conditions [239; 273]. Because of the high adenosine concentrations required for AR
activation, the receptor is likely to become stimulated during conditions in which adenosine levels are
elevated, such as hypoxia, ischemia or inflammation [239; 274]. AsRs signals via G- or Gj-protein
coupling leading to adenylate cyclase activation and increased cAMP level as well as in activation of
phospholipase C (PLC) resulting in intracellular calcium increase. Several studies have demonstrated
both pro- and anti-inflammatory effects for AR signaling [266; 275]. For example, in neutrophils and
macrophages A,gR activation controls TNF-a secretion [275-277]. Furthermore, AR signaling
increases production of the anti-inflammatory cytokine IL-10 and contributes to the activation of
alternatively activated M2 macrophages [278; 279]. It has been suggested that the observed anti-
inflammatory effects are mediated by Gs-mediated increase of intracellular cAMP levels similar to
AysR signaling [266]. In contrast, several studies have demonstrated AgR contribution to pro-
inflammatory effects. In mast cells activation of AgRs led to secretion of the pro-inflammatory
cytokine IL-8 [280]. Moreover, stimulation of the A,gR on an epithelial cell line resulted in increased
IL-6 production [281]. Interestingly, in the heart contrary observations have been discussed. In a model
of pre-conditioning A,gR expression was induced in cardiac tissue suggesting an important role for the
ApR in tissue remodeling. Treatment with an A,gR-agonist after MI was associated with reduced
infarct sizes after ischemia [282]. In contrast, Toldo et al. could show that selective blockade of A,gRs
reduces caspase-1 activity in cardiac tissue leading to a more favorable cardiac remodeling after MI in
mice [283]. In the kidney A,gR signaling using a A,gR agonist was associated with renal protection
after AKI including reduced renal tubular necrosis and inflammation by modulating the neutrophil

TNF-a response [163].
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Adenosine Aj; receptor (Az;R)

There is substantial variability in AR tissue distribution and functionality [239]. Whereas the other P1
receptors conserve high sequence homologies between different families of the mammalian class (86 —
93 %), the A;R sequence varies highly among species (for example 74% between human and rat)
[240]. Signal transduction of the A3;R involves Gj- or G4-proteins resulting in inhibition of adenylate
cyclase, stimulation of PLC and calcium mobilization [241; 284-286]. AsR activation promoted both
pro- and anti-inflammatory stimuli [266]. On the one hand A3R signaling was associated with mast cell
degranulation in mice and stimulated secretion of the inflammatory mediator histamine [287]. On the
other hand it was shown that stimulation of A;Rs on human and murine macrophage cell lines led to
inhibition of the lipopolysaccharide (LPS)-associated production of pro-inflammatory cytokines, such

as TNF-a [288; 289].

3.5.6. Adenosine degradation and internalization

In the extracellular space, adenosine is degraded to inosine via adenosine deaminase (ADA) [204].
Two isoforms of ADA have been found in humans, namely ADA1 (ADA) and ADA2 (CERC1) [290;
291]. Both enzymes are located in the cytosol, whereas ADA was also found as ectoenzyme on the
surface of different cell populations [292]. After deamination, inosine is degraded via the purine-
nucleoside-phosphorylase (PNP) to hypoxanthine [204]. PNPs are predominantly localized in the

cytoplasm, but are also located on the cell surface [166].

Alternatively, extracellular adenosine can be internalized by nucleoside transporters. Depending on the
transport mechanism, nucleoside transporters are grouped into two families including concentrative
nucleoside transporters (CNTs) and equilibrative nucleoside transporters (ENTs). In humans three
subtypes of CNTs have been found (CNT1 — CNT3), whereas for ENTs four transporters are known
(ENT1 — ENT4). CNTs (SLC28) are cation-dependent and internalize nucleosides by coupling
transport to the inwardly directed gradient of Na* ions. In contrast, bidirectional transport via ENTs
(SLC29) is cation-independent mediating diffusion along the existing concentration gradient [293;
294]. CNT2 is a specific transporter for purines showing a wide-ranging distribution in different tissue
including macrophages [295; 296]. ENT1 as well as ENT2 are important mediators for transport of a
broad spectrum of purines and pyrimidines, but also of hypoxanthine [294; 297]. Both transporters are
important modulators of the extracellular adenosine concentration. Deficiency of ENT1 or ENT2
resulted in increased adenosine levels in plasma and in the bronchoalveolar fluid compared to wildtype

mice [298; 299].
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Within the cell, incorporated adenosine becomes mainly phosphorylated by adenosine kinases (ADK)
to AMP [300]. Subsequently, AMP is converted to higher phosphorylated forms (salvage pathway) by
a variety of enzymes serving energy metabolism [301; 302]. Because of the high affinity of ADK (Km
value ~ 2 uM), there is an efficient recycling of adenosine into the cellular nucleotide pool, so that
under physiological condition the flux of adenosine is from extracellular to intracellular. The activity of
ADK also assures that intracellular adenosine concentration is normally very low [303; 304]. Under
pathological conditions, however, the flux becomes reversed and involves hypoxia-mediated inhibition

of ADK [303; 305].

3.6. Aims of the study

The development of novel therapeutic strategies for better prevention or treatment of myocardial
infarction (MI) and acute kidney injury (AKI) depend upon a critical understanding of the cellular and
molecular mechanisms, which occur after injury and contribute to the formation of fibrosis known to

be associated with chronic organ diseases.

Previous studies in the laboratory of Prof. Schrader (Institute of Molecular Cardiology, Diisseldorf,
Germany) have underlined the importance of the purinergic signaling in cardiac remodeling after MI. It
was shown that CD73 on T cells modulates healing processes of the heart and that lack of CD73 on
T cells resulted in impaired cardiac function due to adverse ventricular remodeling comparable to mice
globally lacking CD73, but the molecular mechanism how T cells contribute to cardiac remodeling
remained still unclear [306—308]. The aim in the first part of this thesis was to study in detail the role
of T cells in orchestrating wound healing after MI as well as to investigate the impact of the purinergic
signaling not only in acute injury but also in chronic cardiac inflammation. The following leading

questions were addressed in this thesis:

- Establishment of a robust cell culture model for T cells to mimic T cell activation after MI

- Functional analysis of the metabolic reprogramming of activated T cells

- Investigation into the role of CD73 on T cells in regulating cytokine secretion after activation
- Examination of the transferability of in vitro observations to the whole organ complex

- Identification of AdoRs being involved in controlling T cell function after IRI

- Functional analysis of AdoR stimulation on activated T cells

- Study of the role of the purinergic signaling in a model of myocarditis
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The second part of this thesis focuses on AKI. Previous studies of the US host institution in
Charlottesville have shown that the major renal CD73-expressing cell populations within the kidney
are proximal straight tubules, cortical interstitial fibroblast-like cells and mesangial cells. Lack of
CD73 on tubular cells led to impaired renal function after AKI associated with severe proximal tubule
injury in the outer medulla and extensive leukocyte infiltration 24h after IRI [309]. Since these
observations clearly demonstrated the contribution of CD73 on tubular cells in initial mechanisms, the
role of CD73 in orchestrating tissue recovery during healing processes was not examined. Moreover,
the impact of CD73 on fibroblasts/ pericytes was fully unknown. I therefore have focused on the role
of CD73 on fibroblasts/ pericytes and on tubular cells after AKI in the laboratory of Prof. Okusa
(Division of Nephrology, Center for Immunity, Inflammation, and Regenerative Medicine, Department
of Medicine, University of Virginia, Charlottesville) using tissue specific mouse mutants. The

following questions were addressed:

Investigation of the role of CD73 on fibroblasts/ pericytes after AKI in
+  Modulating kidney function
o Controlling matrix deposition and fibrosis formation
+ Influencing myofibroblast transformation
« Resolution of inflammation and immune cell infiltration
- Establishment of renal fibroblast cell culture to study the role of CD73 on cell proliferation
- Analysis of kidney recovery after reconstitution of CD73 enzymatic activity
- Examination of the role of CD73 on tubular cells after AKI in
» Modifying kidney function

» Regulating collagen formation

- Analysis of contribution of CD73 on fibroblasts/ pericytes and tubular cells in initial injury and

tissue healing processes
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4. Material

4.1. Laboratory equipment

Device Manufacturer and Type

Analysis scales Ohaus Europe, PA214

Autoclave machine F. & M. Lautenschliger, 5169

Bio-Plex Multiplex System Bio-Rad Laboratories, Bio-Plex 200
Bio-Plex Wash Station Bio-Rad Laboratories, Pro II Waschstation
Cell Counter Nexcelom Cellometer Vision

Cell Sorter Beckman Coulter, MoFlo XDP

Centrifuge Beckman Coulter, Allegra X-30R

Eppendorf, 5415R and 5424R
Thermo Scientific, Heraecus Megafuge 16R
Beckman, GS-6

Cryostat Leica, CM1850 UV

Flow Cytometer BD Biosciences, FACSCanto II

Heat Block Eppendorf, Thermomixer compact

Incubator Thermo Fisher Scientific, Heracell 150 1
Langendorff equipment manufactured at the University of Diisseldorf

Data recording: ADInstruments, Powerlab/16SP
Pump: Abimed, Minipuls 3

Magnetic stirrer MP Biomedicals, FastPrep-24
Nano-Drop Thermo Fisher Scientific, NanoDrop 2000
PCR System Eppendorf, Mastercycler ep Gradient S
pH Meter Knick, 766 Calimatic
Pipettes Eppendorf, Research
Gilson, Pipetman
Plate reader BMG Labtech, FLUOstar Optima
Real Time PCR System Applied Biosystems, StepOne Plus Real-Time PCR

Detection System
Bio-Rad, CFX Manager

Shaker IKA Werke, MTS 2/4
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Sterile bench

Scanlaf, Mars Pro Cytosafe Class 2
Thermo HERAcell, Vios 1601

Vacuum pump HLC, AC04
Vortex Mixer VWR International
Water Bath Memmert

Water purification system

Miipore (Milli-Q plus)

Tab. 1: Laboratory equipment

4.2. Chemicals and enzymes

All chemicals were analytically pure purchased from the companies AppliChem, Merck, Carl Roth

GmbH and Sigma-Aldrich, if not stated otherwisly in the text.

4.3. Cell culture material, medium, buffer and substances

All expendable material used for cell culture were ordered from Corning, Falcon, Greiner Bio-One and

TPP. Medium, buffer and additional cell culture substances were purchased from Gibco.

RPMI-1640

For T cell culture RPMI-1640 was

used.

5 ml Minimum essential media (1%)
5 ml Sodium pyruvate (1%)

5 ml GlutaMAX (1%)

50 ml FCS (10 %)

5 ml Penicillin/ Streptomycin (1 %)
0.05 mM B- mercaptoethanol

up to 500 ml RPMI

Dulbecco's Modified Eagle's Medium (DMEM)

For fibroblast cell culture DMEM containing
phenol red was used.
For MTT assay analysis DMEM without phenol

red was required.

1000 mg/1 D-glucose

110mg/1 sodium pyruvate

2 mM L-glutamine

50 ml Fetal bovine serum (FBS) (10%)
5 ml Penicillin/ Streptomycin (1%)

5 ml Amphotericin B (1%)

up to 500 ml DMEM
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4.4. Buffer and solutions
Langendorff experiments

Wash buffer (pH 7.4)
4 mM NaHCO;
10 mM HEPES

30 mM 2,3-butanedion-monoxime

11 mM Glucose

0.3 mM EGTA

6.6 mM NaCl

0.22 mM KCl

0.1 mM MgCl, x H,O

Oxygenated wit carbogen (95% O, and 5% CO,)

HPLC analysis

Buffer A
150 mM potassium dihydrogen orthophosphate
150 mM KCl (pH 6)

Flow cytometry analysis

Magnetic-activated cell sorting (MACS) buffer (pH 7.4)

Bovine serum albumin (BSA) buffer
4 mM NaHCO;
10 mM HEPES

30 mM 2,3-butanedion-monoxime
11 mM Glucose

0.3 mM EGTA

6.6 mM NaCl

0.22 mM KCl

0.1 mM MgCl, x H,O

2% BSA

Buffer B

15% acetonitrile in buffer A

Cell proliferation assay

12 mM MTT stock solution

5 mM Ethylenediaminetetraacetic acid (EDTA)
0.5% BSA
in 1% Phosphate-buffered saline (PBS)

Hydroxyproline assay

Chloramine-T solution

1 ml Chloramine-T

4 ml Citrate-Acetate buffer (pH 6.0)
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Immunohistochemistry

Blocking solution
0.3 % Triton x-100 solution

0.02 % NaN3
10 % serum solution (horse/ chicken/ donkey)

in 2.4G2 solution (anti-CD16/ anti-CD32)

4.5. Antibodies

Specificity Fluorochrome | Clone Origin Company
CD3 APC 145-2C11 Hamster BioLegend
Miltenyi Biotec
CD4 PerCP-Cy5.5 RM4-5 Rat eBiosciences
CD8a APC-H7 53-6.7 Rat BD Biosciences
CD11b FITC HL3 Hamster BD Pharmigen
CDll1c PE-Cy7 N418 Hamster eBiosciences
CD45 PE 30-F11 Rat BD Biosciences
Miltenyi Biotec
CD45R (B220) APC- RA3-6B2 Rat eBiosciences
eFluor780
CD69 FITC HI1-2F3 Hamster BioLegend

Tab. 2: Antibodies for flow cytometry analysis.
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4.6. TagMan assays

Assay-1D Gene Gene symbol
Mm00607939_s1 B-actin Atch
MmO01308023_ml Adenosine A receptor Adoral
MmO00802075_ml Adenosine A, receptor Adora2a
MmO00839292_ml Adenosine A,g receptor Adora2b
Mm01296602_m1 Adenosine Aj; receptor Adora3
Mm00446971_ml TATA-binding protein Thp

Tab. 3: TagMan gene expression assays used for qPCR analysis.

4.7. Gene-specific primers

Gene Sequence

Argl_fwd CAGAAGAATGGAAGAGTCAG
Argl_rev CAGATATGCAGGGAGTCACC
N1b_fwd AATGACCTGTTCTTTGAAGTTGAC
Il1b_rev GTGATACTGCCTGCCTGAAG
Mrcl_fwd CTCTGTTCAGCTATTGGACGC
Mrcl_rev CGGAATTTCTGGGATTCAGCTTC
Msrl_fwd CCAGCAATGACAAAAGAGATGACA
Msrl_rev CTGAAGGGAGGGGCCATTIT

iNOS(Nos2)_fwd

TCTAGTGAAGCAAAGCCCAACA

iNOS(Nos2)_rev CCTCACATACTGTGGACGGG
Tnf_fwd CCCTCACACTCAGATCATCTTCT
Tnf_rev GCTACGACGTGGGCTACAG

Yml (Chil3)_fwd

TGTGGAGAAAGACATTCCAAGG

Yml (Chil3)_rev

AAGAGACTGAGACAGTTCAGGG

Tab. 4: Gene-specific primers used for qPCR analysis.
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5. Methods

5.1. Mouse models
5.1.1. Mouse studies in the heart including ex vivo T cell culture

All animal experiments were performed in accordance with the national guidelines for animal care and
were approved by the Landesamt fiir Natur- , Umwelt- und Verbraucherschutz (LANUV). Animals
were housed at 20 — 22 °C room temperature and a 12h light-dark-cycle and fed with a standard chow

diet receiving tap water ad libitum.

For ex vivo T cell cultivation and stimulation female, wildtype C57BL/6J mice (12 weeks of age) were

used, which were purchased from Janvier (Saint Berthevin, France).

T cell specific CD73” mice (CD4“"**/CD73"™)

For generation of T cell specific CD73 " mice (CD4“**/CD73"™), homozygous mice for the CD73
allele floxed in exon 2 (CD73™") [238] were crossed with mice expressing Cre recombinase under the
control of the CD4 promoter (CD4“™") [310; 311]. CD4“™"* mice were kindly provided by Dr. Jochen
Hithn (Experimental Immunology, Helmholtz Centre for Infection Research, Braunschweig,
Germany). CD4“"*/CD73™* progeny of the F1 generation were intercrossed with each other to obtain
CD4“*/CD73" mice. CD4“*/CD73"" mice of the F2 generation were then crossed with CD73™"
mice to generate CD4“*/CD73™ and CD73"" control littermates. Female T cell specific CD73 ™
(CD4“*/CD73") mice (9 — 13 weeks of age) used in this study for ex vivo T cell cultivation were
bred at the Tierversuchsanlage of the Heinrich-Heine-University (Diisseldorf, Germany). For controls
female, wildtype CS7BL/6J mice (12 weeks of age) were used, which were purchased from Janvier

(Saint Berthevin, France).

CD39” mice

In this study female CD39" mice (9 — 13 weeks of age) and wildtype littermate controls of the same
gender and age were used for ex vivo T cell cultivation. CD39” mice and wildtype littermate controls
were kindly provided by Dr. Verena Jendrossek (Institute for Cell Biology, University Duisburg-Essen,
Germany) [312; 313].
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Myocarditis mice

Myocarditis mice were kindly provided by Prof. Z. Kaya (Cardiology, Angiology and Pneumology,
University Medical Center Heidelberg, Germany). Myocarditis in mice was induced by subcutaneous
injection of murine cardiac troponin I (cTnl) solved in Complete Freund's Adjuvant for 3 times
(immunization on day 1, 7 and 14) [314]. For immunization female, wildtype A/J mice (6 weeks of
age) were used and analysis was done 21d after immunization. For controls A/J mice of the same

gender and age were used treated with Complete Freund's Adjuvant only.

5.1.2. Mouse studies in the Kidney including ex vivo fibroblast culture

All animal experiments were performed in accordance with the National Institutes of Health (NIH)
Guide for the Care and Use of Laboratory Animals and all procedures were approved by the University
of Virginia, Animal Care and Use Committee. Animals were housed at 20 — 22 °C room temperature

and a 12h light-dark-cycle and fed with a standard chow diet receiving tap water ad libitum.

Fibroblast/ pericyte specific CD73” mice (Foxd1“"**/CD73""

For generation of a fibroblast/ pericyte specific CD73” mice (Foxd1“*/CD73""), CD73"" mice [238]
were crossed with mice expressing Cre recombinase under the control of the Foxdl promoter
(Foxd1“™"), which already has been described [315]. Foxd1“*/CD73"* progeny of the F1 generation
were intercrossed with each other to obtain F2 generation Foxd1“*/CD73"" mice, which were then
crossed with CD73™ mice to generate Foxdl“**/CD73™ and CD73™ control littermates. In this
study, male fibroblast/ pericyte specific CD73” mice (Foxd1“*/CD73"™") (12 — 15 weeks of age) and
CD73™ control littermates of the same gender and age were used, which were bred at the vivarium of

the University of Virginia (Charlottesville, USA).

Tubular cell specific CD73” mice (Pepck™*/CD73"")

CD73™ mice [238] were crossed with mice expressing Cre recombinase under the control of the
Pepck promoter (Pepck™®*) [316] to generate tubular cell specific CD73” mice (Pepck™**/CD73™").
PekaCre/+

University School of Medicine, Nashville, USA) and backcrossed into C57BL/6NCr for nine

mice were kindly provided by Volker Haase (Department of Medicine, Vanderbilt
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generations. The ninth generation was then crossed with CD7 mice to generate Pepck“**/CD73"*.

Pepck“™*/CD73™* progeny of the F1 generation were intercrossed with each other to obtain F2

generation Pepck“*/CD73"" mice, which were then crossed with CD73""

mice to generate
Pepck“™*/CD73™ and Pepck™™* control littermates. In this study, male tubular cell specific CD73™
mice (Pepck“™*/CD73™) (12 — 15 weeks of age) and Pepck“™™* control littermates of the same gender
and age were used, which were bred at the vivarium of the University of Virginia (Charlottesville,

USA).

CD73" mice

For ex vivo fibroblast cell culture male global CD73” mice (8 — 12 weeks of age) and wildtype
C57B1/6 mice of the same gender and age were used. CD73” mice, provided by the National Cancer
Institute (USA), and wildtype C57Bl/6 mice, purchased from Jackson Laboratory (Maine, USA), were

bred at the vivarium of the University of Virginia (Charlottesville, USA).

5.2. In vivo methods
5.2.1. Myocardial infarction in mice

To study the role of cardiac infiltrating T cells in wound healing and organ remodeling after MI, mice
were subjected to LAD ligation for induction of ischemia. Surgery was performed by Dr. Zhaoping
Ding (Institute of Molecular Cardiology, Diisseldorf, Germany) as described in the following passage.
Mice were intubated and anesthetized by mechanical ventilation with isoflurane (1.5%) at a rate of
150 strokes/min and a body weight adapted tidal volume ranging between 225 — 275 ul. Mice were
placed in a supine position on a thermostatic station maintained at a temperature of 37 °C and the chest
wall was shaved followed by disinfection using betaisodona. Electrocardiogram (ECG) needles were
inserted subcutaneously representing lead II to measure ST-segment elevations during MI surgery,
which was performed under an upright dissecting microscope (Leica MS05). After skin incision from
the Processus xiphoideus to the left armpit, ribs were exposed by blunt preparation of the muscles and
the chest was opened by a small lateral incision along the left side of the sternum. Subsequently, the
pericardium was gently dissected to allow visualization of coronary artery anatomy. The LAD was
ligated using an 8-0 polypropylene suture with a tapered needle passed underneath the vessel 2 mm
from the tip of the left auricle. The suture was threaded through a small plastic tube (PE-10 tubing)

with blunt ends and two small weights (~1 g) were attached to each end. LAD was occluded by free
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hanging of the weights for 50 min. Successfully induction of MI was verified microscopically by
paling of the myocardium as well as significant elevations of the ST-segment. After 50 min LAD
occlusion was terminated by removal of the weights and reperfusion was controlled by the reddening
of the previous pale myocardium and termination of ST-elevation. The chest and skin incisions were
closed using a suture and disinfected via betaisodona. For postoperative analgesic mice received
buprenorphine (0.15 mg/kg). Mice were kept under animal housing conditions as described before for

3d or 7d.

5.2.2. Acute Kidney injury in mice

To study the outcome of AKI depending on CD73 activity, mice were subjected to renal IRI. Surgery
was performed by Liping Huang (Division of Nephrology, Center for Immunity, Inflammation, and
Regenerative Medicine, Department of Medicine, University of Virginia, Charlottesville) as described
in the following passage. Before surgery mice were anesthetized using ketamine (120 mg/kg) and
xylazine (12 mg/kg) administered via i.p. injection and the hair was shaved on the side of surgery
followed by disinfection using betaisodona. For maintenance of body temperature mice were warmed
via a warming pad adjusted at a temperature of 37 °C. Mice were placed on the thermostatic station
laying on the left side and unilateral IRI was performed through flank incisions on the right side
positioned at 1/3 of the body from the back of the mouse. Then the right kidney was identified and
dissected free of the surrounding tissue and renal pedicels (artery and vein) were clamped for 20 min
using micro-aneurysm clips. After 20 min clips were removed and the incision sides were sutured after
restoration of blood flow, which was visually controlled. For postoperative analgesic mice received
buprenorphine (0.15 mg/kg). Mice were kept under animal housing conditions as described before for
14d. To assess kidney function of the injured kidney by measurement of creatinine levels, uninjured
left kidneys were removed on day 13. To this end, mice were anesthetized again using ketamine
(120 mg/kg) and xylazine (12 mg/kg) administered via i.p. injection and warmed via a warming pad
during surgery. Mice were placed on the thermostatic station laying on the right side and nephrectomy
was performed through flank incisions of the left side. Kidneys were identified and dissected free of
the surrounding tissue and pushed out from the cut to expose the renal pedicles. Renal pedicels were
ligated using a suture and kidneys were removed. After Nephrectomy incision sides were closed and
mice received postoperative analgesic using buprenorphine (0.15 mg/kg). Uninjured kidneys were
collected as controls and treated as described in the following chapters. Finally, mice were euthanized
24h after nephrectomy and injured kidneys were collected as well as blood samples for plasma

creatinine analysis.
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For drug administration, mini-pumps (micro-osmotic pump Model 1002 - pumping rate: 0.25 pl/hr
(£ 0.05 pl/hr); duration: 14d; reservoir volume: 100 pl (£ 10 pl)) purchased from Alzet were used.
Mice underwent 20 min unilateral IRI as described before and treatment by administration of 5 U 5’NT
per day was started on day 2 resp. day 4. Mini-pumps were prepared 1h before surgery. Therefore
mini-pumps were filled either with 5’NT solved in 1x PBS or with 1x PBS only for controls and pre-
incubated in sterile saline at 37°C 1h before implantation. Mice were anesthetized again using
ketamine (120 mg/kg) and xylazine (12 mg/kg) administrated via i.p. injection and warmed via a
warming pad during surgery. A small incision was made in the skin between the scapulae and a small
pocket was formed by spreading the subcutaneous connective tissues apart. The pump was inserted
into the pocket and the skin incision was closed via sutures. Mice received postoperative analgesic
using buprenorphine (0.15 mg/kg) and were kept under animal housing conditions as described before
for another 12d resp. 10d. For analysis of kidney function nephrectomy of the uninjured kidney was
performed on day 13 as described before and mice were euthanized on day 14 for collection of blood

samples and injured kidneys.

To assess initial injury, 20 min unilateral IRI of the right kidney and nephrectomy of the left kidney
was performed on the same day as described before. Mice received postoperative analgesic using
buprenorphine (0.15 mg/kg) and were euthanized after 24h. Blood samples as well as uninjured and

injured kidneys were collected.

5.2.3. Measurement of body and kidney weight

To analyze kidney weight of uninjured and injured kidneys, mice were weighed before nephrectomy or
euthanasia. Therefore, a single mouse was removed from the cage, put in a container placed on a scale
and the body weight was measured. Mice were anesthetized and kidneys were removed as described
before (5.2.2). Isolated kidneys were placed on a small dish and the weight was measured. To exclude

size differences of kidneys between mice, a ratio of body to kidney weight was calculated.

5.3. In vitro methods
5.3.1. Isolation of cells from different tissues

Since the number of cells, which can be isolated from the heart, is too small for functional studies

T cells (CD8* and/ or CD4" T cells) were isolated from lymph nodes and stimulated in vitro to mimic
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immune cell activation after IRI (5.3.1.1). Lymphoid T cells were used to study nucleotide metabolism
after activation as well as cytokine secretion after AdoR stimulation. To analyze the cytokine profile
and expression pattern of cardiac infiltrating T cells, cells were isolated from the heart after MI
(5.3.1.2). For characterization of fibroblasts, cells were isolated from kidneys as described in the

passage 5.3.1.3.

5.3.1.1. Lymphoid T cell isolation

Mice were euthanized and disinfected using ethanol. Superficial cervical, axillary, brachial, inguinal,
lumbar and mesenteric lymph nodes were isolated and transferred to a 70 um filter fitted into a well of
a 6-well plate. Each well of the plate was filled with 3 ml 1x PBS (4 °C) placed on ice. Lymph nodes
were mashed using the head of a syringe plunger. The filter was then placed into a 50 ml tube and the
cell solution of the well was passed through the filter followed by washing of the filter with 5 ml
1x PBS (4 °C). The cell suspension was centrifuged for 10 min at 300x g and 4 °C. The supernatant
was discarded and the pellet was solved in a staining solution prepared for flow cytometry separation

of CD8" and/ or CD4" T cells. For cell staining the following panel was used.

Cell subpopulation Antibody
CD4" and CDS8" CD45 CD3 CD4 CD8 CDl11b
T cells PE APC PerCP5.5 APC-H7 FITC

Tab. 5: Antibody labeling of CD4" and CD8" T cells

To prepare the staining solution, 1 ul of each antibody was mixed with 95 ul MACS buffer (4 °C).
Each sample was then solved in 100 pl staining solution followed by incubation for 30 min at 4 °C.
After incubation cells were washed with 5 ml MACS buffer (4 °C) and transferred through a 30 pm
filter fitted into a 10 ml tube. After centrifugation for 10 min at 300x g and 4 °C the supernatant was
discarded and the cell pellet was solved in 500 ul MACS buffer (4 °C). To separate dead cells from
living cells, 0.1 pg/ml DAPI was added to the cell solution 5 min before cell sorting. Flow cytometry
separation was performed by the MoFlo XDP flow cytometer (Beckman - Coulter, Brea CA) at the
Core Flow Cytometry Facility in the Institute for Transplantation Diagnostics and Cell Therapeutics
(Diisseldorf, Germany) with the help of Katharina Raba. CD4" T cells (CD45%, CD3", CD4", CDS’,
CD11b and DAPI') and CD8" T cells (CD45", CD3", CD4", CD8*, CD11b" and DAPI) were identified
and collected to study the role of T cells in nucleotide metabolism (5.3.3.1). CD4" T cell (CD45",

41



5. Methods

CD3", CD4", CDS8, CD11b" and DAPI) alone were collected for functional studies of AdoR signaling
(5.3.5).

5.3.1.2. Cardiac T cell isolation

For characterization, infiltrating cardiac T cells were isolated from the infarcted heart by tissue
digestion using retrograde perfusion according to the Langendorff procedure [317]. The technique for
immune cell isolation is based on the isolation protocol for intact cardiomyocytes and was modified by
Bonner and Borg et al. [306; 307; 318; 319]. Mice were anesthetized using pentobarbital (1 mg/kg of
body weight) and anticoagulation was inhibited using heparin (100 IE). Hearts were rapidly removed
from the thorax and prepared in pre-cooled wash buffer (4 °C) for Langendorff perfusion. Aortas were
cannulated and perfused for 5 min with pre-warmed oxygenated wash buffer (37 °C) at a perfusion
pressure of 80 mmHg. For tissue digestion collagenase was added to wash puffer (1.32 PZ U/ml (NB 8
Broad Range collagenase, SERVA Electrophoresis GmbH, Germany)) and hearts were perfused for
approx. 30 min with pre-warmed oxygenated collagenase solution (37 °C). Tissue digestion was
terminated when perfusion pressure decreased to approx. 10 mmHg. After removal of non-ventricular
components, heart tissue was transferred into a well of a 6 well plate containing 2 ml 2% bovine serum
albumin (BSA) buffer and mechanically chopped using a scalpel. The cell suspension as well as
remaining tissue chunks were transferred to a 50 ml tube and suspended in 20 ml 2% bovine serum
albumin (BSA) buffer. Heart tissue was gently resuspended by sequent series of several pipetting steps
(20x 25 ml pipette - 20x 10 ml pipette - 20x 5 ml pipette). Afterwards, the cell suspension was filtered
through a 100 pm cell strainer and centrifuged for 1 min at 55x g and 4 °C to separate cardiomyocytes
from non-cardiomyocytes. The supernatant containing the non-cardiomyocyte fraction was passed
through a 40 um cell strainer and centrifuged for 10 min at 300x g and 4 °C. The supernatant was
discarded and the pellet was resuspended in 5 ml MACS buffer followed by a second filtration step
using a 30 um cell strainer and centrifugation of the cell suspension for 10 min at 300x g and 4 °C. The
pellet was resuspended in 250 ul MACS buffer and 50 ul FcR Blocking Reagent (Miltenyi Biotech)
followed by 10 min incubation on ice. Next, a staining solution was prepared for flow cytometry
separation of CD3" T cells only or CD4" and CD8" T cells for functional studies or gene expression

analysis. For cell staining the following panel was used.
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Cell subpopulation Antibody
. CD45 CD3 CDll1c CDl11b
CD3" T cells
PE APC PE-Cy7 FITC
CD4" and CDS8" CD45 CD3 CD4 CD8 CDl11b
T cells PE APC PerCP5.5 APC-H7 FITC

Tab. 6: Antibody labeling of CD3*, CD4" and CDS8" T cells

To prepare the staining solution, 5 pl of each antibody was added to the sample followed by incubation
for 30 min at 4 °C. After incubation cells were washed with 5 ml MACS buffer (4 °C) and transferred
through a 30 pm filter fitted into a 10 ml tube. After centrifugation for 10 min at 300x g and 4 °C the
supernatant was discarded and the cell pellet was solved in 500 ul MACS buffer (4 °C). To separate
dead cells from living cells, 0.1 pg/ml DAPI was added to the cell solution 5 min before cell sorting.
Flow cytometry separation was performed by the MoFlo XDP flow cytometer (Beckman - Coulter,
Brea CA) at the Core Flow Cytometry Facility in the Institute for Transplantation Diagnostics and Cell
Therapeutics (Diisseldorf, Germany) with the help of Katharina Raba. CD3" T cells (CD45%, CD3",
CD11b, CDl11c¢” and DAPI') were identified and collected to study the role of T cells in nucleotide
metabolism (5.3.3.2) and cytokine secretion (5.3.4). CD4" T cells (CD45", CD3", CD4", CD8’, CD11b’
and DAPI) and CD8" T cell (CD45*, CD3*, CD4", CD8", CD11b" and DAPI) were collected for gene
expression studies of AdoR signaling (5.4.1.1).

5.3.1.3. Renal fibroblast isolation

For fibroblast characterization, cells were isolated from kidneys according to the procedure established
by Dr. Amandeep Bajwa (University of Virginia, Charlottesville, USA), which were used in the study
of Kharel et al. [320]. The procedure was modified in some steps as described in the following passage.
After euthanasia of mice kidneys were rapidly removed and place into a 100 mm dish containing 10 ml
1x PBS. Capsules of kidneys were removed and the tissue was chopped using a scalpel. The cell
solution containing tissue pieces was passed via a 40 pum filter fitted in a 50 ml tube. Tissue pieces
were mashed using the head of a syringe plunger followed by rinsing of the filter with 5 ml 1x PBS.
This process was repeated until the tissue was completely mashed through the filter. To remove
glomeruli the cell suspension was pipetted through a second 40 pum filter placed in a new 50 ml tube.
After centrifugation of the cell solution for 5 min at 1000 rpm and RT the supernatant was aspirated

and the cell pellet was solved in 10 ml DMEM. Cells were plated into a 100 mm dish and cultivated
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overnight in a cell culture incubator at 37 °C and 5% CO,. After 24h the cell solution was carefully
resuspended and transferred to a 50 ml tube. The cell culture dish was washed with 10 ml of fresh
DMEM, which was also transferred to the tube. The tube was filled up to 25 ml with fresh DMEM and
the cell suspension was divided into 10 ml plated on the used 100 mm dish containing already cells,
which were settled down. The other 15ml cell suspension were transferred to a T75 cell culture flask.
Cells were cultured for another 3d in a cell culture incubator at 37 °C and 5% CO,. After 3d adherent
cells could be detected. The supernatant was removed and cells were washed using 10 ml 1x PBS.
Thereafter 10 ml resp. 15 ml fresh DMEM were added to the cells. Cells were placed in the cell culture

incubator and incubated at 37 °C and 5% CO, until needed for proliferation analysis (5.3.7).

5.3.3. HPLC analysis of T cell nucleotide metabolism

In this thesis, high-performance liquid chromatography (HPLC) was used to separate, identify and
quantify several components of the purinergic signaling, which were catalyzed by T cells. The
technique is based on pressurized liquid solvent containing the sample mixture, which passes a column
filled with a solid adsorbent material. Each component in the sample interacts slightly differently with
the adsorbent material causing different flow rates for the components, which leads to separation of the

components.

HPLC analysis of lymphoid T cells

To analyze nucleotide metabolism mediated by T cells, CD4" and CD8" T cells were isolated from
lymph nodes as described previously (5.3.1.1). After cell sorting T cells were centrifuged for 10 min at
300x g and RT and supernatants were discarded. Next, 20 uM ATP (Sigma-Aldirch), cAMP (BioLog)
or etheno-NAD (BioLog) solved in HBSS buffer (165 ul etheno-NAD resp. 245 ul ATP) were added
to 240 000 cells per sample and mixed toughly by pipetting. 40 pl resp. 60 ul aliquots of the cell
suspension were taken immediately after addition of substrate and cells were then incubated in a cell
culture incubator at 37 °C and 5% CO,. Additional aliquots were taken after 10, 30 and 60 min.
Aliquots were immediately centrifuged for 2.5 min at 450x g and 4 °C. After centrifugation 32 ul resp.
50 ul of the supernatant were transferred into glass vials and applied to reverse phase HPLC.
Substrates and products were separated by running a linear gradient of buffer A and buffer B using a
low-pressure gradient mixing device and a Hypersil BDS C18 column (250 mm x 4.6 mm; particle size

3 uM; Thermo Fisher Scientific). Absorbance was measured at 254 nm and retention times were
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assessed using standard samples of nucleotides and nucleosides. cAMP was purchased from BioLog
and all other substrates were ordered from Sigma-Aldrich. For fluorescence detection of etheno-
derivatives including e-NAD, &-ADPR, e-AMP, e-Ado (BioLog) a Waters Multi A Fluorescence
detector 2475 was used (AEM = 300 nm; AEM = 415 nm). A linear gradient of buffer A and B was run
with a flow profile of 0.8 ml/min (0-5 min 100% A; 5-7.15 min 97% A and 3% B; 7.15-16.5 min 91%
A and 9% B; 16.5-24.15 min 0% A and 100% B; 24.1-28.1 min 0% A and 100% B; 28.15-28.35 min

100% A) using a high-pressure gradient mixing device.

To analyze nucleotide metabolism in ex vivo stimulated T cells, 96-well plates were prepared 4h before
CD4" and CD8" T cell isolation from lymph nodes. Each well of a 96-well plate was coated with
5 pug/ml anti-CD3- and 8 pg/ml anti-CD28-antibodies solved in 100 ul 1x DPBS. Plates were incubated
in a cell culture incubator at 37 °C and 5% CO, until needed. After cell sorting cells were centrifuged
for 10 min at 300x g and 4 °C. The supernatant was discarded and the cell pellet was solved in RPMI
up to a cell concentration of 240 000 cells per 100 pl. The antibody-coating solution was aspirated and
wells of the 96-well plate were washed with 100 ul 1x DPBS. After aspiration of the washing solution
each well was filled with 100 pl of the cell suspension and cells were then incubated for 24h in a cell
culture incubator at 37 °C and 5% CO,. After 48h cells were detached from the wells and transferred
into 1.5 ml tubes. Cells were washed with 500 ul PBS and centrifuged for 10 min at 300x g and RT.
Supernatants were discarded and cell pellets were solved in HBSS containing 20 uM ATP or etheno-
NAD. The following procedure was performed as described before. For analysis of HPLC

measurements the Empower 2 software was used.

HPLC analysis of cardiac T cells

To study the role of cardiac infiltrating T cells in nucleotide metabolism, cells were isolated 3d after
MI as described previously (5.3.1.2). After cell sorting cells were centrifuged for 10 min at 300x g and
RT and supernatants were discarded. 20 uM etheno-AMP (BioLog) solved in 85 pl HBSS buffer were
added to 12 000 cells per sample. 20 ul aliquots of the cell suspension were taken immediately after
addition of substrate and mixed with 50 ul HBSS buffer (4 °C). Cells were then incubated in a cell
culture incubator at 37 °C and 5% CO,. Additional aliquots were taken after 10, 30 and 60 min.
Aliquots were immediately centrifuged for 2.5 min at 450x g and 4 °C. After centrifugation 65 ul of
the supernatant were transferred into glass and applied to reverse phase HPLC. HPLC analysis was

performed as described before.
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5.3.4. Re-stimulation of cardiac T cells for cytokine secretion

Cardiac infiltrating T cells isolated from the heart 7d after MI (5.3.1.2) were plated in a 96-well plate
coated with 5 pg/ml anti-CD3- and 8 pg/ml anti-CD28-antibodies solved in 100 ul 1x DPBS, which
had been prepared as described before. Collected cardiac T cells were centrifuged for 10 min at 300x g
and RT and the supernatants were discarded. Cell pellets were solved in RPMI up to a cell
concentration of approx. 8 000 — 14 000 cells per 100 ul. Wells of the 96-well plate were washed to
remove the coating solution and 100 ul of the cell solution was plated in each well. Cells were
incubated for 24h in a cell culture incubator at 37 °C and 5% CO,. After 24h the supernatant of re-
stimulated cardiac T cells was collected. Therefore, cells were centrifuged for 5 min at 300x g and RT
and 70 pl of the supernatant were transferred to 1,5 ml tubes placed on ice until used for cytokine

measurement (5.5.1).

5.3.5. Adenosine receptors activation of stimulated lymphoid T cells

To measure the cytokine secretion of T cells after AdoR stimulation, lymphoid CD4" T cells (5.3.1.1)
were plated in 96-well plates coated with 3 pg/ml anti-CD3- and 6 pg/ml anti-CD28-antibodies solved
in 100 ul 1x DPBS. 96-well plates were prepared as described before and concentrations were
adjusted. Collected lymphoid CD4" T cells were centrifuged for 10 min at 300x g and RT and the
supernatants were discarded. Cell pellets were solved in RPMI up to a cell concentration of
200000 cells per 100 ul. After washing of the pre-coated wells, 100 ul of the cell solution was plated in
each well. Cells were incubated for 24h in a cell culture incubator at 37 °C and 5% CO,. After
cultivation cells were centrifuged for 5 min at 300x g and RT and the supernatant was carefully
removed. Cells were then washed with fresh 100 ul RPMI and centrifuged for 5 min at 300x g and RT.
The washing medium was carefully removed and replaced with RPMI containing 1 uM CGS - 21680
(AsaR agonist), 25 uM BAY 60 - 6583 (AR agonist) (both purchased from Tocris, Bristol, UK) or an
equivalent volume of DMSO only as control (1:200 diluted with medium as control for CGS - 21680
and 1:8 as control for 19 BAY 60 - 6583 ). Cells were incubated for another 24h in a cell culture
incubator at 37 °C and 5% CO,. Finally, the supernatant of stimulated lymphoid CD4" T cells was
collected by centrifugation for 5 min at 300x g and RT and transfer of 70 ul of the supernatant to

1,5 ml tubes, which were placed on ice until used for cytokine measurement (5.5.1).
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5.3.6. Ex vivo fibroblast cell culture

Fibroblasts were cultured until cells reached a confluence of about 80%. For fresh isolated cells a
confluence of 80% was achieved in approx. 1 — 2 weeks with medium changes every 2 — 3d. During
this time, heterogeneous cell populations were observed growing out of the isolation. To separate
fibroblasts from other cell populations, cells were removed from the plate and cultured in new cell
culture flasks with the result that only fibroblasts attached to the new culture ground. To this end, the
supernatant was removed and cells were washed using 10 ml 1x PBS. For dissociation of cells 3 — 5 ml
1x trypsin/ EDTA were added followed by incubation in the cell incubator for approx. 2 min. Cells
were separated by gently pipetting the solution up and down. Dissociation was interrupted by adding of
10 ml fresh DMEM to the cell solution, which was then transferred to a 50 ml tube. After
centrifugation for 5 min at 1000 rpm and RT the supernatant was aspirated, the cell pellet was solved
in 30 ml fresh DMEM and separated into two T75 cell culture flasks containing 15 ml each. Cells were
incubated at 37 °C and 5% CO,. Usually fibroblasts were split every 2 — 4d with a confluence about

80% as described above. For the following experiments fibroblasts were used within passages of 3 — 4.

5.3.7. Fibroblast proliferation assay

To study cell proliferation potentials of ex vivo fibroblasts, cells were analyzed using the colorimetric
MTT (3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide) assay. This assay was developed
for assessing cell metabolic transformation rate by NAD(P)H-dependent cellular oxidoreductase
enzymes activity reflecting the number of viable cells. Oxidoreductases catalyze the reduction of the

tetrazolium dye MTT to insoluble formazan, which can be measured at ODs4o [321].

For analysis fibroblast were plated in a 96 well plate using various cell concentrations (2500, 5000 or
10000 cell per well) and incubated for different time points (1d, 2d and 4d) at 37 °C and 5% CO,. After
incubation the supernatant of the cells was aspirated and replaced with 100 pl fresh DMEM (without
phenol red). Additional wells were filled with 100 ul DMEM only for blank measurements. For each
sample and blank 10 ul 12 mM MTT stock solution was added and cells were incubated for 4h at 37°C
and 5% CO,. After 4h the formation of blue crystals could be detected. To resolve crystals all but 25 ul
was removed from each well and 50 ul DMSO were added and mixed thoroughly by pipetting.
Samples were incubated for 10 min at 37°C and 5% CO, and the absorbance of the samples was

measured at 540nm.
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5.4. Molecular biological methods
5.4.1. RNA isolation

For gene expression analysis, first of all RNA was isolated from cells or tissues of interest. In the next
step, isolated RNA became reverse-transcribed to complementary DNA (cDNA) by the reverse
transcriptase, a RNA-dependent DNA polymerase. To study gene expression the quantitative
polymerase chain reaction (qQPCR) was used. Therefore, cDNA was amplified during several
polymerase chain reactions (PCR) and monitored using DNA-probes or SYBR Green. In this study,
RNA was isolated from CD4" and CD8" T cells infiltrating the heart after MI and from CD4" T cell
isolated from lymph nodes and stimulated in vitro to analyze AdoR expression. Moreover, RNA was
isolated from whole renal tissue to examine myofibroblast transformation, inflammation status and

immune cell infiltration.

RNA isolation from cardiac T cells

Since the numbers of cells, which can be isolated from the heart, is very small the TagMan Gene
Expression Cells-to-Ct Kit (Ambion — Life Technologies) was used. RNA extraction was performed
according to the manufactory protocol. Briefly, after cell isolation from the heart and cell sorting
(5.3.1.2) cardiac T cells (3000 cells per sample) were centrifuged for 10 min at 300x g and 4 °C. The
supernatant was discarded and the cell pellet was washed with 50 ul 1x PSB (4°C). The cell suspension
was centrifuged again for 10 min at 300x g and 4 °C and the supernatant was aspirated leaving a rest of
approx. 5 ul. Cells were lysed by solving in 50 ul prepared lysis solution, which contains 0.5 ul
DNAse I and 49.5 ul lysis solution. Lysis reaction was mixed by pipetting up and down for 5 times
followed by incubation for 5 min at RT. To stop cell lysis, 5 pl stop solution was added to each sample
and mixed by pipetting up and down for 5 times. Samples were incubated for 2 min at RT and placed

on ice until needed for reverse transcription (5.4.2.1).

RNA isolation from lymphoid T cells

For RNA isolation from in vitro stimulated lymphoid CD4" T cells (5.3.1.1), the RNeasy Mini Kit
(Qiagen) was used. RNA extraction was performed according to manufacturer’s instructions. For
unstimulated controls, 200000 cells were collected into a 1.5 ml tube directly after cell sorting and

washed using 1x PBS. After centrifugation for 5 min at 300x g and RT the supernatant was removed
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and cells were frozen at -80 °C until used. For RNA isolation, cell pellets were defrosted and solved in
350 ul RLT buffer containing 3.5 pul B-mercaptoethanol for cell disruption. Stimulated cells were
collected 48h after anti-CD3-/ anti-28-antibody stimulation. First the supernatant was transferred into
1,5 ml tubes for cytokine measurement (5.3.5) and cells were washed using 100 pl 1x PBS. The 96-
well plate was centrifuged for 5 min at 300x g and RT and the supernatant was discarded. Cells were
solved in 100 ul 1x PBS and transferred into 1.5 ml tubes. After centrifugation for 5 min at 300x g and
RT the supernatant was removed and the cells were disrupted by adding 350 ul RLT buffer containing
3.5 ul B-mercaptoethanol. After cell disruption of both, unstimulated and stimulated cells, 350 ul 70 %
Ethanol were added to each sample for homogenization and mixed thoroughly by pipetting. Next,
700 pl of each sample were transferred to a RNeasy spin column and columns were centrifuged for
15 sec at maximal speed and RT. The flow-through was discarded. If necessary, this step was repeated
until the whole cell lysate was passed by the column. Columns were washed with 350 ul RW1 buffer
and samples were centrifuged for 15 sec at maximal speed and RT followed by discard of the flow-
through. To eliminate DNA contamination samples were incubated with DNAse for 15 min at RT.
Therefore 80 ul DNAse solution containing 70 ul RDD buffer and 10 ul DNAse were added to each
sample. After incubation columns were washed first with 350 ul RW1 buffer followed by wash steps
of 500 pul RPE buffer and 500 pl 80 % Ethanol. Columns were centrifuged for 15 sec at maximal speed
and RT after each wash step and flow-throughs were discarded. After the last wash step, the column
was transferred into a new 1,5 ml tube and 30 ul DEPC H,0O was pipetted into the middle of the
column. After centrifugation for 1 min at maximal speed and RT samples were placed on ice until
needed. RNA concentration and quality was measured using the NanoDrop system. Therefore, 1.5 ul
of each sample were loaded onto the pedestal and measured. RNA quality and purity was defined by a

ratio of ~ 2.0 at an absorbance of 260 nm to 280 nm.

RNA isolation from whole renal tissue

To study gene expression in uninjured and injured kidneys after IRI, RNA was isolated from whole
kidney tissue. To this end, the capsule of the kidney was removed after isolation and the kidney was
transversal sliced into six sections. The middle part of the kidney (third section) was used for RNA
extraction. The slices were transferred in 2 ml tubes and immediately frozen in liquid nitrogen and
stored at -80 °C until RNA isolation. For isolation tissue samples were refrozen and one Dynabead
(Invitrogen) was added to each tube. 1 ml TRI Reagent was pipetted to each sample, which were
homogenated for 5 min at 50 oscillations per sec and RT. The TRI Reagent contains a mixture of

guanidine thiocyanate and phenol in a monophase solution for effectively solving of DNA, RNA, and
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protein on homogenization. Next, 200 ul chloroform were added to each tube. Samples were mixed
vigorously and stored for 2 min at RT followed by centrifugation for 15 min at 12000 rpm and 4°C.
After centrifugation samples are separated into 3 phases: an aqueous phase containing RNA, the
interphase containing DNA and an organic phase containing proteins. The aqueous phase was
transferred to a 1.5 ml tube and 500 ul isopropanol were added for RNA precipitation. Samples were
mixed and stored for 5 min at RT followed by centrifugation for 8 min at 12000 rpm and 4°C. After
centrifugation, a small RNA pellet was observed. The supernatant was removed, the RNA pellet was
washed with 1 ml 75 % Ethanol and samples were centrifuged again for 5 min at 7500 rpm and 4°C.
The supernatant was aspirated and the RNA pellet was air dried. After drying, the pellet was solved in
100 pl and samples were placed on ice until needed. RNA concentration and quality was measured
using the NanoDrop system. Therefore, 1.5 ul of each sample were loaded onto the pedestal and
measured. RNA quality and purity was defined by a ratio of ~ 2.0 at an absorbance of 260 nm to

280 nm.

5.4.2. Reverse transcription

After RNA extraction from cardiac or lymphoid T cells as well as from whole renal tissues Reverse
Transcription (RT) was performed for cDNA synthesis. For cardiac T cells a pre-amplification step
was integrated since the number of cells is very small. All other cDNA synthetizations were performed

without pre-amplification.

cDNA synthesis of RNA isolated from cardiac T cells and pre-amplification

After RNA extraction from cardiac T cells cDNA synthesis was performed using the TagMan Gene
Expression Cells-to-Ct Kit (Ambion — Life Technologies) according to the manufactory protocol. All
pipetting steps were performed on ice. First, a RT Master-Mix was prepared for all samples according

to the following reaction setup for one sample:

RT Buffer (2x) 25 ul
RT Enzyme Mix (20x) 2.5 ul
Nuclease-free H,O 12.5ul
Total 40 ul
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40 pl of the Master Mix were pipetted into nuclease-free PCR tubes and 10 pl of the cell lysate were
added. RT reactions were mixed by vortexing and centrifuged briefly to collect the contents at the
bottom of the tube. Tubes were placed into the PCR machine (Eppendorf Mastercycler ep Gradient S,

Eppendorf) and RT reaction was performed according to the following program:

Reverse Transcription 37°C 60 min
RT Inactivation 95 °C 5 min
Hold 4°C 0

After cDNA synthesis, a pre-amplification step was performed to increase the amount of template for
gPCR analysis. For amplification, the TagMan PreAmp Master Mix (Thermo Fisher Scientific) and
TagMan Gene Expression Assays (20x) for the gene of interest were used. TagMan Gene Expression
Assays (20x) were diluted in TE buffer up to 0.2x in a total volume of 100 ul. For example, a pooled
assay mix containing six TagMan Gene Expression Assays for A|R, AxaR, AsgR, A3R, B-actin and
TATA-box binding protein (Tbp) 94 ul TE buffer were pipetted into a 1,5 ml tube and 1 pl of each
TagMan Gene Expression Assay was added. The pre-amplification Master-Mix was prepared for all

samples according to the following reaction setup for one sample:

TagMan PreAmp Master Mix (2x) 25 ul
Pooled Assay Mix (0.2x) 12.5ul
cDNA 12.5ul
Total 50 pl

Preamplification reactions were pipetted into nuclease-free PCR tubes, mixed thoroughly and
centrifuged briefly. Tubes were placed into the PCR machine (Eppendorf Mastercycler ep Gradient S,

Eppendorf) and pre-amplification reaction was performed according to the following program:

Enzyme Activation 95 °C 10 min
Denaturation 95 °C 15 sec

) ) ) 14 Cycles
Annealing/ Extension 60 °C 4 min
Hold 4°C 0

After amplification samples were placed on ice or stored at -20 °C until needed for qPCR analysis.
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cDNA synthesis of RNA isolated from lymphoid T cells

For cDNA synthesis after RNA extraction of lymphoid T cells, the QuantiTect Reverse Transcription
Kit (Qiagen) was used according to the manufacturer’s instructions. All pipetting steps were performed
on ice. Briefly, 12 ul of RNA sample were incubated with 2 ul gDNA Wipeout buffer (7x) in nuclease-
free PCR tubes for 2 min at 42 °C to eliminate genomic DNA from the sample. Next, a RT Master-Mix

was prepared for all samples according to the following reaction setup for one sample:

Quantiscript Reverse Transcriptase 1 ul

Quantiscript RT Buffer (5x) 4 ul
RT Primer Mix 1 ul
Total 6 ul

6 ul of the Master Mix were added to each RNA sample. RT reactions were mixed by vortexing and
centrifuged briefly to collect the contents at the bottom of the tube. Tubes were placed into the PCR
machine (Eppendorf Mastercycler ep Gradient S, Eppendorf) and RT reaction was performed

according to the following program:

Reverse Transcription 42 °C 15 min
RT Inactivation 95 °C 3 min
Hold 4°C 0

After cDNA synthesis samples were placed on ice or stored at -20 °C until needed for gPCR analysis.

c¢DNA synthesis of RNA isolated from whole renal tissue

RNA extracted from whole renal tissue was reverse transcribed using the iScript cDNA Synthesis Kit
(Bio-Rad). Procedure was performed on ice according to the manufactory protocol. Briefly, a RT

Master Mix was prepared for all samples as described in the following reaction setup for one sample:

iScript Reverse Transcriptase 1 ul
iScript reaction mix (5x) 4 ul
Total Sul

800 — 1000 ng RNA was pipetted into nuclease-free PCR tubes and nuclease-free H,O was added up to
a total volume of 15 pl. 5 pl of the RT Master Mix were pipetted to the RNA samples and RT reactions

were mixed by vortexing and centrifuged. Tubes were placed into the PCR machine (Eppendorf
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Mastercycler ep Gradient S, Eppendorf) and RT reaction was performed according to the following

program:
Priming 25 °C 5 min
Reverse Transcription 42 °C 30 min
RT Inactivation 85 °C 5 min
Hold 4°C )

After cDNA synthesis samples were placed on ice or stored at -20 °C until needed for gPCR analysis.

5.4.3. qPCR analysis

After cDNA synthesis of RNA isolated from cardiac and lymphoid T cells and whole renal tissue,
gPCR analysis was performed. For T cell studies TagMan Gene Expression Assays (Thermo Fisher
Scientific) were used, which contain gene specific primer and a probe coupled with a fluorescence
reporter and quencher on its 3’- and 5’-end. When the probe is intact the reporter dye emission is
quenched. After binding of the probe to its specific complementary strand the DNA polymerase
cleaves the reporter dye from the probe during each extension cycle and once separated from the
quencher emission can be measured. For renal tissue studies SYBR Green (Bio-Rad) technique was
used. SYBR Green emits fluorescence after binding to double stranded DNA. After annealing of
sequence-specific primers and elongation by the DNA polymerase, SYBR Green binds during each

extension cycle to the generated double stranded DNA and a signal can be measured.

gPCR analysis of cDNA generated from T cell RNA

After pre-amplification of cDNA generated from cardiac T cells 5 pl of the product were diluted in
95 ul TE buffer (1 : 20). cDNA generated from lymphoid T cells was used without dilution. For gPCR
analysis the TagMan Gene Expression Master Mix and TagMan Gene Expression Assays purchased
from Thermo Fisher Scientific were used. A qPCR Master Mix was prepared for all samples as

described in the following reaction setup for one sample:
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Cardiac T cells Lymphoid T cells
TagMan Gene Expression Master Mix (2x) 5 ul 5 ul
TagMan Gene Expression Assay (20x) 0.5 ul 0.5 ul
Nuclease-free H,O 2 ul 2.5 ul
Total 7.5 pl 8 ul

7.5 ul resp. 8 ul gPCR Master Mix were pipetted into a 96-well plate and 2.5 pl of the diluted pre-
amplified product from cardiac T cells resp. 2 ul of the cDNA from lymphoid T cell were added. Assay
plates were covered with a Microseal 'B' Adhesive Sealing Film (Bio-Rad), mixed by vortexing and
briefly centrifuged. All experiments were performed using the StepOne Plus Real-Time PCR Detection
System (Applied Biosystems) according to the following program:

Uracil-DNA Glycosylase Incubation 50 °C 2 min
Enzyme Activation 95 °C 10 min
Denaturation 95 °C 15 sec

. . . 45 Cycles
Annealing/ Extension 60 °C 4 min
Hold 4°C 0

Analysis was performed using the StepOne Software v2.3. For calculation the comparative Ct Method,
also known as 2 method, was used to analyze relative changes in gene expression [322]. This
method is based on gene expression comparison of a gene of interest (Target) normalized to an

endogenous reference gene (Reference) under specified conditions to control conditions:

ACt = CtTa.rget - CtReference

AACt = (CtTarget - CtReference)Speciﬁed condition ~ (CtTarget - CtReference)Normal condition
-AACt
R=2

qPCR analysis of cDNA generated from whole renal tissue

20 ul cDNA generated from whole renal tissue of the product were diluted in 20 ul (1 : 2) or 80 ul
(1:5) H,O. For qPCR analysis the iTaq Universal SYBR Green Supermix (Bio-Rad) and primers
purchased from Integrated DNA Technologies were used. A gPCR Master Mix was prepared for all

samples as described in the following reaction setups for one sample:
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iTaq Universal SYBR Green Supermix (2x) 5 wl
cDNA 1 ul
Total 6 ul
Primer (forward and reverse) (100 uM) 0.2 ul
Nuclease-free H,O 3.8 ul
Total 4 ul

4 pl Primer Master Mix were pipetted into a 96-well plate and 6 pl of cDNA Master Mix of each
sample was added. Assay plates were covered with a Microseal 'B' Adhesive Sealing Film (Bio-Rad),
mixed by vortexing and briefly centrifuged. All experiments were performed using the CFX Connect™

Real-Time PCR Detection System (Bio-Rad) according to the following program:

Enzyme Activation 95 °C 20 sec
Denaturation 95 °C 5 sec

. . 45 Cycles
Annealing/ Extension 56 °C 15 sec
Start Melting Curve 65 °C 5 sec

Melting Curve Analysis up to 95 °C in 0.5 °C steps
Hold 4°C 0

Analysis was performed using the Bio-Rad CFX Manager (Bio-Rad). For calculation the comparative

Ct Method was used as described before.

5.5. Biochemical methods
5.5.1. Analysis of T cell cytokine secretion

For analysis of T cell cytokine profiles after stimulation, Mouse Cytokine 23-Plex or Mouse Cytokine
Th17 6-Plex assays were used (all purchased from Bio-Rad). Additionally, singleplex assays for IL-2,
IL-3, IL-4, IL-5 and IL-13 (all purchased from Bio-Rad) were added to the Mouse Cytokine Th17 6-
Plex assay. The principle of the multiplex system is based on fluorescently dyed magnetic beads, each
with a specific spectral address to permit discrimination of individual tests within a multiplex
suspension. Capture antibodies, which are directed against a specific cytokine, are covalently coupled

to the magnetic beads. After reacting of the coupled beads with the sample containing the cytokine of
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interest and series of washes all unbound proteins are removed. A biotinylated detection antibody
directed against the specific cytokine is added to create a sandwich complex. The final detection
complex is formed by addition of streptavidin-phycoerythrin (SA-PE), in which phycoerythrin serves
as a fluorescent reporter. The different molecules bound to the surface of the beads are measured by a

flow cytometer containing two lasers and associated optics.

Analysis was performed according to the manufactory protocol. Briefly, coupled beads were vortexed
thoroughly and diluted up to 1x in Bio-Plex assay buffer. 50 ul of the coupled bead solution were
added to each well of a 96-well plate and beads were washed 2 times with 100 pl Bio-Plex wash buffer
using a magnetic wash station. After washing 50 pl of each sample including supernatants collected
from stimulated T cells resp. effluate of Langendorff hearts, blank (RPMI only resp. Krebs-Henseleit
buffer) and standards were added to the wells. Samples were incubated for 30 min on a shaker at
850 rpm and RT protected from light. After incubation samples were washed 3 times with 100 pl Bio-
Plex wash buffer using a magnetic wash station. Detection antibodies were mixed thoroughly and
diluted up to 1x in Bio-Plex detection antibody diluent. 25 pl of the detection antibody solution were
added to each sample and the assay plate was incubated for 30 min on a shaker at 850 rpm and RT
protected from light followed by washing for 3 times with 100 pl Bio-Plex wash buffer using a
magnetic wash station. SA-PE was mixed thoroughly and diluted up to 1x in Bio-Plex assay buffer.
50 pl of the SA-PE solution were added to each sample and the assay plate was incubated for 10 min
on a shaker at 850 rpm and RT protected from light. After incubation samples were washed 3 times
with 100 pl Bio-Plex wash buffer using a magnetic wash station and 125 pl Bio-Plex assay buffer was
filled in each sample well. The assay plate was placed for 30 sec on a shaker at 850 rpm and RT
protected from light and immediately measured by the Bio-Plex system. The red laser (635 nm)
illuminates the fluorescent dyes within each bead to provide bead classification and thereby assay
identification. At the same time, a green laser (532 nm) excites PE for generating a reporter signal,
which is detected by a photomultiplier tube (PMT). For data analysis, the Bio-Plex Manager software
was used, which presents data as median fluorescence intensity (MFI) as well as concentration (pg/ml).
The concentration of a cytokine bound to each bead is proportional to the MFI of reporter signal. Due
to variability of cell numbers isolated from the heart of T cell-specific CD73” mice, cytokine

concentration was normalized to 1 000 cells.
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5.5.2. Flow cytometry analysis of immune cells

In this study flow cytometry was used to analyze changes in CD69 synthesis after AdoR stimulation on
CD4" T cells or to identify distribution of CD39 and CD73 on T cells and B cells. The principle of
flow cytometry is based on laser detection system used for cell counting, cell sorting, biomarker
detection and protein engineering. Physical properties, such as size (represented by forward angle light
scatter) and internal complexity (represented by right-angle scatter) were used to resolve certain cell
populations. Labeling of cells by specific antibodies coupled to a fluorescence dye allowed
identification of specific cell subpopulations and protein distribution. Cells in suspension are drawn
into a stream created by a surrounding sheath of isotonic fluid inside of a flow cytometer, which
creates a laminar flow allowing cells to pass individually through an interrogation point. At the
interrogation point, a beam of monochromatic light, intersects the cells and emitted light, which is
given off in all directions, becomes collected via optics directing the light to a series of filters and
dichroic mirrors leading to isolation of particular wavelength bands. The light signals become detected

by photomultiplier tubes and digitized for computer analysis.

To study changes in CD69 synthesis after AdoR stimulation on CD4" T cells, in a first step the
supernatant was transferred into 1,5 ml tubes for cytokine measurement of treated cells (5.3.5) and
cells were washed using 100 ul 1x PBS. The 96-well plate was centrifuged for 5 min at 300x g and RT
and the supernatant was discarded. Cells were solved in 100 ul 1x PBS and transferred into round-
bottom polystyrene tubes placed on ice. Each sample was stained using 1 pl of the CD69 — FITC
antibody solution and incubated for 30 min at 4 °C. After incubation cells were washed with 5 ml
MACS buffer (4 °C) and centrifuged for 10 min at 300x g and 4 °C. Supernatants were discarded and
cell pellets were solved in 100 ul MACS buffer (4 °C). To separate dead cells from living cells,
0.1 pg/ml DAPI was added to cell solutions 5 min before measurement. Cells were analysed using the
FACSCanto II system. To define negative and positive signals in multiparameter analysis,
Fluorescence-minus-one (FMO) controls were performed. For data analysis, the FACSDiva Software

(BD Bioscience) was used.

To analyze CD39 and CD73 distribution, immune cell populations were isolated from hearts of
myocarditis mice as described previously (5.3.1.2). For unstimulated controls, immune cell populations
were isolated from the blood. To this end, mice were anesthetized using pentobarbital (1 mg/kg of
body weight) and anticoagulation was inhibited using heparin (100 IE). Blood was collected from the
abdominal vein using a BD Ultra-Fine Needle Insulin syringe and transferred into a 15 ml tube
prepared with 100 IE heparin. 5 ml ammonium chloride potassium (ACK) lysis buffer was added to

each blood sample, which was then incubated for 10 min on ice. After incubation reaction was stopped
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by adding of 10 ml MACS buffer and cells were centrifuged for 10 min at 300x g and 4 °C. The
supernatant was discarded and the blood cell pellets as well as the pellet of cells isolated from the heart
were solved in 2 ml MACS buffer. 50 ul FcR Blocking Reagent (Miltenyi Biotech) were added to each
sample followed by 10 min incubation on ice. Samples were washed with 8 ml MACS buffer and
centrifuged for 10 min at 300x g and 4 °C. Supernatants were discarded and the cell pellets were
solved in 1 ml MACS buffer. For antibody labelling 100 ul of each sample were pipetted into round-

bottom polystyrene tubes placed on ice. For cell staining the following panel was used.

Cell Antibody
subpopulation

T cells CDh45 CD3 CD4 CD8 CD39 CD73
Staining 1 PE APC  PerCP5.5 APC-H7 PE-Cy7 FITC

T cells CDh45 CD3 CD4 CD8 CD25 CD73
Staining II PE APC  PerCP5.5 APC-H7 PE-Cy7 FITC

B cell CDh45 CD3 CD45R (B220) CD39 CD73

cells
PE APC APC-eFluor780 PE-Cy7 FITC

Tab. 7: Antibody labeling of different immune cell subsets.

For identification of the different cell populations, staining panels of 100 ul total were pipetted as
shown in table 3. Therefore 1 ul of each antibody was added to 94 pl resp. 95 ul MACS buffer (4 °C).
Each sample was solved in 100 ul staining solution and incubated for 30 min at 4 °C. After incubation
cells were washed with 5 ml MACS buffer (4 °C) and centrifuged for 10 min at 300x g and 4 °C.
Supernatants were discarded and cell pellets were solved in 300 ul MACS buffer (4 °C). To separate
dead cells from living cells, 0.1 pg/ml DAPI was added to cell solutions 5 min before measurement.
Cells were analysed using the FACSCanto II system. To define negative and positive signals in
multiparameter analysis, Fluorescence-minus-one (FMO) controls were performed. For data analysis,

the FACSDiva Software (BD Bioscience) was used.

5.5.3. Analysis of kidney function by measurement of plasma creatinine levels

Kidney function was measured by assessment of plasma creatinine levels. Therefore, blood samples
were incubated at RT at least for 15 min to allow blood clotting. Samples were then centrifuged for

30 min at 1000x g and RT and plasma was transferred into 1.5 ml tubes. For plasma creatinine
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measurements, the Diazyme Creatinine Liquid Reagents Assay (Diazyme Store) was used. The assay
principle is based on a series of coupled enzymatic reactions including creatininase enzymatic
conversion of creatinine into the product creatine which itself is converted to sarcosine by creatine
amidinohydrolase (creatinase) followed by oxidation of sarcosine by sarcosine oxidase (SOD)
producing hydrogen peroxide. In the presence of peroxidase (POD) the hydrogen peroxide is quantified
at 550 nm by the formation of a colored dye. Analysis was kindly performed by Liping Huang

according to the manufactory protocol.

5.5.4. Quantification of renal collagen content by hydroxyproline assay

To quantify the collagen concentration of kidney tissues, the colorimetric hydroxyproline assay was
used in this study. The synthetization of the amino acid hydroxyproline is a post-translational
modification of proline mediated by the prolyl hydroxylase. Hydroxyproline is a major component of
collagen stabilizing the helical structure. Because hydroxyproline is found almost exclusively in
collagen, measurement of hydroxyproline levels correlate to the levels of collagen present in the tissue.
The principle of this assay is based on the conversion of hydroxyproline to pyrrole in acid hydrolyzed
samples through a reaction with Chloramine T. Pyrrole reacts with the Ehrlich’s Reagent to form a

chromophore, which can be detected at 550 nm [323].

After kidney isolation, the capsule was peeled off and half of the kidney was transferred into a glass
tube placed on ice until all samples had been collected. The tissue was dried overnight in a heat block
at 110 °C. After 24 h the dried tissue was weighted, transferred into glass ampoules and 1 ml 6 M HCI
was added. Glass ampoules were sealed by melting of the glass on the opening side using a Bunsen
burner and the tissue was hydrolyzed overnight in a heat block at 110 °C. On the next day 1,5 ml tubes
were prepared with 8 mg Amberlite Monobed Resin and the hydrolysate was transferred into the tubes.
Samples were rotated for 30 min at RT. After rotation, samples were centrifuged for 30 min at
12000 rpm and RT and the supernatant of each ample was transferred into a new 1,5 ml tube. 25 ul of
each sample including hydrolysates, blank (6 M HCI only) and standards were pipetted into 5 ml glass
tubes. 500 ul Chloramine-T solution were added and samples were mixed by vortexing followed by
incubation of 20 min at RT. After incubation, 500 ul 3.15 M HCIO, were pipetted to each sample,
which was mixed by vortexing and incubated for 5 min at RT. Next, 500 ul Ehrlich’s solution was
added and samples were mixed by vortexing again. Samples were incubated for 20 min in a water bath

at 60 °C sealed with parafilm. Immediately after incubation samples were cooled in an ice bath for
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5 min to stop the reaction. After mixing, 200 pl of each sample were transferred into a well of a 96-

well plate and measured at 550 nm.

5.6. Histochemical methods
5.6.1. Detection of renal tissue fibrosis and matrix deposition by Masson’s trichrome staining

For detection of fibrosis formation and matrix deposition in renal tissues, the Masson’s trichrome
staining was used in this thesis. The staining, based on the receipt evolved by Claude L. Pierre Masson,
displays tissue integrity. Collagen fibers and dead tubular cells appear in a blue color, nuclei are in

black and cytoplasm of intact cells is stained in magenta [324].

After kidney isolation, the capsule was removed and the kidney was transversal sliced into six sections.
The middle part of the kidney (fourth section) was used for Masson’s trichrome staining. Therefore,
kidney section was transferred into histology cassettes and incubated overnight in 10 % formalin at
4 °C. After 24 h cassettes containing tissue sections were washed with 70 % Ethanol and incubated
overnight in 70 % Ethanol at 4 °C. Paraffin embedding, cutting of kidney slices and transfer of slices
onto cover slides as well as trichrome staining was done by the Research Histology Core at the
University of Virginia, School of Medicine (Charlottesville, USA) with the kindly help of Sheri

VanHoose.

5.6.2. Immunofluorescence analysis of renal tissue sections and confocal microscopy

Immunofluorescence analysis was performed to study renal cell composition and matrix deposition. To
this end, the renal capsule was removed after kidney isolation and the kidney was transversal sliced
into six sections. The end parts of the kidney (fifth and sixth sections) were transferred into histology
cassettes and incubated in 2% periodate-lysine-paraformaldehyde (PLP) buffer for 2.5h. After
incubation, tissue sections were washed with 1x PBS and transferred into a 5% sucrose solution
overnight. After 24h renal tissue sections were equilibrated in 15% sucrose solution for 2h followed by
3h in 30% sucrose solution. Then tissue sections were transferred into a well filled with optimum-
cutting-temperature (OCT) compound. For tissue equilibration, this process was repeated two times. A
mold was prepared with OCT compound and the tissue section was placed in the mold. Tissue sections
were frozen placed on dry ice and stored at -80 °C. Before cutting, tissue samples were equilibrated at -

20 °C. For immunohistochemistry 5 pum slices of renal tissue were cut and transferred onto slides
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(Thermo Fisher Scientific) For immunohistochemistry staining, slides were warmed up at RT for
15min and washed with 1x PBS for 5 min. Next, slides were submerged in a 0.3% Triton x-100
blocking solution for 1 h. Afterwards slides were washed three times in 1x PBS and incubated in a
2.4G2 serum solution overnight. After 24 h slides were washed three times in 1x PBS and the staining
solution was prepared. Because of high background with secondary antibodies, all staining was
performed with directly conjugated antibodies. For labeling AlexaFluor Dye Antibody Labeling Kits
(Molecular Probes — Life Technologies — Thermo Fischer Scientific) were used and kindly provided by
Dr. Sun-sang J. Sung (University of Virginia, Charlottesville, USA). Antibodies were diluted in 50 pl
2.4G?2 solution up to a final concentration of 2.0 — 2.5 pg/ml. 50 ul of the staining solution were added
onto the tissue sections and slides were incubated for 2 h at RT protected from light in a petri dish
prepared with moistened paper towels to avoid drying of samples. After incubation the staining
solution was aspirated and slides were washed three times in 1x PBS. Slides were covered using a
coverslips (Thermo Fisher Scientific) fixed with Elvanol. For immunofluorescence analysis, a Zeiss
LSM700 Confocal Microscope (Carl Zeiss GmbH) was used equipped with 405 nm, 488 nm, 543 nm
and 633 nm lasers at the Advanced Microscopy Facility (University of Virginia, Charlottesville, USA).
Images were analyzed using the Zeiss program ZEN. Staining and images used in this thesis were done

with the kindly help of Dr. Sun-sang J. Sung.

5.7. Statistics

All data is represented as mean + standard deviation. For data analysis Microsoft Excel Professional
Plus 2010 and Graph Pad Prism 5 was used. Statistical analysis was performed by two way ANOVA
followed by Bonferoni post test or student's t-test. In cases where Shapiro Wilk test of normality failed,
Mann-Whitney Rank Sum test was used. Differences of p < 0.05 were considered statistically

significant (* p < 0.05; ** p <0.01; *** p <0.001).
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6. Results

Aim of this work was to investigate the contribution of the purinergic signaling to tissue recovery
processes after ischemia/ reperfusion injury (IRI) in the heart and the kidney. In the first part of this
study, metabolic reprogramming of T cells after myocardial infarction (MI) was studied, in particular
the impact of CD73-derived adenosine on adenosine receptors (AdoRs) in mediating wound healing
and resolution of inflammation. Moreover, the role of the purinergic signaling in chronic diseases, such
as myocarditis, was examined. In the second part of this thesis, the function of CD73 in the kidney was
investigated, in particular the role of CD73 on tubular cells and fibroblast/ pericytes in modulating

tissue healing and inflammation after acute kidney injury (AKI).

6.1. Extracellular nucleotide metabolism after T cell activation

In previous studies we demonstrated that T cells are crucial mediators of healing processes in the heart
after MI [306-308]. After invading into the injured cardiac tissue, gene expression analysis of CD4"
and CD8" T cells revealed that T cell activation at the site of injury is associated with upregulation of
enzymes, channels and transporters, which are involved in nucleotide release and extracellular
degradation [308]. Based on these observations we were interested whether increased expression levels
of enzymes involved in the degradation of nucleotides, such as ATP and NAD, are associated with
accelerated enzymatic function. To address this question, we first established an in vitro cell culture
model to mimic T cell activation after invasion into the heart, since the number of cells, that can be
isolated from the heart, is too small for functional studies. To this end CD4* and CD8"* T cells were
isolated from lymph nodes and stimulated in vitro using anti-CD3-/ anti-28-antibodies. ATP and NAD
were added to in vitro activated CD4" and CD8" T cells and kinetics of ATP and NAD degradation was

measured using HPLC analysis.

From the data summarized in figure 8A, activated CD4" and CD8" T cells degraded ATP more rapidly
than unstimulated control cells resulting in increased ADP, AMP and adenosine (ADO) levels.
Similarly, NAD was hydrolyzed more efficient by stimulated CD4" and CD8" T cells compared to
unstimulated control cells leading to higher AMP, ADP-ribose (ADPR) and adenosine levels (ADO)
(figure 8B). In summary, our results indicate that CD4" and CD8" T cells, which infiltrate the heart
after MI, upregulate expression levels of enzymes, channels and transporters, that are involved in the

degradation of ATP and NAD to adenosine as well as in adenosine metabolism. Moreover, these
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findings correspond with accelerated enzymatic activity by in vitro activated CD4" and CD8" T cells as

shown by increased nucleotide metabolism of ATP and NAD to its breakdown products.

A ATP ATP
unstimulated CD4* T cells stimulated CD4* T cells unstimulated CD8* T cells stimulated CD8* T cells
20 ¢ 20 ¢ 20 ¢ 20 o
—e— ATP —e— ATP
—e— ADP —e— ADP
o— AVP o AVP
15 4 15 o ADO 15 15 4 o ADO

Concentration [uM]
=
Concentration [uM]
S

' >ﬁ.{—4
Concentration [uM]
S
Concentration [uM]
S

5 ﬁ:jﬁ .t ¢ : ﬁ
0 < 0 o o ) 0 0
0 10 20 30 40 50 60 0 10 20 30 40 50 60 0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time [min] Time [min] Time [min] Time [min]
B NAD NAD
unstimulated CD4* T cells stimulated CD4* T cells unstimulated CD8* T cells stimulated CD8* T cells
—e— NAD
—e— ADPR
20,00 19 20,00 20,00 9 20,00 +4 o AMP
g —~ 15,00 — 15,00 - — 15,00
g 15,00 = 5 %_
£ = = =
‘= 10,00 1 £ 10,00 < 10,00 £ 10,00
o K] o 2
el = S =
- g S 100 £ 100
,E 1,00 = 1,00 o ADO g 1 g o
8 075 - § 0,75 8 0,75 - g 075
S 9 9 ] 9 0,50 -
8 0,50 4 o 0,50 % o 0,50 o }
0,25 - 0,25 §/§/§\§ 0,25 - 0,25
o
0,00 bo—8—8——48 0,00 0,00 ﬁ/g/g,_,._ij 0,00 <
0 10 20 30 40 50 60 0 10 20 30 40 50 60 0 10 29 30 49 50 60 0 10 2_0 30 4C_' 50 60
Time [min] Time [min] Time [min] Time [min]

Fig. 8: Kinetics of extracellular degradation of ATP (A) or NAD (B) by activated CD4" and CD8"*
T cells isolated from wildtype mice. CD4" and CD8" T cells were isolated from lymph nodes of
wildtype mice and stimulated in vitro using anti-CD3-/ anti-CD28-antibodies for 48h. For
measurement of enzyme activity, unstimulated and stimulated CD4" T cells and CD8" T cells were
incubated either with ATP or NAD. Supernatants were collected after 10, 30, and 60 min and ATP or

NAD degradation was measured using HPLC analysis. Data represent mean + SD (n=6-8). ADO:
adenosine.

As to the fact, that numerous studies support the concept of CD39 as the rate limiting step in ATP
degradation by regulating ATP half-life after IRI, we were interested to what extend CD39 contributes
to overall ATPase activity [161]. To assess the contribution of CD39 on overall ATPase activity on

activated T cells compared to unstimulated cells, we analyzed ATP hydrolysis of in vitro stimulated
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CD4* and CD8" T cells isolated from lymph nodes of CD39™~ mice compared to cells isolated from
wildtype mice as assessed by HPLC analysis.
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Fig. 9: Kinetics of extracellular degradation of ATP by activated CD4" (A) and CD8" (B) T cells
isolated from CD39” or wildtype mice. CD4* and CD8" T cells were isolated from lymph nodes of
CD39” or wildtype mice and stimulated in vitro using anti-CD3-/ anti-CD28-antibodies for 48h. To
analyze ATPase activity, unstimulated and stimulated CD4" and CD8" T cells were incubated with
ATP. Supernatants were collected after 60 min of incubation and ATP degradation was measured using
HPLC analysis. Data represent mean + SD (n=4-5; ** p <0.01; *** p <0.001). ADO: adenosine.

As shown in figure 9A and B, total ATPase activity was inhibited in unstimulated CD4" and CD8"
T cells isolated from mice lacking CD39 compared to wildtype cells. Quite unexpected we made the
observation that total ATPase activity in stimulated CD4* and CD8" T cells isolated from CD39” and
wildtype mice was nearly identical as indicated by similar levels of ADP, AMP and adenosine (ADO)
suggesting, that beside CD39 other ATP-degrading enzymes may be involved in the hydrolysis of ATP

after T cell stimulation.

Next, we were wondering whether adenosine formation is mainly provided by CD73 on T cells, which
becomes upregulated after invading into the infarcted myocardium. To analyze AMPase activity of
cardiac T cells after activation following IRI, mice were subjected to 50’ of ischemia by occlusion of
the left anterior descending (LAD) artery followed by reperfusion. T cells were isolated from the heart
of T cell-specific CD73™ or wildtype control mice by digestion of the tissue using retrograde perfusion
according to the Langendorff procedure 3d after MI (figure 10A) [306; 307]. For controls,
unstimulated circulating T cells were isolated from the blood of wildtype mice 3d after MI. After

isolation, etheno-AMP was added to the cells and AMPase activity was measured by HPLC analysis.
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Fig. 10: Scheme of the experimental procedure (A) and Kinetics of extracellular degradation of
etheno-ATP by activated T cells isolated from the heart and blood of T cell-specific CD73" or
wildtype mice. A) T cell-specific CD73” and wildtype mice were subjected to 50’ ischemia by
occlusion of the LAD followed by reperfusion. For measurement of AMPase activity, as assessed by
HPLC analysis, cardiac T cells were isolated on day 3 after MI by digestion of the tissue using
retrograde perfusion according to the Langendorff procedure. For controls, T cells were isolated from
the blood. To analyze cytokine production of cardiac T cells, cells were isolated on day 7 after MI, re-
stimulated and the cytokine profile was measured using the Bioplex system. B) T cells were isolated
from the heart of T cell-specific CD73” and wildtype mice 3d after MI by digestion of the tissue using
retrograde perfusion according to the Langendorff procedure. Cells were incubated with etheno-AMP
and AMPase activity was measured by HPLC analysis. Data represent mean + SD (n=5-6; ** p < 0.01;
*#k* p < 0.001). ADO: adenosine; IRI: ischemia/ reperfusion injury; WT: wildtype. Image by
noBacks.com (by: Erma Simon).

As summarized in figure 10B, AMPase activity of cardiac T cells isolated from the heart of wildtype
mice was significantly increased due to activation compared to unstimulated cells isolated from the
blood as assessed by increased adenosine (ADO) concentrations. Interestingly, AMPase activity of
cardiac T cells isolated from T cell specific CD73™" mice was found to be rather low comparable to
AMPase activity of unstimulated T cells isolated from the blood of wildtype mice. In summary, these
observations suggest that CD73 on cardiac invading T cells is the major enzyme catalyzing AMP to
adenosine after MI suggesting a negligible contribution of alkaline phosphatases or other AMP-

degrading enzymes.

6.2. Cytokine profile of isolated cardiac T cells lacking CD73

Previous data clearly demonstrated that CD73 is an important regulator of tissue remodeling after MI,
which becomes upregulated on cardiac infiltrating T cells [306; 307]. Since new observation showed

that CD73 on T cells is the major source for adenosine and that lack of CD73 on T cells resulted in
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adverse cardiac remodeling and an inflammatory phenotype identical to global CD73” mice, we were
interested whether a lack of CD73 influences the phenotype of T cells and cytokine production [308].
To this end cardiac T cells were isolated from T cell-specific CD73” and wildtype mice 7d after MI by
digestion of the tissue using the Langendorff procedure as mentioned before and re-stimulated in vitro

to measure cytokine production using the Bioplex system (figure 10A).
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Fig. 11: Cytokine profile of cardiac T cells isolated from the heart of T cell-specific CD73" or
wildtype mice 7d after MI. T cells were isolated from the heart of T cell-specific CD73” and
wildtype mice 7d after MI by digestion of the tissue using retrograde perfusion according to the
Langendorff procedure. T cells were re-activated in vitro for 24h using anti-CD3/ anti-CD28-
stimulation. Supernatants were collected and cytokine secretion was measured via Bioplex analysis.
Concentrations were normalized to 1 000 T cells. Data represent mean + SD (n=4; *p < 0.05). WT:
wildtype.

As shown in figure 11, cardiac T cells lacking CD73 secreted predominately pro-inflammatory and
pro-fibrotic cytokines after in vitro re-stimulation in comparison to cardiac T cells isolated from
wildtype mice. Cytokine production of IFN-y and IL-17 was significantly increased in CD73 deficient
T cells compared to control cells. Moreover, the secretion of IL-2, IL-3, IL-4 and IL-5 by
CD737" T cells also tended to be elevated after re-stimulation. In contrast, the release of IL-6 and
IL-13 tended to be lower. In summary, deficiency of CD73 changed the cytokine profile of infiltrating
T cells 7d after MI and led predominately to increased secretion of pro-inflammatory and pro-fibrotic

cytokines, such as IFN-y and IL-17.

66



6. Results

6.3. Expression of the various adenosine receptors in T cells infiltrating the heart after

myocardial infarction

As adenosine signals via activation of G protein-coupled AdoR, denoted AR, A;sR, AzpR or A3R, we
next investigated whether activation of T cells also results in changes of AdoR expression after IRI. To
this end cardiac infiltrating CD4" and CD8" T cells were isolated 3d after MI and expression of all four
AdoR was measured using qPCR analysis. CD4" and CD8" T cells were isolated from heart tissue
using the Langendorff procedure as mentioned before. For controls, unstimulated circulating CD4" and

CDS8" T cells were isolated from the blood 3d after IRI.
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Fig. 12: Gene expression of the various AdoR in CD4* (A) and CD8* (B) T cells infiltrating the
heart 3d after MI. CD4" and CD8" T cells were isolated from the heart of wildtype mice 3d after IRI
by digestion of the tissue using retrograde perfusion according to the Langendorff procedure. For
controls, unstimulated blood circulating CD4" and CD8* T cells were used. Expression levels were
quantified by gqPCR normalized to B-actin and TATA-box binding protein (Tbp). Data represent
mean = SD (n=3-5; *p <0.05). n.d. = not detectable.

From the data summarized in figure 12A and B, it can be seen that under unstimulated control
conditions the AyzR shows the highest expression values in CD4" or CD8" T cells. Interestingly, no
expression of the A,gR and the A;R was detectable in blood circulating CD4" or CD8" T cells. The
AR was slightly expressed in unstimulated control CD4" and CD8" T cells. After T cell activation,
expression of the A;sR became significantly downregulated in cardiac CD4" and CD8" T cells.
Expression levels of the A|R did not change after T cell activation and the A;R was still not detectable
in cardiac CD4" or CD8" T cells. Most interestingly, expression of the A,gR was increased after

infiltration of cardiac CD4" and CD8" T cells into the infarcted myocardium. Taking together, these
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results provide first evidence that the A;sR and more interestingly the A,gR may play a role on cardiac
infiltrating T cells in tissue healing processes and scar formation. Interestingly, expression of the A;aR

became downregulated after T cell activation nearly to the same level of A,gR expression.

6.4. Function of the A,,R and the A,gR on activated CD4" T cells

Since the A;sR and the A,gR are expressed on cardiac infiltrating T cells, we were interested whether
changes in AdoR gene expression are associated with alterations in T cell function. As the number of
cells, which can be isolated from the heart, is too small for functional studies, the established cell
culture model was used and cells were analyzed for the expression of the A;aR and the AgR. To this
end CD4" T cells were isolated from lymph nodes, stimulated in vitro with anti-CD3-/ anti-CD28

antibodies and expression of the A,sR and the A,gR was measured using gPCR analysis.
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As shown in figure 13, comparable to cardiac infiltrating CD4" T cells, the A,gR was not detectable on
unstimulated CD4" T cells, but became upregulated after anti-CD3-/ anti-CD28 stimulation. The A;,R

was expressed in unstimulated and stimulated CD4" T cells.

After having established an in vitro model for simulating changes in AdoR expression, we next
measured whether stimulation of the AdoR influences cytokine formation. To address this question,
CD4" T cells were stimulated for 24h and treated either with an AysR (CGS-21680) or an AR agonist
(BAY 60-6583) followed by incubated for 24h and measurement of the cytokine profile using Bioplex

analysis.
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Fig. 14: Induction or reduction of cytokine secretion from in vitro activated CD4" T cells after
AsAR or AR agonist treatment. CD4" T cells were isolated from lymph nodes and stimulated in
vitro using anti-CD3-/ anti-CD28-antibodies for 24h. Cells were treated either with an A;sR (CGS-
21680) or an AR agonist (BAY 60-6583) followed by incubation for 24h. Cytokine profile was
measured using Bioplex analysis. Data represent mean + SD (n=6-7; * p < 0.05; ** p <0.01; *** p <
0.001).

As it can be seen in figure 14, treatment with an A;aR (CGS-21680) or an A,gR agonist (BAY 60-
6583) resulted nearly in an overall reduction of cytokine secretion. In general, stimulation of the AR
seemed to be more efficacious. In cases of IL-1f, IL-2, IL-3, IL-10, IL-13 and IFN-y activation of the
AR resulted in a significant stronger reduction of cytokine secretion in comparison to stimulation of
the AsaR. Production of IL-5, IL-17 and TNF-a was reduced by activation of the A;sR or the AR
without any significant differences. Interestingly, secretion of IL-4 was only reduced by treatment with
an A,p agonist, whereas treatment with an A, agonist had negligible effects. IL-6 formation tended to
be induced by stimulation of the A,gR, whereas stimulation of the A;sR led to reduction of IL-6
secretion. In summary, cytokines, that were upregulated in the absence of CD73 on T cells (IL1J, IL-2,
IL-3, IL-5, IL-10, IL-17, IFN-y and TNF-a,) (figurell), were downregulated after stimulation of the
AsAR or the AR.

To investigate, whether the overall reduction of cytokine secretion is related to the activation state of

CD4" T cells, cells were isolated from lymph nodes and stimulated in vitro as described before. After
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treatment with either an A;aR (CGS-21680) or an A,gR agonist (BAY 60-6583) an activation marker
for T cells, CD69, was measured using flow cytometry [325].
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Fig. 15: Percentage of CD4" T cells expressing CD69 (A) and mean fluorescence intensity of
CD69 expression on CD4" T cells (B). CD4" T cells were isolated from lymph nodes and stimulated
in vitro using anti-CD3-/ anti-CD28-antibodies for 24h. Cells were treated either with an A;aR (CGS-
21680) or an AR agonist (BAY 60-6583) followed by incubation for 24h. The percentage of CD4*
T cells expressing CD69 and the mean fluorescence intensity of CD69 expression was determined
using flow cytometry analysis. Data represent mean + SD (n=3; ** p <0.01).

As shown in figure 15A, in vitro stimulation of CD4" T cells led to significant increased numbers of
cells expressing CD69, while activation of the A;sR or the A,gR had no effects on the number of CD4*
T cells expressing CD69. In contrast, the mean fluorescence intensity of CD69 expression was
significantly increased after cell activation and treatment with an A;aR (CGS-21680) or an AR
agonist (BAY 60-6583) reduced the mean fluorescence intensity of CD69 expression (figure 15B).
Interestingly, stimulation of the A,gR was more efficacious. Taking together, these findings provide
evidence that stimulation of the A;sR and the AR reduces CD4" T cell activity, which finally results

in an overall reduction of cytokine secretion.

6.5. Purinergic signaling in a chronic cardiac disease model

Previous work of our laboratory revealed that CD39 becomes upregulated on myeloid cells, whereas
CD73 expression is increased on lymphoid cells infiltrating the heart after MI [306; 307]. We therefore
hypothesized that extracellular ATP released by apoptotic/ necrotic cardiomyocytes or activated

immune cells is mainly degraded by CD39 upregulated on myeloid cells, while the formation of
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immunosuppressive adenosine is mainly hydrolyzed by CD73 present on lymphoid cells. This poses
the question whether the changes observed in an acute model of cardiac injury, such as MI, can also be
observed in a chronic cardiac disease model. In cooperation with Prof. Z. Kaya (Cardiology,
Angiology and Pneumology, University Medical Center Heidelberg) we analyzed the expression of
CD39 and CD73 on T cells and B cells in a myocarditis model. Myocarditis in mice was induced by
subcutaneously injection of murine cardiac troponin I (cTnl) solved in Complete Freund’s Adjuvant
for 3 times (immunization on day 1, 7 and 14) [314]. Controls were treated with Complete Freund’s
Adjuvant only. For analysis, cardiac immune cells were isolated from the heart using the Langendorff
procedure as mentioned before. Additionally, unstimulated immune cells were isolated from the blood.

Immune cell subpopulations and expression of CD39 and CD73 was analyzed using flow cytometry

analysis.
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Fig. 16: Expression of CD39 (A) and CD73 (B) on cardiac immune cells in a chronic inflamed
heart. Myocarditis in mice was induced by injection of c¢Tnl solved in Complete Freund’s Adjuvant
for 3 times on day 1, 7 and 14 [314]. Controls were treated with Complete Freund’s Adjuvant only.
Immune cells were isolated from the heart on day 21 by digestion of the tissue using retrograde
perfusion according to the Langendorff procedure. For controls, unstimulated cells were isolated from
the blood. Immune cell subpopulations and expression of CD39 and CD73 was examined using flow
cytometry analysis. Data represent mean = SD (n=3; * p < 0.05; ** p <0.01).

As summarized in figure 16A, the percentage of CD4" CD39" and CD8" CD39" T cells was
significantly increased in hearts of mice suffering from myocarditis compared to blood of myocarditis
mice or blood of controls. The same phenomenon could be observed for CD4" CD73" and CD8" CD73"
T cells (figure 16B). The percentage of CD39" B cells was very high and nearly the same in in the

heart and blood of myocarditis mice as well as in blood of control mice (figure 16A). In contrast,
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nearly no CD73" B cells could be detected in the heart or blood of mice suffering from myocarditis as
well as in blood of control mice (figure 16B). Based on these findings it is evident that upregulation of
CD39 and CD73 on T cells infiltrating the heart is not restricted to acute myocardial injury, but can

also be observed in a chronic cardiac disease model.

6.6. Characterization of Foxd1*/CD73" mice

In the second part of my thesis I focused on the role of CD73 on fibroblasts/ pericytes and on tubular
cells in the kidney after IRI. It is well known from the literature, that renal CD73 is expressed by
tubular luminal membranes on the brush border line, fibroblasts and mesangial cells, but until now the

role of CD73 in AKI and tissue remodeling remains still unclear [326].

6.6.1. Kidney function of Foxd1“**/CD73"" mice after acute kidney injury

To study the function of CD73 on fibroblasts/ pericytes after injury, Foxd1“*/CD73"" mice and
CD73™ control littermates were subjected to subthreshold ischemia conditions of 20 unilateral IRI by
occlusion of renal pedicels. For quantification of kidney function, contralateral uninjured kidneys were
removed on day 13. Mice were euthanized on day 14 and injured kidneys as well as blood were
collected. Kidneys were analyzed for size, collagen formation, matrix deposition, myofibroblast
transformation and immune cell infiltration. Quantification of plasma creatinine levels was used for

measurement of kidney function (figure 17A).

As shown in figure 17B, ratio of kidney to body weight of kidneys isolated from CD73™" control
littermates was the same between uninjured (C) and injured (I) kidneys. Interestingly, injured kidneys
of mice lacking CD73 on fibroblasts/ pericytes were significantly smaller than uninjured contralateral
kidneys. Moreover, kidney function of Foxd1““*/CD73"" mice was impaired 14d after IRI compared
to controls as assessed by increased plasma creatinine levels (figure 17C). Taken together, this data
gave first evidence that loss of CD73 on fibroblasts/ pericytes is related to shrinking kidney size due to

injury and reduced kidney function 14d after IRI.
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Fig. 17: Scheme of the experimental procedure (A), kidney size (B) and function (C) of
Foxd1“**/CD73"" mice and CD73"" control littermates after IRI. A) Mice were subjected to 20’
unilateral IRI (day 0). Uninjured contralateral kidneys were removed on day 13 for quantification of
kidney function on day 14. Mice were euthanized on day 14d and injured kidneys as well as blood
were collected. Kidneys were analyzed for function, tissue remodeling and immune cell infiltration. B)
Mice were subjected to AKI as described previously. To measure kidney function, uninjured kidneys
were removed on day 13. Mice were euthanized on day 14 and injured kidneys as well as blood were
collected. C) Ratio of kidney to body weight of kidneys isolated from Foxd1“**/CD73"" mice and
CD73" control littermates 14d (resp. 13d) after IRI. Data represent mean + SD (n = 4; *** p <0.001).
C = contralateral; I = injured. C) Plasma creatinine levels of Foxd1®*/CD73"" mice and CD73™""
control littermates 14d after IRI. Data represent mean + SEM (n=9-10; *** p < 0.001). Image by
noBacks.com (by: Erma Simon).

6.6.2. Collagen formation and matrix deposition in Foxd1“"**/CD73"" mice after acute kidney

injury

Next, we were wondering whether reduced kidney size and function in mice lacking CD73 on
fibroblasts/ pericytes after AKI is related to increased scar formation and matrix deposition. To this end
uninjured and injured kidneys of Foxd1“"**/CD73"™ mice and CD73™" control littermates were stained

using Masson’s trichrome staining 14d (resp. 13d) after IRI to display collagen formation and matrix
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deposition. In addition, we used the colorimetric hydroxyproline assay to quantify the collagen

concentration of kidney tissue since hydroxyproline is a major component of collagen [323].
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Fig. 18: Masson’s trichrome staining of kidneys sections (A) and quantification of the
hydroxyproline concentration (B) of Foxdl“**/CD73" mice and CD73™ control littermates
after IRI. For Masson’s trichrome staining and quantification of hydroxyproline concentrations kidney
sections were used, which were isolated 14d (resp. 13d) after IRI of Foxd1°®*/CD73"" mice and
CD73" control littermates. A) Tissue sections of uninjured (wo IRI) and injured (20’ IRI) kidneys
from Foxd1““*/CD73™ mice and CD73"" control littermates were fixed in 10% formalin. Collagen
formation and matrix deposition is shown using Masson’s trichrome staining (blue). B) Quantification
of collagen concentration of uninjured contralateral (C) and injured (I) kidneys from
Foxd1“*/CD73™ mice and CD73"" control littermates using hydroxyproline assay. Data represent
mean + SEM (n=6-10; *** p <0.001). C: control; I: injured.

In Masson’s trichrome staining, collagen and dead tubular cells appear in blue, nuclei are in black and

cytoplasm of intact cells is stained in magenta. As shown in figure 18A, in the representative picture of
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3" control littermate

uninjured contralateral kidneys isolated from Foxd1““*/CD73" mice and CD7
glomeruli are stained in blue and intact tubular cells appear in magenta. The tissue is organized without
extensive collagen formation in between the cells. After IRI, structural integrity of kidneys isolated
from controls is still intact, whereas kidneys isolated from mice lacking CD73 on fibroblasts/ pericytes
were stained predominantly in blue because of cellular destruction and collagen formation. Moreover,
the tissue appears unorganized and disrupted. Our findings could be confirmed by quantification of
collagen concentration using a hydroxyproline assay (figure 18B). The hydroxyproline formation was
unchanged in uninjured contralateral kidneys isolated from CD73"" control littermate compared to
kidneys, which were subjected to 20’ IRI. As expected, hydroxyproline concentration was the same in
uninjured contralateral kidney of mice deficient for CD73 on fibroblasts/ pericytes compared to
controls, but became significantly increased after IRI. In summary, these data show that decreased
kidney size and function of mice lacking CD73 on fibroblasts/ pericytes 14d after IRI is associated
with increased collagen formation and matrix deposition, whereas kidneys of control littermates seems

to recover.

6.6.3. Myofibroblast transformation in Foxd1“"**/CD73"" mice after acute kidney injury

Next, we tested whether increased collagen expression in Foxd1“**/CD73"" mice after injury is due to
uncontrolled fibroblast/ pericyte proliferation and transformation. To examine the role of CD73 in
controlling myofibroblast transformation, RNA was isolated from kidneys of Foxd1“**/CD73™" mice
and control littermates 14d (resp. 13d) after IRI and tested for myofibroblast marker, Acta2 (a-SMA)
and Col3al (collagen III). Moreover kidney sections were stained for PDGFR-f, collagen III and

DAPI using immunofluorescence analysis.

As shown in figure 19A, no differences could be detected in the expression levels of Acta2 and Col3al
in uninjured kidneys of Foxd1“**/CD73"" mice and control littermates. Interestingly, both genes were
found to be upregulated only in injured kidneys of mice lacking CD73 on fibroblasts/ pericytes after
IRI, whereas no upregulation was detected in kidneys of control littermates. Moreover, the area
occupied by PDGFR-B-immunoreactive fibroblasts/ pericytes (red) was increased in the injured kidney
of mice deficient for CD73 on fibroblasts/ pericytes compared to controls (figure 19B). Concomitant
with these findings collagen III expression (green) was upregulated after IRI in mice lacking CD73 on
fibroblasts/pericytes. Taking together, analysis of marker for increased fibroblast/ pericyte activity and
myofibroblast transformation gave first evidence that CD73 and the formation of adenosine is

important in controlling cell proliferation and matrix deposition.
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Fig. 19: Gene expression (A and B) and immunofluorescence analysis (B) for myofibroblast
marker of kidney sections isolated from Foxd1“**/CD73" mice and CD73"" control littermates
after IRI. For RNA isolation and immunofluorescence analysis kidney sections were used, which were
isolated 14d (resp. 13d) after IRI of Foxd1*CD73" mice and CD73™"" control littermates. A and B)
Expression levels of myofibroblast marker (Acta2 and Col3al) were quantified by qPCR and
normalized to Gapdh. Data represent mean + SEM (n=5-6; *** p <0.001). C: control; I: injured; SMA:
smooth muscle actin. B) Fibroblasts/ pericytes and myofibroblasts, marked by PDGFR-3 expression,
were stained in red. Collagen III deposition is shown in green. Cell nuclei were stained in blue using
DAPI. Scale bars: 20 um left panel; 5 pm right panel.

6.6.4. Immune cell infiltration in Foxd1“"**/CD73" mice after acute kidney injury

As a lack of CD73 on fibroblasts/ pericytes led to increased cell proliferation, myofibroblast
transformation and enhanced matrix deposition, further analysis of immune cell infiltration should
identify a possible role of CD73 in controlling immune cell activation and resolution of inflammation.
To this end, kidney sections of Foxd1“*/CD73"" mice and CD73"" control littermates isolated 14d
(resp. 13d) after IRI were analyzed for renal immune cells using immunofluorescence. Tissue sections
were stained for ER-TR7 to identify fibroblast populations, immune cells were localized using F4/80
antibodies. Moreover, RNA was generated from kidney sections of mice lacking CD73 on fibroblasts/
pericytes and controls isolated 14d (resp. 13d) after IRI to analyze for macrophage marker (/I-15, Argl,
Chil3, Mcrl, Msrl, Nos2 and Tnf-a) [327].
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Fig. 20: Immunofluorescence (A) and gene expression analysis (B) for renal immune cells of
kidney sections isolated from Foxd1“**/CD73"" mice and CD73"" control littermates after IRI.
For RNA isolation and immunofluorescence analysis kidney sections were used, which were isolated
14d (resp. 13d) after IRI of Foxd1*/CD73"" mice and CD73"" control littermates. A) Fibroblasts,
marked by ER-TR7 expression, were stained in red. F4/80" immune cells are shown in green. Cell
nuclei were stained in blue using DAPI. Scale bars: 5 ym; 20 pm. B) Gene expression levels of
macrophage marker (II-1f, Argl, Chil3, Mcrl, Msrl, Nos2 and Tnf-a) were quantified by qPCR and
normalized to Gapdh. Data represent mean + SEM (n=5-6; * p < 0.05; ** p <0.01; *** p <0.001). C:
control; I: injured.
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From the representative immunofluorescence pictures in figure 20A it can be seen that the area
occupied by F4/80-immunoreactive immune cells (green) was increased in injured kidneys of mice
lacking CD73 on fibroblasts/ pericytes compared to control littermates. As mentioned before, we
confirmed our findings (figure 19B) and showed that the area covered by ER-TR7-immunoreactive
fibroblasts (red) was increased after IRI in mice deficient for CD73 on fibroblast/ pericytes.
Quantitative gPCR analysis for macrophage marker of kidney sections isolated from
Foxd1“**/CD73™" mice compared to controls led to the same conclusion (figure 20B — H). The
immune cell fraction was increased in injured kidneys of mice lacking CD73 on fibroblasts/ pericytes
in comparison to injured kidneys of control littermates after IRI. Expression levels of Il-15, Argl,
Mcrl, Msrl, Nos2 and Tnf-a were significantly increased in Foxd1“*/CD73™ mice compared to
controls (figure 21B, C, E — H). Gene expression of Chil3 tended to be upregulated (figure 21D).
Expression levels of l-153, Argl, Chil3, Mcrl, Msrl, Nos2 and Tnf-a were not affected in uninjured
kidneys of Foxd1““*/CD73"" mice and controls. In summary, these data show that after injury the
fraction of F4/80" immune cells was increased in mice lacking CD73 on fibroblasts/ pericytes.
Moreover, markers for macrophages were upregulated on gene expression levels in the injured tissue of

Foxd1“**/CD73" mice.

6.6.5. 5’NT treatment of Foxd1“"**/CD73"" mice after acute kidney injury

Since lack of CD73 on fibroblasts/ pericyte influenced healing processes, scar formation and immune
cell resolution of the kidney after IRI, we wondered whether substitution of CD73 can rescue kidney
function by administration of 5’NT. To this end Foxd1“**/CD73™" mice were treated with soluble
CD73 (5’ NT) starting at day 2 or day 4 after 20’ IRI to ensure that treatment of mice is restricted to
tissue healing processes and does not affect initial injury. Soluble 5’NT was administered via mini
pumps to allow constant drug infusion. Mini pumps containing 5’NT (5 U/mouse per day) or PBS only
(control) were implanted at day 2 or day 4 after 20’ of unilateral IRI (day 0) (figure 21). Uninjured
contralateral kidneys were removed on day 13. Mice were euthanized after 14d and kidney function as

well as hydroxyproline content was measured.
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Fig. 21: Scheme of the experimental procedure. Mice were subjected to 20’ unilateral IRI (day 0).
Mini pumps containing soluble 5’NT or PBS only (control) were implanted at day 2 or day 4 after IRI.
Contralateral uninjured kidneys were collected on day 13. Mice were euthanized 14d after IRI and
kidney function or hydroxyproline content was measured. Image by noBacks.com (by: Erma Simon).

From data summarized in figure 22A, it can be seen that without treatment plasma creatinine levels

3% control littermates 14d after

were significant higher in Foxd1““*/CD73"" mice compared to CD7
IRI, similar to experimental series performed before (figure 17C). Hydroxyproline concentrations of
injured kidneys in mice lacking CD73 on fibroblasts/ pericytes were increased compared to injured
kidneys of controls and uninjured contralateral kidney of both groups (figure 22B). Again, the extend
of hydroxyproline concentration was similar to data shown before in figure 18B. The hydroxyproline
content of uninjured kidneys was similar between all tested groups. Interestingly, treatment of animals
with 5° NT starting on day 2 decreased plasma creatinine concentrations to basal levels in mice lacking
CD73 on fibroblasts/ pericytes comparable to control littermates (figure 22A). Foxd1“*/CD73""
mice, which were treated starting on day 4, showed a tendency in reduced plasma creatinine levels
compared to CD73"™ controls. As shown in figure 22B, corresponding to kidney function,
hydroxyproline concentrations decreased in injured kidneys of mice lacking CD73 on fibroblasts/
pericytes after treatment with 5’NT starting on day 2 compared to untreated mice. Surprisingly, the
hydroxyproline content was elevated in control mice treated with 5’NT starting on day 2. Although we
observed decreased plasma creatinine levels in Foxd1“*/CD73"" mice treated with 5’NT starting on
day 4, hydroxyproline concentrations seemed unchanged compared to untreated mice. Hydroxyproline
concentrations of littermate controls were on basal levels like uninjured kidneys. From the
representative pictures of Masson’s trichrome staining in figure 22C it can be seen that without
infusion of 5’NT kidney sections isolated from injured kidneys of Foxd1“**/CD73™ mice showed
increased collagen formation and matrix deposition 14d after IRI compared to injured kidneys of

CD73" control littermates. Corresponding to reduced plasma creatinine levels and hydroxyproline
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Fig. 22: Kidney function (A), quantification of hydroxyproline concentration (B) and Masson’s
trichrome staining of kidneys sections (C) isolated from Foxd1“"**/CD73™ mice and CD73""
control littermates after IRI. Mice were subjected to 20’ unilateral IRI (day 0). Mini pumps
containing 5’NT or PBS only (control) were implanted at day 2 or day 4 after IRI. To measure kidney
function, uninjured kidneys were removed on day 13 and mice were euthanized on day 14 to isolate
injured kidneys and blood. A) Plasma creatinine levels of Foxd1“**/CD73"" mice and CD73™" control
littermates 14d after IRI. Treatment with 5’NT started on day 2 or day 4. Vehicles received PBS only.
Data represent mean + SEM (n=6-10; * p < 0.05; *** p < 0.001). B) Quantification of collagen
concentration of uninjured contralateral (C) and injured (I) kidneys isolated from Foxd1“**/CcD73"1
mice and CD73™" control littermates using hydroxyproline assay. Data represent mean + SD (n=2-3;
*p <0.05; ** p <0.01). C: control; I: injured. C) Representative pictures of injured kidneys isolated
14d after IRI from Foxd1““*/CD73" mice and CD73™" control littermates. Both groups were treated
either with 5’NT starting on day 2 after IRI (day 2 treatment) or PBS only (wo treatment). Tissue was
fixed in 10% formalin. Collagen formation and matrix deposition is shown using Masson’s trichrome
staining (blue).
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concentrations, collagen formation and matrix deposition was reduced by administration of 5’NT in
mice lacking CD73 on fibroblasts/ pericytes starting on day 2 as depicted by less blue staining of
kidney sections. Littermate controls seemed to be unchanged. In summary, our data show that kidney
function in mice lacking CD73 on fibroblast/ pericytes can be rescued by administration of 5’NT
starting on day 2 comparable to littermate controls. These findings were associated with reduced

collagen formation and matrix deposition.

6.7. Ex vivo fibroblast cell culture

Our findings demonstrate the importance of CD73 on fibroblasts/ pericytes in tissue remodeling and
wound healing in kidney IRI. Loss of CD73 on fibroblast/ pericytes led to increased cell proliferation,
myofibroblast transformation and collagen expression in Foxd1“**/CD73™" mice 14d after tissue
injury. Since CD73 seems to control fibroblast/ pericyte proliferation we were wondering if this effect
can be observed in ex vivo isolated fibroblast cell culture. To this end fibroblasts were isolated from

kidneys of wildtype and CD73™ mice and cultured in vitro for further analysis.

6.7.1. Cell proliferation of ex vivo wildtype and CD73” kidney fibroblasts

To study cell proliferation of ex vivo wildtype and CD73” fibroblasts, cells were isolated from kidneys,

cultured and analyzed using the colorimetric MTT assay.

As summarized in figure 23, after 1 day of cultivation the number of viable cells and metabolic activity
was the same between wildtype and CD73” fibroblast cells starting cell culture with 2500, 5000 or
10000 cells. Already after 2 days of cultivation, CD73™ fibroblasts of each starting condition (2500,
5000 and 10000 cells) showed significantly increased oxidoreductase enzymes activity compared to
wildtype fibroblasts associated with increased cell numbers. This proliferation difference was
maintained also on day 4, although there was a tendency, that the differences starting with 2 500 cells
increased over time. Taking together, these findings revealed that CD73 on fibroblasts prevents cell

proliferation.
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Fig. 23: Cell proliferation of ex vivo wildtype and CD73™ kidney fibroblasts. Fibroblasts were
isolated from kidneys of wildtype and CD73” mice. Cell proliferation was analyzed using MTT
assays. For analysis passage 3 of each cell line was used. Cells were plated in different concentrations
of 2 500 (A), 5 000 (B) and 10 000 (C) cells per well for 4 days. Proliferation was measured on day 1,
2 and 4. For each cell concentration the absorbance (ODsy) of wildtype fibroblast (day 1) was set to
100%. Data represent mean + SD (n=5; *** p <0.001).

6.8. Characterization of Pepck“*/CD73"" mice

Sung et al. already reported that the major renal CD73-expressing cell populations are proximal
straight tubules, cortical interstitial fibroblast—like cells and mesangial cells [309]. Since CD73 on

tubular cells was shown to be important in mediating initial injury after mild IRI, its role in fibrosis

formation remains unclear [309].

6.8.1. Kidney function and collagen formation of Pepck®“*/CD73" mice after acute kidney

injury

To analyze the role of CD73 on tubular cells, IRI studies in Pepck““*/CD73™" mice were performed

according to the same experimental setup as described before for Foxdl1“**/CD73™ mice. Briefly,
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Pepck“™*/CD73™ mice and Pepck“™* control littermates were subjected to subthreshold ischemia
conditions of 20’ by unilateral occlusion of renal pedicels. Uninjured contralateral kidneys were
removed on day 13. Mice were euthanized on day 14 and injured kidneys as well as blood was

collected.

As summarized in figure 24 A, kidney function was impaired in mice lacking CD73 on tubular cells as
shown by significantly increased plasma creatinine concentrations 14d after IRI compared to littermate
controls. Hydroxyproline concentration was unchanged in uninjured contralateral kidneys isolated
from Pepck“* control littermates compared to kidneys, which were subjected to 20” IRI (figure 24B).
Interestingly, the hydroxyproline content was the same in uninjured contralateral kidneys of
Pepck“™*/CD73™ mice compared to controls, but was significantly increased after IRI. Taken
together, loss of CD73 on tubular cells also resulted in reduced kidney function as assessed by
increased plasma creatinine concentrations and upregulation of collagen formation. A comparison of
kidney function and collagen formation between Foxdl“*/CD73™ and Pepck“**/CD73™" mice
shows that both models with either an specific knockout on fibroblast/ pericytes or on tubular cells
resulted in increased plasma creatinine levels (Foxd1“/CD73™: mean = 1,1 mg/dl and
Pepck“™/CD73™: mean = 1,1 mg/dl) and enhanced hydroxyproline concentrations (Foxd1“*¢/CD73™":
mean = 5495 pg/ml and Pepck“"*/CD73"": mean = 4839 yug/ml) to the same extent.
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Fig. 24: Kidney function (A) and quantification of hydroxyproline concentration (B) of
Pepck“™*/CD73" mice and Pepck®™" littermate controls after IRI. To measure kidney function,
uninjured kidneys were removed on day 13 and mice were euthanized on day 14 to isolate injured
kidneys and blood. A) Plasma creatinine levels of Pepck™*/CD73™" mice and Pepck™™" littermate
controls 14d after IRI. Data represent mean + SD (n = §; *** p <0.001). B) Quantification of collagen
concentration of uninjured contralateral (C) and injured (I) kidneys isolated 14d (resp. 13d) after IRI
from Pepck“™*/CD73™ mice and Pepck™™" littermate controls using hydroxyproline assay. Data
represent mean + SEM (n =8; *** p <0.001). C: control; I: injured.
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6.9. Initial injury in Foxd1“"**/CD73" and Pepck“"**/CD73"" mice after acute kidney injury

As the outcome of kidney remodeling and function after 14d following 20’ unilateral IRI was the same
between mice lacking CD73 on fibroblast/ pericytes or on tubular cells indicating that CD73 is
important in tissue healing processes we investigated whether CD73 function is also a crucial mediator
of initial injury after IRI. To analyze initial injury, Foxd1““*/CD73"" Pepck“**/CD73™" mice and
control littermates were subjected to 20’ unilateral IRI and at the same time point nephrectomy of the
contralateral kidney was performed to measure kidney function by plasma creatinine levels. Mice were

euthanized after 24h and blood was collected (figure 25A).
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Fig. 25: Scheme of the experimental procedure (A), kidney function of Foxd1“™*/CD73""(B),
Pepck“*/CD73" mice (C) and littermate controls after IRI. A) Mice were subjected to 20’
unilateral IRI and at the same time nephrectomy of the contralateral kidney was performed (day 0).
Mice were euthanized 1 day after IRI and kidney function was measured. B and C) To analyze kidney
function uninjured contralateral kidneys were removed in parallel to 20’ unilateral IRI. Mice were
euthanized after 1 day and blood was collected for quantification of plasma creatinine concentrations.
Data represent mean £ SEM (n = 9-10; ** p < 0.01). Image by noBacks.com (by: Erma Simon).
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As it can be seen in figure 25B, no significant differences of plasma creatinine concentrations could be
detected between Foxd1“*/CD73™" and CD73"" control littermates 24h after IRI. However, plasma

K™ control

creatinine levels were significantly increased in Pepck™*/CD73"" mice compared to Pepc
littermates 24h after IRI (figure 25C). In conclusion, kidney function was only affected in the absence
of CD73 on tubular cells, while plasma creatinine concentrations showed no significant differences in
mice lacking CD73 on tubular cells 24h after IRI suggesting an important role for CD73 on tubular

cells in promoting initial injury.
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7. Discussion

The present work addressed the modulatory role of purinergic signaling after IRI in two organs, the
heart and the kidney. In the heart, signaling of extracellular adenosine formed by CD73 was
investigated on T cells migrating into the infarcted heart using T cell specific CD73” mice. In the
kidney, the role of CD73-derived adenosine formed by tissue fibroblasts/ pericytes and tubular cells
was studied with respect to tissue remodeling using a newly generated fibroblast/ pericyte-specific

CD73™ mouse as well as tubular cell-specific CD73” mice.

7.1. Myocardial infarction — the medical dimension

Despite the advances in preventive strategies and treatment of IRI, interruption of blood supply and
subsequent damage induced by reperfusion continues to be associated with high morbidity and
mortality [2]. Since years ischemic heart disease is the leading course of death in the past decades
[328]. Moreover cardiac circulatory disorders — including MI — cause the highest costs for prevention,
treatment and care of patients among all other diseases in Germany [329]. The development of novel
therapeutic strategies for better prevention or treatment depend upon a critical understanding of the
molecular mechanisms, that occur after injury and contribute to the formation of fibrosis known to be
associated with chronic organ diseases. In the first part of my thesis I focused on the role of the
purinergic signaling on cardiac infiltrating T cells after MI to analyze how T cells contribute to wound

healing and organ remodeling by metabolic purinergic reprogramming.

7.2. Purinergic signaling and its contribution to healing processes in the heart

In previous studies we could show that under normal conditions the leukocyte fraction was about
2.3x10” resident leukocytes per mg tissue in the unstressed murine heart with the most prominent
fraction being APCs (CD11b", CD11c", F4/80", MHCII") followed by B cells, monocytes and T cells.
CD73 was highly expressed by circulating and resident cardiac lymphoid cells, whereas CD39 was
predominately found on myeloid cells. The total number of immune cells within the heart increased to
9.1x10° leukocytes per mg heart tissue 3d after MI, with the main fraction consisting of granulocytes
and monocytes followed by CD8" T cells, CD4" T cells, NK cells and APCs. Interestingly, CD73 was
significantly upregulated on invading granulocytes and T cells [306]. Studies of the CD73 promoter

revealed at least one binding site for HIF-1, the hypoxia regulated transcription factor. Inhibition of
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HIF-1a expression led to significant inhibition of hypoxia-regulated CD73 expression [330]. In view of
these findings, the observed MI-induced upregulation of CD73 on infiltrating immune cells can be
explained by the ischemia/ hypoxia-induced activation of the transcription factor HIF-loa. We
hypothesized that extracellular ATP released by apoptotic/ necrotic cells or immune cells activated
after IRI are preferentially degraded by CD39 present on myeloid cells, while the formation of
immunosuppressive adenosine is mainly formed by CD73 present on granulocytes and lymphoid cells,

which becomes upregulated due to hypoxia after invading into the injured heart.

Subsequent studies pointed out the critical importance of CD73 in regulating cardiac remodeling after
MI. Cardiac function was deteriorated in CD73” mice after IRI compared to control littermates. Mice
lacking CD73 showed increased myocardial edema formation and persistence of cardiac immune cell
subsets within the cardiac tissue. Impaired healing was paralleled by a M1-driven immune response
with increased TNF-a and IL-17 levels as well as decreased TGF-P and IL-10 synthesis [307]. Mice
lacking CD73 displayed expansion of the infarct area accompanied by an immature scar formation and
diffuse ventricular fibrosis. Interestingly, bone marrow transplantation studies showed that

/=

transplantation of wildtype bone marrow into CD73™" mice fully restored ventricular function

indicating that CD73 present on immune cells is a major determinant promoting cardiac healing [307].

7.3. The destructive and protective role of T cells in myocardial infarction

The role of T cell in IRI is controversially discussed in the literature and depends on the organ, which
is affected, as well on the T cell subtype and on the composition of surrounding immune cells and their
inflammatory status. Under normal conditions the number of lymphocytes is less than 10 000 per
milligram of tissue, whereas B cells are twice as prevalent as T cells. After MI, induced by permanent
coronary artery occlusion, B cell and T cell levels increase 5 — 10-fold with a peak of lymphocytes
around day 7, most likely as a result of recruitment because no lymphocyte proliferation has been
reported until now [331]. The response of T cells to MI include activation and proliferation in heart-
draining lymph nodes of both subtypes, conventional and Foxp3* regulatory CD4" T cells [99]. In the
injured myocardium conventional CD4" T cells are mainly Thl polarized after IR, as indicated by
increased IFN-y expression, whereas Th17- and Th2-differentiated T cells are barely detectable in

infarcted myocardium [331].

First experimental evidence that T cells are involved in tissue remodeling after MI was demonstrated
by a study using Ragl™ mice. Deficiency of lymphocytes in mice led to significantly smaller infarct

sizes compared to control mice. Interestingly, depletion of CD4" T cells in mice, but not CD8" T cell-
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depleted mice, showed a significantly decreased infarct size. Adoptive transfer of CD4" T cells
reversed protection in Ragl” mice, whereas reconstitution of Ragl” mice by CD4" T cells isolated
from IFN-y”" mice did not increase myocardial infarct size, indicating CD4" T cells contribute to IRI
by IFN-y expression [269; 332]. In contrast, CD4" T, cells, which rapidly accumulated in murine
hearts following IRI, have been shown to improve cardiac healing after MI. Adoptive transfer of in
vitro activated Ty, cells decreased myocardial injury, whereas transfer of non-activated T cells had no

effect. The protective effect was thought to be related to CD39 expression in Ty, cells [333].

7.3.1. Role of T cells in mediating healing processes and tissue recovery after myocardial

infarction

In a recently published study we could show that T cells infiltrating the heart after MI play a major role
in orchestrating wound healing, tissue recovery and immune cell resolution. In contrast to the debate
that T cells play a destructive role in MI we gave evidence that CD73 on T cells is important for
cardiac protection following IRI. CD73 deficiency on T cells increased tissue fibrosis and led to
deterioration of cardiac function after MI to the same extend compared to global CD73™" mice [308].
As mentioned previously that the major cell populations expressing CD73 in the injured heart consist
of granulocytes and T cells, the present study showed an identical functional response to IRI of global
CD73™" mice and mice lacking CD73 only on T cells, which places T cells in a central metabolic
position in adenosine formation [306]. Based on these findings it was hypothesized that T cells
infiltrating the heart after IRI upregulate CD73 expression and thereby regulate tissue healing and

immune cell responses.

7.3.2. Metabolic reprogramming in T cells after infiltrating into the infarcted heart

Since the number of T cells within the heart after MI is rather small, we assumed that adenosine
production by T cells may be accelerated by metabolic reprogramming of extracellular purine
catabolism during T cell activation after infiltrating into the heart. We found first evidence that the
microenvironment of the injured heart importantly shapes CD4" and CD8" T cell response by
accelerating the rate of extracellular nucleotide metabolism. CD4" and CD8" T cells, which were
isolated from the heart 3d after MI, upregulated expression of Cx37, Cx43 and Panx1 hemichannels
known to be involved in ATP and NAD release compared to CD4" and CD8" T cells, which were
isolated from the blood. Interestingly, Cx43 was not detectable in circulating CD4" and CD8" T cells,
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but became upregulated after infiltrating into the injured heart [308]. Moreover, ATP-degrading
ectoenzymes, such as CD39, ENPP1 and ENPP3, as well as NAD-hydrolyzing enzymes, including
CD38, CD157, ENPP1 and ENPP3, were found to be upregulated after CD4" and CD8" T cell
activation following IRI compared to unstimulated blood cells [308]. On the one hand expression
levels of enzymes, which are involved in the breakdown of nucleotides to adenosine, such as CD73 and
ADK, were increased in infiltrating CD4" and CD8" T cells. On the other hand expression of ADA,
which catalyzes the breakdown of adenosine to inosine, as well as expression of the adenosine
transporter ENT1 became upregulated after CD4" and CD8" T cell stimulation and infiltration into the
site of injury [308]. In summary, acceleration of nucleotide metabolism by increased hydrolysis of pro-
inflammatory ATP and pro-apoptotic NAD may serve a dual purpose by reducing the biological half
live of ATP and thereby attenuating activation of various P2 receptors expressed on cardiac T cells. In
the case of NAD, ADP-ribosylation of the P2X7 receptors is reduced, which is likely to preserve T cell
function under conditions when more anti-inflammatory adenosine is formed. Moreover, accumulation

of adenosine in the microenvironment promotes anti-inflammatory effects via signaling by AdoR.

Next, we were wondering if the observed change in gene expression levels of enzymes, channels and
transporter in T cells after infiltrating into the injured heart also result in increased protein synthesis as
evidenced by purine nucleotide breakdown. Since the number of cells, which can be isolated from the
heart, is too small for functional studies, CD4" and CD8" T cells were isolated from lymph nodes and
stimulated in vitro to mimic T cell activation after IRI. In vitro stimulated CD4" and CD8" T cells were
then incubated either with ATP and NAD to study nucleotide metabolism. The results of ATP and
NAD hydrolysis were consistent with the observations of gene expression analysis, that showed
upregulation of relevant enzymes. Activated CD4" and CD8" T cells hydrolyzed ATP more rapidly
than unstimulated cells leading to increased ADP, AMP and slightly elevated adenosine levels (figure
8A). Similar, NAD degradation was accelerated by stimulated CD4" and CD8" T cells compared to
unstimulated controls resulting in higher ADP, AMP and adenosine concentrations (figure 8B). Taking
together, ATP and NAD released by apoptotic/ necrotic cardiomyocytes and activated immune cells
becomes degraded mainly by cardiac infiltrating T cells, which leads to dampening of the danger signal
and diminishing of P2 receptor signaling. On the one hand AMP generated by activated T cells is
hydrolyzed by CD73, which becomes upregulated after migrating of T cells to the site of injury,
leading to increased adenosine concentrations. On the other hand AMP catalyzed by monocytes,
invading the heart at early stages after MI, may reach T cells by diffusion, thereby contributing to
adenosine accumulation. As a consequence high adenosine concentrations in the cardiac interstitial
space promote wound healing and tissue recovery by signaling via AdoR on surrounding cells in a

paracrine fashion. It is well known from the literature that signaling via the A;sR stimulates anti-
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inflammatory effects in various cellular systems including immune cells [334; 335]. In addition,
stimulation of the AR was shown to be associated with suppression of pro-inflammatory TNF-o
release from neutrophils and macrophages, inhibition of superoxide production in neutrophils,
upregulation of anti-inflammatory IL-10 production in macrophages and activation of alternative (M2)
macrophages [276; 278; 279; 336]. Under normal conditions activation of the A,5R and the AzR by
accumulation of adenosine in the microenvironment promotes anti-inflammatory effects. Loss of CD73
in mice under conditions of MI increased TNF-a and reduced IL-10 production. In addition there was a
reduction in the M1 macrophage-driven phenotype, which can be well explained by impaired A;aR and
A,pR signaling [306; 307]. Thus, suppression of immune cell activation and initiation of tissue repair is

critically determined by adenosine produced by CD73 in T cells.

The ectoenzyme CD39 is generally considered to be the most prominent ATP-hydrolyzing enzyme and
the first important step regulating ATP half-life after IRI and numerous studies support the concept that
CD39 is even the rate limiting step in ATP degradation [161]. To assess the contribution of CD39 on
overall ATPase activity on activated T cells compared to unstimulated cells, we analyzed ATP
hydrolysis of in vitro stimulated CD4* and CD8" T cells isolated from lymph nodes of CD39™" mice
compared to cells isolated from wildtype mice. Quite unexpected we made the observation that ATPase
activity of activated CD4" and CD8" T cells was nearly the same between cells isolated from wildtype
and CD397 mice leading to similar levels of ADP, AMP and adenosine, while nearly no enzyme
activity was measurable in unstimulated CD4* and CD8" T cells of wildtype and CD39™" mice (figure
9A and B). Among the various inhibitors tested for NTPDasel — 3 and ENPP1 (POM1 and POM144),
alkaline phosphatases (Lemivasol) and acid prostate phosphatase (BABPA) only POM144 strongly
inhibited ATPase activity to the same extent in the presence or absence of CD39 of activated CD4" and
CD8" T cells [308]. Gene expression analysis of several ATPases, such as NTPDasel — 8, ENNPI — 3,
alkaline phosphatases (ALP) 1, 3 and 6, prostatic acid phosphatases (ACPP) and tartrate-resistant acid
phosphatase (TRAP) in CD4* and CD8" T cells isolated from lymph nodes of CD39™" mice showed
persistent expression of ENPP1 in unstimulated and activated cells, while there was a downregulation
of other ATPases detectable [308]. Flow cytometry analysis of CD39 and ENPP1 on in vitro stimulated
lymphoid CD4" and CD8" T cells isolated from wildtype mice confirmed that both enzymes were
upregulated after T cell activation, which can explain the increased ATPase activity [308]. The same
observation was made on CD4" and CD8" T cells, which were isolated from the heart and blood of
wildtype mice 7d after MI [308]. In summary, these findings gave first evidence that under normal
conditions both enzymes, CD39 and ENPP, contribute to ATP hydrolysis. However, their fractional

/-

participation remains unclear. Since in global CD39™" mice, CD39 activity is fully compensated by

ENPP1, this observation points to an important role of ENPP1 on activated T cells. The functional role
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of ENPP1 on purine degradation has so far not been systematically explored. In future studies it would
be certainly worthwhile to create mice lacking ENPP1 to analyze to what extent activated cells rely on
this pathway and what the functional consequences are. It should be noted that in contrast to CD39,
which breaks down ATP and ADP to AMP, ENPP1 degrades ATP directly to AMP and
pyrophosphate. This may be functionally relevant in platelets, where ADP is known to be an important

regulator in platelet aggregation and thrombus formation [337].

In the present study the possible participation of other enzymes aside of CD73 contributing to
adenosine formation was investigated by measuring AMPase activity assessed by HPLC techniques.
AMPase activity of T cells isolated from T cell specific CD73™~ mice was found to be rather low
comparable to AMPase activity of T cells isolated from the blood of wildtype mice (figure 10B).
Cardiac infiltrating T cells isolated from wildtype mice showed a significantly increased AMPase
activity compared to T cells isolated from the blood or to cardiac T cells lacking CD73. These results
indicate that CD73 on T cells migrating to the heart is the major enzyme catalyzing AMP to adenosine

suggesting a negligible contribution of alkaline phosphatases or other AMP-degrading enzymes.

7.3.3. Role of CD73 on T cells in mediating cytokine production

Since our data clearly demonstrated that metabolic reprogramming in T cells infiltrating into the heart
after MI accelerated extracellular purine catabolism to adenosine, modulating wound healing and scar
formation, it was important to answer the question, by which mechanism CD73 contributes to tissue
recovery. To this end T cells were isolated 7d after MI from the heart of T cell specific CD73™" mice
and wildtype controls and their cytokine secretion profile was measured. Interestingly, stimulated
T cells lacking CD73 secreted predominantly pro-inflammatory and pro-fibrotic cytokines (figure 11).
The production of IFN-y and IL-17 was significantly increased compared to control cells. Moreover,
the secretion of IL-2, IL-3 and IL-4 by CD737 T cells also tended to be elevated after re-stimulation.

In contrast, the release of IL-6 tended to be lower.

Although T cells constitute only a rather small cell population infiltrating the heart mainly during the
later phase after MI, T cell-derived signals via macrophages and fibroblasts can importantly regulate
inflammatory and reparative responses [87; 306; 338; 339]. The present study demonstrates that T cell-
mediated formation of IL-2, IL-3, IL-4, IL-17 and IFN-y is under the control of CD73-derived
adenosine, which places infiltrating T cells in an important strategic position in orchestrating tissue
recovery and resolution of inflammation. It was reported that IFN-y mediates leukocyte attraction,

macrophage activation and chemokine secretion, which triggers tissue damage and immune cell
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infiltration [340]. As already mentioned above, reconstitution of mice lacking T cells by CD4" T cells
isolated from IFN-y” mice decreased myocardial infarct size [269]. Moreover, IL-2 and IL-17 are
known to be crucial mediators for cardiomyocytes promoting toxic effects and deficiency of IL-17
improved cardiac healing [341]. Additionally, IL-4 and IL-17 were found to be associated with
activation of pro-fibrotic pathways stimulating fibroblast proliferation and pro-fibrotic gene expression
[342]. For IL-2 and IL-3 effects on cardiac rhythm have been documented resulting in a complete
cessation of spontaneous contractions of cardiomyocytes and a severe loss of myocyte inotropy [343].
The present study indicates that T cell polarization is imbalanced in T cells lacking CD73 tending to
higher levels of Thl cells secreting IFN-y and IL-2 as well as of TH17 cells being the predominant
source of IL-17 [344]. Imbalance of T cell subsets associated with increased levels of Thl and Th17
cells are known to be involved in tissue destruction being key mediators auf autoimmunity. In
particular, IL-17 has been reported to induce a positive feedback loop perpetuating the primary
immune response and promoting a pro-inflammatory milieu leading to excessive tissue destruction
[345]. Based on these observations our previous results in infarcted hearts of mice lacking CD73,
which displayed high numbers of neutrophils, can be explained by Thl/ Th2 cell imbalance and

increased Th17 cell distribution resulting in neutrophil recruitment [307; 345].

7.3.4. Contribution of the A,,R and the A,gR to wound healing and immune response

Adenosine as well as specific agonists and antagonists for the four adenosine receptor subtypes (AR,
AzaR, AzpR and A;R) play an important role in several key physiological and pathophysiological
processes, including the regulation of vascular tone, immune response, inflammation, thrombosis and
angiogenesis [346]. In the present study the expression of all four AdoR was measured in CD4"* and
CD8" T cells isolated from cardiac tissue and blood 3d after MI (figure 12A and B). Interestingly, the
AR was not expressed in circulating CD4" or CD8* T cells, but became significantly upregulated
after infiltrating into the injured myocardium after MI. The A;,R was expressed in CD4" and CD8"*
T cells isolated from the blood as well as in cardiac cells, while mRNA expression was decreased after
migration into the heart resulting in almost equally expression levels for A;aR and A,gR. In further
studies we could show that the A,gR also became upregulated in granulocytes and APCs after
infiltrating into the injured myocardium compared to cells isolated from the blood [308].
Cardiomyocytes in the unstressed heart expressed mainly the AR, followed by A;aR, AsR and Az;R.
AaR expression was significantly downregulated 3d after MI, whereas the A,gR was upregulated,
similarly to what was observed in CD4" and CD8" T cells [308]. Studies of A,sR expression suggested

that gene expression is modulated by the receptor itself in hypoxia after receptor activation. During
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early events of hypoxia expression of the A;aR became upregulated. Stimulation of the receptor
resulted in downregulation of gene expression, suggesting that the receptor modulates its own
expression during hypoxia by feedback mechanisms [347]. The promoter sequence of the AjgR
contains a functional hypoxia-responsive region including a functional binding site for HIF within the
promoter [348]. Moreover, studies in an epithelial cell line gave first evidence that the A,gR is
intracellular at rest and stimulation with adenosine induces vesicular trafficking and recruitment of the
ApR to the membrane [349]. It is also conceivable that extracellular adenosine, which is formed by
CD73 after IRI, may induce upregulation of the AR by stimulating trafficking of intracellular
vesicles containing A,gRs to the outer membrane as a quick response immediately after ischemia. Long
term exposure of the AgR to stimuli has been reported to trigger receptor internalization and recycling
[350]. To counteract reduced receptor signaling, hypoxia initiates HIF-controlled gene expression and
thereby transcriptional upregulation of the AR for long term signaling promoting resolution of

inflammation.

The number of T cells, which can be isolated from the heart, is very small and too small for more
detailed functional studies and a systematic cytokine analysis. We have therefore developed an in vitro
model mimicking T cell activation after cell infiltration into the heart to further study the function of
the AsuR and the AxR. To this end CD4" T cells were isolated from lymph nodes, which showed a
basal expression of the A;sR, and no A,gR expression (figure 13). However, T cell activation - like in
the in vivo situation - led to robust upregulation of the AR, while the A;5R was still expressed. In this
experimental model, treatment with either an A;sR (CGS-21680) or an AR agonist (BAY 60-6583)
resulted nearly in an overall reduction of cytokine secretion, notably of IL-1p, IL-2, IL-3, IL-5, IL-10,
IL-13, IL17 and IFN- vy (figure 14). In general stimulation with the A;gR agonist seemed to be more
efficacious than the A;sR agonist. Repression of TNF-a was slightly stronger by activation of the A;aR
compared to the AsgR. Secretion of IL-4 was only reduced by treatment with the A;gR agonist, while
the A,,R agonist had negligible effects. IL-6 formation tended to be induced by A,gR signaling,
however, with high standard deviations, whereas the AR reduced IL-6 secretion. When comparing
our in vitro results with those obtained from cardiac T cells lacking CD73 isolated from the injured
heart (figure 11), it is obvious that both the A;,R and A,gR contributed to the formation IL-2, IL-3, IL-
4, IL17 and IFN- y by reducing cytokine secretion. Moreover, the observed overall reduction of
cytokine secretion was associated with decreased T cell activation as was assessed by CD69 flow
cytometry (figure 15) [325]. In vitro stimulation of lymphoid T cells resulted in increased synthesis of
CD69, which was found to be downregulated after treatment with either an A;aR (CGS-21680) or an
AR agonist (BAY 60-6583). However, a word of caution is required when interpreting the results for

BAY 60-6583, which is known to act as a partial agonist for the A,gR and may have unspecific side

93



7. Discussion

effects [351; 308]. In a recent study we have therefore used NECA, a high affinity general AdoR
agonist, which reduced IFN- y. Reduction of IFN-y was reversed by a specific A,gR antagonist (PSB-
603), indirectly confirming that AgR activation mediates anti-inflammatory activity on T cells [308].
In summary, our data suggests that cytokine production by activated T cells can be mediated by CD73-

derived adenosine in an autocrine fashion signaling via the AR and the AgR.

The interaction between the different AdoR expressed on one cell may be complex. Several studies
indicated that AdoRs are able to form homo- or heterodimers thereby importantly influencing the
outcome of adenosine signaling. Heterodimerization of the A,5R with the AR, which are coupled to
opposite signaling pathways, allows adenosine to modulate striatal glutamatergic neurotransmission by
providing a concentration dependent switch mechanism to either inhibit or stimulate glutamate release
[352]. Fluorescence resonance energy transfer (FRET) studies of the A;aR and the AgR provided new
evidence for A;aR/ AgR heterodimerization, but the mechanistically relevance remains still unclear
[353]. It could be possible that AysR/ AR heterodimerization results in synergetic signaling, whereby
the high-affinity A;aR potentiates low-affinity AR signaling promoting healing processes in tissue
due to stress events like IRI. However, there is clearly a need for more specific A;gR agonist to
examine the role of the A,gR in modulating tissue healing after IRI. Additionally, a more specific A,gR
agonist could provide a novel tool for therapy of MI. Since the low-affinity A,gR requires high
adenosine concentrations for activation, signaling via the A,gR is restricted to tissues offering high
adenosine levels, which can be found in the heart after MI. A,gR agonist treatment of patients with MI
could address specific AgRs, which become upregulated in cardiac infiltrating immune cells

promoting anti-inflammatory effects.

7.4. Purinergic signaling in chronic inflammation of the heart

The results presented so far clearly demonstrate the importance of the purinergic signaling, especially
of CD73, in acute injury models, such as MI. It was therefore of interest to know whether similar
effects can be observed in chronic disease models, such as myocarditis. Flow cytometry of immune
cells isolated from hearts of mice suffering from myocarditis again revealed upregulated numbers of
cells positive for CD39 and CD73 suggesting that adenosine could play a role in chronic inflammation
(figure 16A and B). The percentage of CD4" CD39" and CD8" CD39" T cells was significantly
increased in hearts of mice suffering from myocarditis compared to blood of myocarditis mice or blood
of controls. The same phenomenon could be observed for CD4* CD73" and CD8" CD73" T cells. The

percentage of CD39" B cells was very high and nearly the same in in the heart and blood of

94



7. Discussion

myocarditis mice as well as in blood of control mice. In contrast, nearly no CD73" B cells could be

detected in the heart or blood of mice suffering from myocarditis as well as in blood of control mice.

The number of B cells and T cells positive for CD39 was high in myocarditis mice suggesting that the
metabolism of ATP is accelerated promoting anti-inflammatory effects. Moreover, the percentage of
CD4" CD73" and CD8" CD73" T cells was found to be increased underlining the assumption of
accelerated adenosine synthesis to promote healing processes. However, little is known on the role of
CD39 and CD73 in myocarditis. ATP signaling via P2Y or P2X receptors has been reported to
promote chronic inflammation associated with asthma and atherosclerosis [354]. Upregulation of
CD39 could be associated with accelerated ATP signaling in chronic heart diseases leading to
increased formation of AMP and thus adenosine. Further studies are needed, however, to substantiate
this view, in particular determine the contribution of adenosine in chronic inflammatory heart diseases

and the AdoR subtype involved.

7.5. Acute kidney injury — the medical dimension

AKI describes a complex clinical disorder, which is still associated with severe morbidity and
mortality leading to approx. 2 million deaths annually worldwide [355-358]. Moreover, those patients
with the most severe form of AKI, requiring renal replacement therapy, have a mortality rate of 50 —
80% [358]. However, patients recovering from AKI remain dialysis-dependent or are left with severe
renal impairment [359; 360]. A critical understanding of the molecular mechanism contributing to
tissue injury and fibrosis formation known to be associated with the development of CKD is needed for
development of novel therapeutic strategies. In the second part of my thesis I investigated the role of

CD73 on fibroblasts/ pericytes and tubular cells in the kidney after IRI.

7.6. CD73 expression in renal tissue and its contribution to injury

Kidney CD73 is expressed by different cell types within the renal tissue, including tubular Iuminal
membranes on the brush border line, fibroblasts and mesangial cells, but until now the role of CD73 in
IRI and tissue remodeling remained unclear [325]. In the literature contribution of CD73 after IRI in
the kidney is controversially discussed. Preconditioning comprising short, repeated cycles of ischemia
and reperfusion resulted in increased renal CD73 mRNA, CD73 activity and total adenosine formation,
which was associated with subsequent protection from IRI [361]. Moreover, CD73-derived adenosine

and signaling via the A,gR mediated kidney protection in diabetic nephropathy [362]. Deficiency of
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CD73 and lack of adenosine formation led to development of autoimmune renal injury and reduced
renal function [363]. In contrast, studies of rats using a specific inhibitor for CD73 (a,p-
methyleneadenosine 5’-diphosphate (AMPCP)) demonstrated protection of the kidney after IRI [364].
Additionally, mild ischemia in CD73” mice was associated with reduced injury compared to wildtype
mice [365]. The contrasting results of adenosine-mediated tissue protection could be depended on the
distribution of CD73 in the renal microenvironment, because physical barriers, fluid flows, enzymatic

and transporter activities limit the access of adenosine across renal interstitial compartments.

Tissue protection may be dependent on the proximity of CD73 expression in the major site of injury.
Indeed, CD73 expression was found to be the highest in proximal tubular epithelial cells and cortical
type 1 fibroblast-like cells in the deep cortex outer medulla region where injury due to IRI is the most
severe [326]. Sung et al. demonstrated that deletion of CD73 on tubular cells showed exacerbated
injury 24h after IRI comparable to global CD73” mice. Deficiency of CD73 on other cell types,
including fibroblasts/ pericytes, mesangial cells, macrophages and dendritic cells resulted in small or
no increases in tissue injury compared to control mice when subjected to mild ischemia [309]. These
data indicated that the small differences, which could be observed in the extend of IRI between mice
lacking CD73 on tubular cells and global CD73” mice, is due to CD73 expression on cortical
fibroblasts and/or mesangial cells. Since these observations clearly demonstrated the importance of
CD73 in mediating early injury after IRI in renal tissue, its contribution to renal fibrosis in healing

processes remained unclear.

7.6.1. Role of CD73 on fibroblasts/ pericytes in promoting matrix deposition due to myofibroblast

transformation and immune cell resolution

Since the observations of Sung et al. demonstrated that under mild ischemia conditions CD73 on
fibroblasts/ pericytes had only a small impact on tissue injury 24h after IRI, I have addressed the
question whether CD73 on fibroblasts/ pericytes may play an important role in promoting wound
healing and fibrosis formation after AKI [309]. Therefore, mice lacking CD73 on fibroblasts/ pericytes
were subjected to subthreshold ischemia conditions of 20’ and kidney function was analyzed after 14d.
Quite unexpected we made the observation that lack of CD73 on fibroblasts/ pericytes resulted in
reduced kidney function as assessed by plasma creatinine levels compared to control littermates (figure
17B). Reduced kidney function was associated with shrinking of the injured kidney, whereas the size
of the contralateral kidney was significantly increased, which could be explained by the attempt of the

body to compensate kidney function (figure 17A). Moreover, collagen formation and matrix deposition
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was increased in the injured kidney of fibroblast/ pericyte-specific CD73” mice compared to uninjured
contralateral kidneys or control littermates (figure 18A and B). Interestingly, injured kidneys of
controls nearly totally recovered after IRI, which can be explained by the threshold ischemia of 20’
used in this study. We found that lack of CD73 on fibroblasts/ pericytes was associated with increased
deposition of collagen, which was most likely due to increased myofibroblast transformation.
Expression of myofibroblast marker, such as Acta2 (a-SMA) and Col3al (Collagen III), were
upregulated in injured kidneys isolated from fibroblast/ pericyte-specific CD73” mice compared to
contralateral kidneys or control littermates (figure 19A and B). Increased expression of myofibroblast
marker was associated with expansion of the area occupied by PDGFR-B* and ER-TR7" cells,
indicating increased fibroblast proliferation (figure 19C and 20A). In summary these findings indicate
that loss of CD73 on fibroblasts/ pericytes leads to increased proliferation of fibroblasts and
myofibroblast transformation associated with extensive fibrosis formation and matrix deposition

resulting in shrinking of kidney size and functional loss.

These conclusions could be confirmed and extended by ex vivo fibroblast cell culture. Renal fibroblasts
lacking CD73 showed increased proliferation rates compared to cells, which were isolated from
kidneys of wildtype mice (figure 23A — C). Our data suggest that CD73 on fibroblasts/ pericytes are an
important mediator after AKI in regulation proliferation of fibroblasts and transformation to
myofibroblasts and thereby reducing excessive matrix deposition. Studies in mice globally lacking
CD73 spontaneously develop renal fibrosis by 6 months of age as indicated by glomerulitis, tubulitis,
and tubulointerstitial fibrosis [363]. Marker for pro-inflammatory macrophages (CD11b" GR1%) and
CD8" T cells infiltrating into the interstitum were increased as well as serum levels of pro-
inflammatory cytokines [366]. These observations clearly demonstrated the impact of fibrosis

formation in renal tissue, immune cell infiltration and functional outcome.

Next, we were interested whether CD73 on fibroblasts/ pericytes regulate immune cell resolution after
IRI. Gene expression analysis of injured kidneys isolated from fibroblast/ pericyte-specific CD73™
mice showed that pro-inflammatory marker, such as 7/-1§ and Tnf-a, were upregulated compared to
contralateral uninjured kidneys or kidneys of control littermates (figure 20A and H). Moreover,
expression of macrophage marker, including //-18, Tnf-a as well as Argl, Chil3, Mcrl, Msrl and Nos2,
were also upregulated in kidneys of fibroblast/ pericyte-specific CD73” mice, which were subjected to
IRI (figure 20B — H). In addition, the area occupied by F4/80" cells was increased after AKI in kidneys
lacking CD73 on fibroblasts/ pericytes, indicating extensive macrophage infiltration or proliferation
(figure 20A). It has been shown that pro-inflammatory M1 macrophages develop in early events after

IRI due to ATP release into the microenvironment [16; 367]. In contrast, CD73-derived adenosine is
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known to inhibit M1 macrophage activity by activation of the A, R reducing pro-inflammatory
cytokine release [259; 368; 369]. Moreover, A,pR signaling mediated a phenotype switch of M1 to M2
macrophages, which leads to generation of an anti-inflammatory milieu by producing cytokines,
including I1I-10 and I1-4 [279; 370]. Interestingly, preliminary data showed that depletion of
macrophages in mice lacking CD73 on fibroblasts/ pericytes after IRI recovered kidney function
[manuscript in preparation]. In summary, our data suggests that loss of CD73 on fibroblasts/ pericytes
enhanced matrix deposition due to fibroblast proliferation and myofibroblast transformation.
Moreover, extensive macrophage infiltration and proliferation associated with the generation of a pro-

inflammatory milieu, which most likely relates to the lack of CD73-derived adenosine.

7.6.2. Treatment of mice lacking CD73 on fibroblast/ pericytes with soluble CD73 restored

kidney function after acute kidney injury

Provided loss of extracellular adenosine is responsible for the increased matrix deposition and impaired
resolution of inflammation leading to the assumption that administration of soluble CD73 (5° NT)
should restore kidney function. Several publications have already shown that administration of soluble
5’NT is an important mediator for restoration of organ function in different ischemic models. In a
mouse model of ischemic preconditioning (IP), Grenz et al. could show that kidney protection by IP
could be restored in CD73” mice by treatment with soluble 5'-NT [361]. The recent literature is mainly
focusing on short term effects and acute injury that occur after IRI, but until now nothing is known
whether it could be possible to rescue kidney function in a long term fibrosis model by substitution of
soluble CD73 in global or specific CD73 deficient mice. To ensure that treatment of mice is restricted
to tissue healing processes and does not affect initial injury, administration of 5’NT was started on day
2 and 4 after IRI. We found that treatment of fibroblast/ pericyte-specific CD73” mice with 5’NT
starting on day 2 fully recovered kidney function comparable to littermate controls (Figure 22A).
Moreover, collagen formation and matrix deposition was decreased in injured kidneys of mice lacking
CD73 on fibroblast/ pericytes compared to injured kidneys of fibroblast/ pericyte-specific CD73” mice
without treatment (Figure 22B and C). Starting treatment on day 4, plasma creatinine levels tended to
be reduced in fibroblast/ pericyte-specific CD73” mice associated with better kidney function (Figure
22A), while collagen formation was still high (figure 22B). These data clearly show that changes in the
local concentration of CD73-derived adenosine mediated the observed pathology. Generally,
administration of 5’NT starting on day 4 led to results with high standard deviations, which might be
due to the use of mouse strain with a mixed background. Note, that controls used in this study were

littermates of the same breeding, thereby including all aspects of strain differences in susceptibility.
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The AR was shown to be the predominant receptor on isolated renal fibroblasts, which becomes
upregulated due to fibrosis. Interestingly, antagonism of the AR on renal fibroblasts limited the
expression of pro-collagen mRNA. Moreover, AR signaling mediated induction of IL-6 contributed
to renal fibrogenesis. Mice lacking adenosine deaminase (ADA) exhibit chronically elevated adenosine
levels leading to development of glomerulosclerosis, interstitial fibrosis and collagen deposition in
renal tissue, which could be attenuated by treatment with a selective A,gR inhibitor (PSB-1115)
suggesting that AygR signaling promotes renal injury via Il-6 secretion [371]. Nevertheless, contrary
results have been reported for A,gR contribution in renal tissue fibrosis. Although I1-6 signaling was
implicated in A,gR-driven fibrosis, other studies have shown that mice lacking Il-6 were not protected
from fibrosis in the same injury model [372]. Negative contribution of AR signaling was shown to
take place in chronic inflammation, which may actually promote fibrosis [366]. Interestingly, for lung
disease the two sides of A,gR signaling could be identified. Whereas A,gR activation revealed anti-
inflammatory effects during acute lung injury, pro-fibrotic contributions could be demonstrated during
chronic disease stages [373]. These observations highlight that the intensity and duration of A,gR
signaling can mediate protective or detrimental influences to tissue recovery. To which extent this
applies to acute or chronic kidney diseases is presently unclear. The model used in the present study
was designed for acute renal injury, and in this model stimulation of the A;gR may promote tissue

healing and recovered kidney function.

7.6.3. Role of CD73 on tubular cells in healing processes of the kidney

Sung et al. already demonstrated the importance of CD73 on tubular cells in mediating initial injury
after mild IRI, but its role in fibrosis formation remained unclear [309]. Mice lacking CD73 on tubular
cells were subjected to threshold ischemia comparable to the experiments described previously for
fibroblast/ pericyte-specific CD73” mice. In tubular cell-specific CD73” mice we made similar
observations as in mice lacking CD73 on fibroblast/pericytes: kidney function in tubular cell-specific
CD73" mice was decreased compared to control littermates as assessed by plasma creatinine levels
(figure 24A). Reduced kidney function was associated with increased collagen formation in the injured
kidney of mice lacking CD73 on tubular cells compared to contralateral uninjured kidneys and controls

(figure 24B).

Interestingly, CD73 expression levels are the highest in proximal tubule S3 segment epithelial cells,
which are located at the primary site of injury in kidney following IRI [309]. CD73 was found to be

higher in the outer medulla, an area more susceptible to IRI because of the sustained outer medullary
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blood flow impairment after IRI, the energy demand and poor anaerobic respiratory capacity of the S3
segment and the extensive inflammatory cell infiltration at the outer medulla [119; 374-376]. Increased
levels of CD73 at the brush border line of proximal tubular cells places the enzyme in a central
metabolic position with significant functional consequences. The proximal tubule concentration of
ATP ranges physiologically significant concentrations suggesting that the nucleotide is released by
epithelial cells themselves [377]. Release of ATP into the lumen and the presence of apical P2
receptors as well as of enzymes involved in controlled nucleotide degradation places extracellular
nucleotides in a position acting as important autocrine or paracrine regulators of tubular function by
limiting solute transport and reducing proximal tubule energy requirements [377]. After IRI, high ATP
concentrations accumulate in the urinary space mediated by apoptotic/ necrotic cells or stress-mediated
processes [378; 379]. NTPDase2 (CD39L1) on proximal tubules degrades ATP and thereby provides
substrates for other enzymes, including CD73, which further generates adenosine [380]. In the tubular
space adenosine acts on A|Rs and A;5Rs present on proximal tubule cells promoting oxidant injury
protection [381]. Moreover, it has been demonstrated that signaling via the A;aR promotes kidney
protection after AKI by inhibition of inflammatory cells [309; 382]. These observations go in line with
the findings we made in our heart studies, in which A;sR activation controlled T cell activity and
cytokine secretion. In addition, transepithelial transport of luminal adenosine into the interstitial space

mediated by nucleoside transporter modulates inflammation [294; 383].

In conclusion, lack of CD73 on both cell types, fibroblasts/ pericytes and tubular cells, leads to
impaired renal function due to increased collagen formation when kidneys were subjected to
subthreshold IRI. These observations provided strong evidence that CD73 in both systems is an
important regulator for kidney protection and healing processes of renal tissue after IRI by regulating
fibroblast activation as well as immune cell resolution by signaling via AdoRs. Sung et al. could
demonstrate that global or tissue-specific loss of CD73 as well as inhibition of CD73 enzymatic
activity increased susceptibility to IRI, whereas reconstitution of enzyme activity or upregulation of
extracellular adenosine levels by inhibiting its breakdown or membrane transport in mice lacking
CD73 provided protection from IRI [309]. In addition, here we found that administration of soluble
CD73 rescued kidney function in mice lacking CD73 on fibroblasts/ pericytes. Our findings and the
observations of Sung et al. support the hypothesis that CD73 and the formation of adenosine mediates

kidney protection.

100



7. Discussion

7.6.4. Potential interaction between fibroblasts/ pericytes and tubular cells in orchestrating

cellular processes injury

An intriguing question is how CD73 on fibroblasts/ pericytes and tubular cells may interact with each
other to promote proper tissue recovery. To address this question, both mouse models were subjected
to the same subthreshold IRI conditions and kidney function was measured 24h thereafter to analyze
early injury. Similar to the findings of Sung et al., kidney function of mice lacking CD73 on fibroblast/
pericytes was nearly the same to kidney function of control littermates, while tubular cell-specific
CD73™" mice showed increased plasma creatinine levels (figure 25B and C). These findings are quite
surprisingly, because fibroblast/ pericyte-specific CD73” mice show nearly no loss of kidney function
24h after IRI, but the severeness of tissue damage after 14d was similar to tubular cell-specific CD73™
mice, which are more susceptible to IRI immediately after 24h. As described previously, it is known,
that tubular cells are more susceptible to IRI, which could explain that mice lacking CD73 on tubular

cells showed increased tissue damage resulting in reduced kidney function.

Based on these findings, I propose the following intercellular communication to explain kidney
protection mediated via CD73-derived adenosine. It is generally believed that tubular cells are more
susceptible to ischemia than fibroblasts. As a consequence, when ischemia hits the kidney, tubular cells
are the first to be injured. When CD73 lacks on tubular cells, this leads to excessive tissue damage.
Obviously, adenosine derived from fibroblasts/ pericytes is not sufficient to protect tubular cells. On
the other hand, when CD73is lacking on fibroblasts/ pericytes, there are no differences in initial injury.
However, over time progressive fibrosis develops leading to severe tissue damage. Thus it appears that
under control conditions adenosine derived from tubular cells and fibroblasts/ pericytes synergistically

provide protection to tubular cells.
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8.1. Purinergic signaling in myocardial infarction and acute kidney injury

The first part of this study clearly demonstrated the importance of CD73-derived adenosine formed by
cardiac infiltrating T cells after MI in orchestrating wound healing by regulation of fibrosis and
resolution of inflammation. T cells invading the injured heart undergo substantial purinergic metabolic
reprogramming, that is associated with upregulation of the enzymatic machinery for accelerated
hydrolysis of ATP and NAD released by apoptotic/ necrotic cardiomyocytes and by activated immune
cells as well. Conversion of ATP and NAD by several enzymes, such as CD39, ENPP1 and 3, CD38
and CD157, results in the accumulation of AMP, the substrate for CD73. In a final step adenosine
becomes generated by CD73, while our results clearly place T cells in a central metabolic position for
adenosine formation. As summarized in figure 26, CD73-derived adenosine promotes anti-

inflammatory effects by an autocrine and paracrine manner via signaling by the A;aR and the AR.

T cell
AzsR ‘\,‘ cD73
AuR™ &
BIFN-y L.
_ -a JROS
$IL-17 J collagen synthesis {1L-10 §TNF-a
v M2 polarisation
Fibroblast APC Neutrophil
ti-fibroti . {} leukocyte attraction
Q ibro lj J} macrophage activation  chemokine secretion

Fig. 26: Adenosine generated by CD73 on T cells orchestrates wound healing after MI through
signaling via autocrine and paracrine fashion. Adenosine formed by CD73 on T cells acts in an
autocrine fashion on Aj;sRs and A,gRs regulating secretion of pro-inflammatory cytokines and pro-
fibrotic mediators, such as IFN-y and IL-17, which promotes anti-fibrotic effects and attenuates
macrophage activation, chemokine secretion and leukocyte attraction. In a paracrine fashion adenosine
reduces collagen synthesis in fibroblasts, inhibits TNF-a secretion of macrophages and initiates M2
macrophage polarization leading to increased IL-10 concentrations. Moreover, adenosine inhibits ROS
formation and TNF-a production of neutrophils.
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Activation of both the A;sR and the A,gR on T cells inhibits the formation of pro-inflammatory
cytokines and pro-fibrotic factors, such as IFN-y and IL-17. Reduced IL-17 secretion moderates
fibroblast proliferation and pro-fibrotic gene expression [341; 342; 384]. Decreased IFN-y
accumulation attenuates leukocyte attraction, macrophage activation and chemokine secretion [340].
Moreover, adenosine promotes anti-inflammatory effects in a paracrine fashion by regulating collagen
synthesis in fibroblasts as well as ROS formation and TNF-a secretion of neutrophils [385-387]. In
addition, A,gR signaling on neutrophils and macrophages suppresses the release of pro-inflammatory
TNF-a, increases anti-inflammatory IL-10 production in macrophages and promotes alternative (M2)
macrophage activation [276-279; 336]. In summary, CD73-generated adenosine mediates tissue
healing processes after MI by regulating fibroblast activity and by promoting resolution of

inflammation preventing adverse ventricular remodeling and development of heart failure (figure 26).

The second part of this thesis reports on the importance of CD73 on tubular cells and on fibroblast/
pericytes in regulating healing processes after AKI. Our data gave first evidence that the intercellular
interplay between tubular cells and fibroblasts/ pericytes in generating adenosine via CD73 is a crucial
mediator in kidney protection after IRI. CD73-derived adenosine provided by fibroblast/ pericytes
surrounding tubular cells is therefore likely to promote tubular cell protection. As summarized in figure
27, tubular cells, the major cell fraction expressing CD73 in the renal compartment, together with
fibroblast/ pericytes promotes accumulation of adenosine at the site of injury, which again signals in
autocrine and paracrine fashions regulating matrix deposition and immune cell resolution. In acute
injury events, such as IRI in the kidney, adenosine A,gR signaling on fibroblast may control cell
proliferation and activation [366; 373]. On tubular cells adenosine acts on A;Rs and A;sRs promoting
oxidant injury protection [381]. Moreover, adenosine modulates immune cell resolution via signaling
in a paracrine fashion by A;sR activation on macrophages leading to inhibition of M1 macrophage
activity and reduction of the release of pro-inflammatory cytokines [259; 368; 369]. Activation of
AR initiates phenotype switch of M1 to M2 macrophages, that leads to generation of an anti-
inflammatory milieu by producing cytokines, including IL-10 and IL-4 [279; 370]. Taking together,
CD73-derived adenosine is a crucial mediator for kidney fibrosis due to fibroblast regulation and

immune cell resolution after AKI (figure 27).
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Fig. 27: Adenosine generated by CD73 on tubular cells and fibroblast/ pericytes orchestrates
wound healing after AKI through signaling via autocrine and paracrine fashion. After IRI, ATP
released into the microenvironment becomes degraded to AMP and in a second step via CD73 to
adenosine. Adenosine provided by fibroblast/ pericytes promotes protection of tubular cells. CD73-
derived adenosine generated by tubular cells and fibroblast/ pericytes modulates fibroblast phenotype
and activation as well resolution of inflammation.

Despite heart and kidney serve obviously different functions in the body, a direct comparison of both
disease models reveals a quite similar response to IRI, that can be categorized into several phases.
After IRI, tissue undergoes necrosis and apoptosis resulting in immune cell infiltration promoting pro-
inflammatory responses followed by resolution of inflammation and scar formation. By this
mechanism damaged tissue is removed followed by repair mechanisms including matrix deposition and
scar formation. Danger signals due to injury mediate the upregulation of chemokines, cytokines and
cellular adhesion molecules promoting inflammatory response. Subsequent infiltration of neutrophils,
monocytes and T lymphocytes invade into the injured tissue. Promotion of an anti-inflammatory milieu

goes along with activation of fibroblast to initiate tissue healing and scar formation followed by
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immune cell resolution. In both organs, CD73 regulates tissue healing processes by orchestrating scar
formation and inflammation after IRI. Despite these similarities, there are important differences in the
cell type being involved in tissue remodeling. In the injured heart, the majority of CD73 resides mainly
in one cell fraction: infiltrating T cells, so that T cells are the major source of adenosine. However, in
the kidney, CD73 is expressed on fibroblasts/ pericytes, tubular cells, mesangial cells of glomeruli and
immune cells, so that at least four different cellular sites in the kidney contribute to the formation of
adenosine. Their individual contribution to the generation of adenosine is difficult to assess, but our
results gave first evidence that CD73 on tubular cells and fibroblasts/ pericytes is important in tissue
healing. Little is also known on the kinetics of CD73 upregulation in the different cellular
compartments after injury. Differences in the time course of CD73 expression in the different cell types
may importantly influence signaling and consequently functional outcome. In addition, little is known
on the turnover of interstitial adenosine and the diffusion distances adenosine has to travel to reach
cellular adenosine receptors. The interplay and contribution of the different CD73 expression cells in
the kidney certainly requires future attention. Similar arguments apply to the cellular distribution of the
adenosine receptors. In the heart, the A;sR and the A,gR appear to inhibit the inflammatory response
on T cells after IRI. In the kidney, activation of A;5R promotes tissue healing and there may be an

AjgR-mediated anti-inflammatory response, which needs to be studied more in detail.

The healing processes mediated by adenosine is very likely based on a well-balanced but complicated
interaction between channels, enzymes and receptors and a disruption of this fine-tuned interaction can
led to maladaptive repair mechanism resulting in chronic diseases in heart and kidney. Our studies
uncovered a part of the hidden mechanism behind tissue recovery and offers new insights into the
molecular interplay. The observation that the A,gR only becomes upregulated on fibroblast and
infiltrating immune cells during stress conditions, such as IRI, may provide specificity for
pharmacologic targeting. Reviewing the literature, activation of the A,gR yielded conflicting
conclusions in a variety of systems [275; 388]. It has been reported that cardiac remodeling can be
significantly attenuated by application of a specific A,gR antagonists [283]. However, the situation is
presently unclear since also A,gR agonists have been reported to protect the injured heart. Cardiac
healing could be significantly improved by administration of the A,gR agonist (BAY 60-6583), which
might include off target effects of the drug. Similarly, treatment of AKI using the AgR agonist (BAY
60-6583) improved renal function [389]. The reported inconsistences of A,gR activation and healing
processes need to be explored in future studies using inhibitors and activators of the A,gR, which are

highly selective and show favorable pharmacokinetics.
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