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ABBREVIATIONS

ADA
ADP
AHR
ALT
AMP
ASH
ATP
BBG
CCl4
CLP
CTLA-4
DAMP
DDC
DSS
ECM

adenosine deaminase

adenosine monophosphate

aryl hydrocarbon receptor

alanine amino transferase

adenosine diphosphate

alcoholic steato-hepatitis

adenadenosine triphosphate

brilliant blue G

carbon tetrachloride

cecal ligation and puncture

cytotoxic T-lymphocyte-associated protein 4
danger associated molecular pattern
3,5-diethoxycarbonyl-1,4-dihydrocollidine
dextran-sulfate-sodium

extracellular matrix

ENTPD or NTPDase ecto-nucleoside triphospho-diphosphohydrolase

HCC
HIF-1a
HSC

IL

LPS
NAFLD
NASH
NF-kB
NKT cells
PD-1
PDGF-3
PD-L1
gPCR
ROS
STAT3
TGF-B8

hepatocellular carcinoma

hypoxia inducible factor-1a

hepatic stellate cells

interleukin

lipopolysaccharide

non-alcoholic fatty liver disease
non-alcoholic steato-hepatitis

nuclear factor- kB

Natural killer T cells

programmed cell death protein ligand 1
platelet derived growth factor-8
programmed cell death protein 1
quantitative polymerase chain reaction
reactive oxygen species

signal transducer and activator of transcription3

transforming growth factor- 3



1. INTRODUCTION
1.1.  Clinical relevance of liver fibrosis
1.1.1. Overview: Liver inflammation, fibrosis and cirrhosis

The enormous capacity of the healthy liver to regenerate after injury, intoxication or partial
resection, is famous [1]. However, in case of repeating or continuous insult to the liver tissue,
healthy hepatocytes are replaced by excessively forming scar tissue, resulting in liver
fibrosis. A central process of fibrogenesis is inflammation, initiated either directly by the
trigger of liver injury, or secondarily by damaged and dying hepatocytes. Even then, the liver
can regenerate and fibrotic tissue be partly resolved, if the cause is removed. If it persists,
fibrosis may eventually progress to liver cirrhosis with destruction of normal tissue
architecture and ultimately organ failure [2]. Etiologies for liver fibrosis most commonly
include infectious, toxic and metabolic diseases, such as alcoholic and non-alcoholic
steatohepatitis (ASH and NASH). Irrespective of the underlying liver disease, liver cirrhosis
represents a pre-cancerous state for the development of hepatocellular carcinoma (HCC),
which is the most common primary cancer from the liver, and the fifth most frequent cause of

cancer related death in the world [3].

As of today, no specific anti-fibrotic treatment has shown convincing results in clinical trials,
although many different mechanisms have been targeted and tried successfully in
experimental studies [4]. Liver transplantation remains the only treatment option for end
stage liver disease, if elimination of the trigger comes too late for fibrosis to resolve.
Therefore, despite major insights into the pathophysiology of liver inflammation and liver
fibrosis that research has yielded in the last years, further studies are needed to understand

underlying mechanisms and search for anti-fibrotic treatment and prevention of HCC.

1.1.2. Considerations for the liver surgeon in the era of minimally invasive surgery

Surgical resection is the recommended treatment for resectable primary liver cancer
(intrahepatic cholangiocarcinoma, iCC and HCC) or secondary malignancies, for example
colorectal liver metastasis in non-cirrhotic livers [5, 6]. However, if HCC occurs in underlying
liver cirrhosis, which is the case in about 80-90% [7], guidelines propose liver transplantation.
First, this cures both the cancer and the underlying liver disease, and secondly, surgery has
long been known to entail more perioperative risks for patients with liver cirrhosis [8].
Nevertheless, recent years show a tendency towards resection over transplantation due to
increasing scarcity of donated organs on the one hand [9, 10], and reduced perioperative

risks on the other hand. This latter development can be attributed in part to the advancement



of minimally invasive liver surgery [11, 12], which is considered to be especially beneficial for
patients with liver cirrhosis [13]. One of the concerns for liver resection in cirrhosis is a higher
risk for bleeding, caused, in short, by impaired coagulation and portal hypertension. A
surgical strategy to control bleeding in liver resection, developed decades ago, is hepatic
inflow occlusion during parenchymal resection, named after its describer the Pringle
maneuver [14]. For as long as it has been practiced, there has been controversy about its
potential deleterious effects on postoperative liver function, caused by ischemia-reperfusion
injury [15, 16]. This has been proposed to be particularly relevant in patients with underlying
liver cirrhosis [17]. In our center, minimally invasive techniques have, over the last seven
years, become the predominant approach for liver resections [18, 19]. During this time, the
indications for liver resection for HCC in cirrhosis have been slowly extended towards
including more extensive resections and patients with more pronounced cirrhosis while

complication rates remained comparable to non-cirrhotic patients [20].

As the limits are pushed, it is essential to continuously re-evaluate the safety and optimize
technical strategies of surgery. Part of my research objective, parallel to conducting
experimental studies on the pathogenesis of liver fibrosis, was therefore to determine the

consequences of cirrhosis on perioperative risks in minimally invasive liver surgery.

1.2.  Pathophysiology of hepatic and intestinal inflammation and fibrosis
1.2.1. Acute liver injury — the initial inflammatory stimulus

Causes for acute liver injury can be toxic, drug induced or infectious. If the trigger does not
persist, leading to chronic injury and fibrosis, the organ usually recovers; however, in rare
cases of excessive liver injury, it can lead to acute liver failure with high mortality [21]. The
most common cause of acute liver failure in Western countries is acetaminophen
(paracetamol) intoxication, which causes massive necrotic cell death through mitochondrial
oxidative stress [22]. Irrespective of the underlying cause, massive necrotic cell death
provokes the stimulation of innate immune cells. Most important players are Kupffer cells, the
liver resident macrophages, that are activated by danger associated molecular patterns
(DAMP), such as DNA fragments or ATP, released from necrotic hepatocytes [23]. This
massive, and liver-specific process of sterile inflammation involves infiltration of neutrophils,
blood derived monocytes, Natural Killer T cells (NKT cells) and other immune cells and has
been shown to evoke further tissue injury by maintaining the secretion of pro-inflammatory
signals, including reactive oxygen species (ROS) and cytokines. On the other hand, this

immune response encompasses the initiation of immunoregulatory, pro-regenerative



processes like the differentiation of immunoregulatory macrophages and myofibroblasts, and

is ultimately necessary for liver regeneration [24].

1.2.2. Continuous liver inflammation leads to liver fibrosis

In liver fibrosis, activated myofibroblasts produce excessive amounts of extracellular matrix
(ECM), especially collagen. The main effector cells in this core process of fibrogenesis have
been understood to be hepatic stellate cells (HSC) that are quiescent in the healthy liver, and
can proliferate and transdifferentiate into myofibroblasts upon different stimuli [25]. The
quantitative relevance of other cell types, including portal fibroblasts, that are also able to
constitute myofibroblasts in the process of fibrogenesis, has been discussed controversially
[26]. The multitude of pathways involved in HSC activation and its perpetuation are core
targets for the development of anti-fibrotic strategies, and have been studied intensively with
new mechanisms continually being discovered. HSC stimulation has been known to be
caused by cytokines such as transforming growth factor-B (TGF-B) and platelet derived
growth factor-B (PDGF-3), but also involves ROS, autophagy and ECM signaling to HSC
[27]. Sterile liver inflammation is at the center of both the initiation and the progression of
liver fibrosis, and a variety of immune cells can regulate myofibroblast activity and
differentiation. As in the context of acute liver injury, macrophages are key players, involved
in the activation of myofibroblasts and thus the initiation of fibrosis through secretion of TGF-
B and other pro-fibrotic substances, but they are also required for fibrosis resolution [28, 29].
A simple, dichotomous model of macrophage polarization to a pro-inflammatory, classically
activated M1 and an alternatively activated, immunoregulatory M2 macrophage has been
abandoned with the realization of a much more complex, heterogeneous spectrum with a
high plasticity [30]. To understand macrophages as key regulators of liver inflammation and
fibrosis and discover ways of modulating them, it is crucial to consider the specific, highly

inconsistent local microenvironment.

1.2.3. Inflammatory bowel disease

Considerable evidence links liver inflammation to intestinal inflammation. This “gut-liver axis”
has been ascribed to interactions between the intestinal microbiome, immune cells and the
liver, and it has been demonstrated to be a relevant mechanism contributing to alcoholic and
non-alcoholic liver disease, HCC and other liver diseases [31-34]. Most research has
focused on inflammatory bowel disease, which is present in 80% of patients with primary
sclerosing cholangitis [35]. Inflammatory bowel disease, most commonly Crohn’s disease or

ulcerative colitis, has deleterious consequences for patients’ quality of life, and was found to



increase mortality by up to 10% for ulcerative colitis and 50% for Crohn’s disease compared
to the general population [36]. The core pathophysiology of inflammatory bowel disease lies
in aberrant innate and adoptive immune responses, caused by a still insufficiently understood
interaction of genetic and environmental factors [37]. Treatment is aimed at suppressing

immune response, but remains inefficient in many cases for unclear reasons [38].

One of the many pathways that have been found to contribute to perpetuated inflammation in
inflammatory bowel disease, as well as in acute and chronic inflammation in the liver, is
purinergic signaling. The exploration of this pathway in inflammatory and fibrotic diseases of
the gut and liver provides some insights about the interface of metabolic and immune

homeostasis and offers new potential targets for therapy.

1.3.  Purinergic signaling
1.3.1. Ecto-nucleotidases in the purinergic signaling pathway

The system of purinergic signaling is made up of extracellular nucleosides and nucleotides
as signaling molecules and their specific ionotropic or metabotropic purinergic receptors.
Best described transmitters are adenosine triphosphate (ATP) and its derivates adenosine
diphosphate (ADP) and adenosine [39]. ATP, which is present intracellularly in high
concentrations, is released into the extracellular space in the event of cell damage or
activation. The local extracellular ATP concentration can rise up to 30-fold after release
through vesicular exocytosis or cell membrane channels [40]. It is a known DAMP that can
initiate a strong pro-inflammatory immune response via P2X7 receptor mediated activation of
inflammasome [41]. However, after secretion to the extracellular space, ATP is degraded
quickly by cell surface-located ecto-enzymes: ATP is de-phosphorylated to ADP and to
adenosine monophosphate (AMP) by ecto-nucleoside triphosphate diphosphohydrolases (E-
NTPDases, ENTPD) and AMP further hydrolyzed by the ubiquitously expressed

5’nucleotidase (5’NT or CD73) to form adenosine, as depicted schematically in Figure 1.

ATP degradation products, ADP and adenosine can bind to their own specific receptors and
exert different and partly opposing effects to those of ATP: adenosine is known to have
immunoregulatory, pro-regenerative effects [42], which can be interpreted as a mechanism to
automatically limit and resolve the local stress-induced, inflammatory reaction triggered by
ATP. Thus, the extracellular concentrations of ATP and adenosine in a given local
microenvironment decide the net effect of local purinergic signaling towards more pro-
inflammatory or anti-inflammatory responses. ENTPDs, in concert with 5’NT, modulate the
local extracellular space towards an immunoregulatory microenvironment by reducing ATP

and increasing adenosine concentrations.



NH,
o 9 9 NS
TR e
ATP
OH OH
ENTPD1 (CD39) >
ENTPD2 (CD39L1) ENTPD/
ENTPD3 (CD39L3) ~__ ADP
ENTPDS s
v
AMP
cD73——
v e
"R A
Ie) N
kOH_Z Adenosine

Figure 1. Degradation of extracellular adenosine triphosphate (ATP) to ultimately form adenosine,
catalyzed by cell-surface enzymes ecto-nucleoside triphospho-diphosphohydrolase (ENDPD)-1, also
known as CD39, ENTPD2 (CD39L1), ENTPD3 (CD39L3) and ENTPDS8, and by CD73 (5’nucleotidase,
5NT).

1.3.2. CD39 and its role in immune regulation

Eight enzymes have been classified as ENTPDs, four of which are localized on the
membrane surface and thus capable of modulating extracellular nucleotide and nucleoside
concentrations, ENTPD1, ENTPD2, ENTPD3 and ENTPDS8 [43]. ENTPD1 or CD39 is the
best described ENTPD, and has been implicated in immunoregulatory effects of many cell
types such as endothelial cells, vascular smooth muscle cells, B and T lymphocytes,
macrophages and other myeloid derived immune cells. In macrophages, CD39 modulates
autocrine purinergic signaling by scavenging extracellular ATP, producing adenosine and
thus boosting transformation into an immunoregulatory phenotype [44]. ATP and adenosine
signaling is transmitted by P2X7 and A2A and A2B receptors, respectively. ATP binding to
P2X7 receptors leads to inflammasome activation within macrophages and subsequently to
release of interleukin(IL)-1B8 and IL-18 [45]. Adenosine, generated via hydrolyzation of ATP
by CD39 and 5'NT, drives macrophages to a more immunoregulatory phenotype through
interaction with A2A and A2B receptors [46]. CD39 expression on macrophages is therefore
essential for limiting inflammation in local or systemic inflammatory response, for example in
sepsis. Consistent with this concept, CD39 deficient mice display a higher mortality from

experimental sepsis than wild type mice [44, 47].



CD39 has also been displayed as an important steering element of immunoregulatory T cell
populations. Early publications described the expression of CD39 on widely known regulatory
T cell populations, such as CD4+CD25+ and Foxp3+ T cells and linked A2A and P2
signaling, modulated by CD39, to their immunosuppressive functions [48, 49]. Over the last
ten years, several studies defined a variety of further subgroups of CD4+ T cells that express
CD39 and described their roles in human and experimental disease: Foxp3- type 1
regulatory (Tr1) cells [50], y&+ T cells [51] and T helper 17 (Th17) cells [52]. Recently, CD39
expression on CD8+ T cells was investigated, where it seems to represent a marker of
exhaustion [53], and has also been implicated in anti-tumor cytotoxic T cell activity [54].
Several mechanisms have been described that regulate CD39 expression and through this
regulatory T cell function, including metabolic signals such as hypoxia inducible factor-1a
(HIF-1a), bilirubin and aryl hydrocarbon receptor (AHR) [50, 55]. Of note, CD39 expression
has also been shown on other cells of the immune system, including B cells, granulocytes,
dendritic cells and others [56], where it has also been reported to regulate inflammation and

immunity, but which are not the focus of the presented research.

1.3.3. Non-CD39 ENTPDs

While numerous studies have focused on CD39 and its diverse roles in inflammation,
immunity and other processes, far less is known about the other related ecto-nucleotidases.
ENTPDS8 is widely expressed on the surface of hepatocytes and secretory cells of exocrine
organs [57], where its functions have not been elucidated and no specific immune-regulatory
role has yet been reported. ENTPD8 will not be a subject of the presented research. The
other two ENTPDs of the CD39 family are ENTPD2 (initially called CD39-like-enzyme 1,
CD39L1) and ENTPD3 (CD39L3). While the protein structure of the three ecto-nucleotidases
(ENTPD1, 2 and 3) is similar, the expression pattern on different cells and tissues shows
striking differences: CD39 is predominantly expressed on immune cells as well as endothelial
cells. ENTPD2 on the other hand, is found on perivascular cells, periportal fibroblasts in the
liver, and on both nerve cells and glial cells in the nervous system [58, 59]. No direct
association of ENTPD2 with immune cells has been described. Based on its localization in
periportal areas and in vitro studies, ENTPD2 was found to regulate the proliferation of bile
duct cells and presumed to play a role in biliary fibrosis [60]. Apart from that, it is expressed

by neural progenitor cells and regulates progenitor cell proliferation [59].

Similar to ENTPD2, ENTPD3 is expressed on cells of the nervous system, but unlike both
CD39 and ENTPD2, it was also described on exocrine and endocrine tissues, with a
particularly strong expression on pancreatic islet cells [61]. It was further found on the

surface of hepatic stellate cells, specifically in their activated state [62], suggesting a



potential role in the pathophysiology of liver fibrosis. Interestingly, one study explored the
expression of non-CD39-ENTPDs on macrophages and found ENTPD3 expression on
alternatively activated M2 macrophages [63]. Of note, the three ENTPDs also differ in their
enzyme kinetics: CD39 has a high affinity to ADP, resulting in almost no noticeable ADP
accumulation in the process of ATP degradation, but instead immediate generation of AMP.
In contrast, ENTPD2 is a preferential ATPase and produces locally high ADP concentrations
with slower conversion to AMP, and further to adenosine. ENTPD3 is between the other two

enzymes with slower conversion of ATP and some intermediate ADP production [43].

1.4. Ecto-nucleotidases in hepatic and intestinal inflammation

As depicted in the last chapters, purinergic signaling is ubiquitously present and modulates
inflammation and immunity. ENTPD, that serve as a “switch” to limit inflammation, have been
found to play a relevant role in both hepatic and intestinal inflammation in both experimental
models and clinical disease. Most research has so far been conducted on CD39, while far

less is known about the role of other ENTPD.

In acute liver injury, provoked by ischemia and reperfusion, CD39 has been shown to be
protective from exacerbated inflammation and cell death in animal models [64, 65]. The
same was seen in a mouse model of acetaminophen induced acute liver injury, where mice
deficient for CD39 displayed significantly more liver necrosis, more hepatic hemorrhage and
an enhanced vascular injury [66, 67]. Liver regeneration after acute injury, such as partial
hepatectomy, has also been demonstrated to be facilitated through CD39 [68]. The

importance of other ENTPD in acute liver injury is unclear.

The roles of purinergic signaling in liver fibrosis are complex: ATP signaling via both P2Y and
P2X receptors has been shown to promote fibrosis through activation of hepatic stellate cells
[69-71]. Interestingly, adenosine signaling through A2A receptor, expressed on hepatic
stellate cells, has also been reported to exert pro-fibrotic effects [72]. This is in keeping with
findings on a protective effect of caffeine in liver fibrosis, as caffeine is a non-selective
adenosine receptor antagonist [73]. The effects of CD39 as a regulator of both ATP and
adenosine concentrations are therefore not easy to predict in this scenario. ENTPD2 has
been studied in descriptive studies of its hepatic and intestinal expression pattern and in in
vitro studies, where a potential role for regulation of bile duct proliferation was suggested [58,
60]. However, neither ENTPD2 nor ENTPD3 have been studied in animal models of liver

fibrosis or human studies.

CD39 expression was found to protect mice from experimental intestinal inflammation

induced by dextran-sulfate-sodium (DSS) treatment [74]. These effects could be attributed to

10



immunoregulatory modulations of T cells. Several mechanisms of regulation of CD39
expression on relevant, T regulatory and Th17 T cell populations have since been discovered
[55, 75]. Importantly, this regulatory role of CD39 in colitis was shown to be relevant both in
animal experiments as well as human disease [52, 76]. So far, other ENTPD have not been

studied in the context of intestinal inflammation.

1.5. Objective

The goal of this research project was to further elucidate the roles of ecto-nucleotidases of
the CD39 family, especially CD39-like enzymes, ENTPD2 and ENTPD3, in the inflammation
and fibrosis of the gut and the liver. A further objective was to demonstrate the clinical
relevance of liver cirrhosis for liver surgery, using as an example the effect of hepatic inflow

occlusion in minimally invasive hepatic resection.
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2. PRESENTATION OF OWN WORK

2.1.  Safety of hepatic inflow occlusion for liver resection in cirrhotic patients

Ortiz Galindo, S.A.; Haber, P.K.; Benzing, C.; Krenzien, F.; Riddermann, A.; Frisch, O.;
Schoning, W.; Schmelzle M., Pratschke J.; Feldbrugge, L. Safety of intermittent Pringle
maneuver during minimally invasive liver resection in patients with hepatocellular
carcinoma with and without cirrhosis. Langenbeck’s Archive of Surgery. Nov. 2021.
https://doi.org/10.1007/s00423-021-02361-z.

Minimally invasive liver surgery has been increasingly used for HCC resection over the last
years. It has been convincingly shown to reduce perioperative risks in retrospective studies
and meta-analyses. Some evidence suggests that patients with liver cirrhosis benefit
especially. However, little is known about the use of the Pringle maneuver in this group of
patients, as cirrhotic livers might be more susceptible to ischemia-reperfusion injury. While it
may be a useful tool in these patients with their tendency to bleed, some studies have

reported an increased risk for perioperative liver failure.

To evaluate the safety of minimally invasive Pringle maneuver in patients with HCC, we
retrospectively compared perioperative outcome parameters between cases with, and those
without use of the Pringle maneuver. A propensity score matching was performed to control
for a potential selection bias with regards to surgical complexity. A subgroup analysis

focused on patients with liver cirrhosis.

No increase in perioperative complication rates was observed in patients who underwent
hepatic inflow occlusion during minimally invasive HCC resection, taking into account
surgical difficulty and presence of liver cirrhosis. Laboratory tests for liver function were also
similar between groups. Duration of surgery seemed longer in cases that included use of the
Pringle maneuver, but this difference was only visible before propensity score matching,
making it likely to be confounded by surgical difficulty. Intraoperative transfusion rate, used

as a surrogate marker for blood loss, showed no difference between groups.

In summary, using the minimally invasive Pringle maneuver in patients with HCC, including
those who have underlying liver cirrhosis, does not seem to cause clinically relevant

ischemia-reperfusion injury, and can be safely applied if deemed useful [77].

The results of this study add another piece to understanding the clinical implications of liver
fibrosis and cirrhosis for liver surgery. The following chapter focuses on its pathophysiology
and discusses purinergic signaling and ecto-nucleotidases as one of the underlying
pathways that regulate liver inflammation, fibrosis and cirrhosis. Gaining insight into these
mechanisms is the basis for finding new therapeutic targets to prevent liver fibrosis and HCC
(refer to 2.2).
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2.2. Roles of ecto-nucleotidases in liver inflammation and fibrosis

2.2.1. Macrophage-expressed CD39 is protective in biliary fibrosis

Rothweiler, S; Feldbriigge, L; Jiang, ZG; Csizmadia, E; Longhi, MS; Vaid, K; Enjyoji, K;
Popov, YV; Robson, SC. Selective deletion of ENTPD1/CD39 in macrophages
exacerbates biliary fibrosis in a mouse model of sclerosing cholangitis. Purinergic
Signalling 2019, 15, 375-385. https://doi.org/10.1007/s11302-019-09664-3.

In previous work, we observed more fibrosis in mice globally deficient for CD39. In this study,
we aimed to determine if macrophages are the main responsible cells for this phenotype. To
this end, we generated myeloid-specific Cd39 knockout mice and subjected them to DDC
feeding to induce biliary type fibrosis. In comparison, we used wild type and global Cd39

knockout mice.

We first confirmed the specific deletion of CD39 on myeloid cells by gPCR, flow cytometry
and immunohistochemistry. After induction of liver fibrosis by DDC, both globally Cd39 null
mice as well as myeloid-specific Cd39 knockout mice displayed more severe fibrosis when
compared to their respective wild type controls, as assessed by hepatic collagen content and
upregulation of profibrogenic factors, a-smooth muscle actin (a-SMA) and transforming
growth factor-B (TGF-B). While these findings certainly suggest a regulatory role of
macrophage-expressed CD39 in the induction of biliary type fibrosis, we did not find any
significant differences in commonly used markers of classically (M1) or alternatively (M2)
activated macrophages between globally or myeloid-specific Cd39 deficient mice and wild

type controls.

Taken together, our findings provide more evidence for the protective function of CD39 in
liver inflammation and fibrosis, and indicate a role of myeloid cells, most likely liver residing
macrophages. However, the exact mechanism of regulation of fibrosis remains to be
elucidated. A simple bipolar model of macrophage polarization with CD39 promoting an anti-

inflammatory phenotype could not be demonstrated [78].

Unlike CD39, ENTPD2 is expressed on portal fibroblasts that have been shown to form
myofibroblasts in liver fibrosis, especially biliary type fibrosis. We therefore aimed to study its

role in experimental fibrosis using knockout mice (refer to 2.2.2).
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2.2.2. Distinct roles of NTPDase2 in liver regeneration and fibrosis

Feldbriigge, L.; Jiang, Z.G.; Csizmadia, E.; Mitsuhashi, S.; Tran, S.; Yee, E.U,;
Rothweiler, S.; Vaid, K.A.; Sévigny, J.; Schmelzle, M.; et al. Distinct roles of ecto-
nucleoside triphosphate diphosphohydrolase-2 (NTPDase?2) in liver regeneration and
fibrosis. Purineraic Sianallina 2018, 14, 37-46. https://doi.ora/10.1007/s11302-017-9590-3.

ENTPD2 has been found exclusively in the functional compartment of portal areas, and has
been proposed to regulate the proliferation of bile duct cells by reducing extracellular ATP.
Deletion of CD39 in mice enhances the severity of liver fibrosis in experimental models for
fibrosis, as was previously shown (refer to 2.2.1). The aim of this study was to investigate
whether ENTPD2 also has protective functions in liver fibrogenesis, and whether this is

limited to biliary fibrosis.

To answer these questions we induced liver fibrosis in wild type mice and Entpd2 null mice in
two different established rodent models of liver fibrosis: by administration of carbon
tetrachloride (CCl4) or 3,5-diethoxycarbonyl-1,4-dihydrocollidine (DDC). We further
performed partial hepatectomy to study a potential role of ENTPD2 catalyzed purine

degradation on liver cell regeneration.

Total ENTPD2 expression in wild type livers is increased as assessed by qPCR after
induction of fibrosis as well as following partial hepatectomy. Immunohistochemistry,
including immunofluorescent double staining shows that ENTPD2 expressing portal
fibroblasts spread to fibrotic areas in CCl4 induced fibrosis, while expression patterns were
unaltered in the DDC model. Interestingly, Entpd2 null mice were affected more severely by
fibrosis induction through CCI4, displaying significantly more production of collagen. In
contrast, no difference was seen after DDC feeding. Both liver regeneration (liver weights)
and hepatocyte proliferation (Ki67 positive cells) were similar between wild type and Entpd2
null mice after partial hepatectomy, suggesting a negligible role of ENTPD2 in the regulation

of normal hepatocyte regeneration.

Our results suggest an inducible protective role of ENTPD2 in liver fibrosis caused by CCl4,

that may be synergistic with previously observed effects by CD39 [79].

While CCl4 causes liver necrosis as a trigger for fibrosis induction, the most commonly used,
and clinically relevant, model for acute (necrotizing) liver injury is acetaminophen intoxication.
This model was used for the study presented next, investigating the role of ENTPD2 in acute

liver injury (refer to 2.2.3).
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2.2.3. ENTPD2 alleviates acetaminophen-induced hepatotoxicity

Feldbriigge, L.*; Splith, K.*; Kdmmerer, |.; Richter, S.; Riddermann, A.; Ortiz Galindo,
S.A.; Krenzien, F.; Mller, T.; Csizmadia, E.; Pratschke, J.; Robson, S.C.; Schmelzle, M.
Ecto-Nucleotide Triphosphate Diphosphohydrolase-2 (NTPDase?2) Deletion Increases
Acetaminophen-Induced Hepatotoxicity. International Journal of Molecular Sciences Aug
20 2020, 21 https://doi.org/10.3390/iims21175998

Acetaminophen intoxication is one of the most common cause for acute liver failure. It has
therefore been widely used for an experimental model of acute liver injury in rodents. In the
liver, CD39 is expressed on endothelial cells and Kupffer cells, and has been shown to
alleviate acute liver injury induced by acetaminophen intoxication by scavenging the danger
molecule ATP. Hepatic expression of CD39-like enzyme ENTPD?2 is less abundant than

CD39, and mostly limited to periportal fibroblasts within portal areas.

The aim of this experimental study was to investigate a potential role that ENTPD2 may play
in modulating the local hepatic micro-milieu in acute liver injury. To this end, we induced
acute liver injury by acetaminophen injection in globally Entdp2 null mice and wild type mice
and assessed the degree of liver injury by quantifying histological areas of necrosis and
serum levels of alanine amino transferase (ALT). Commonly used markers for intrahepatic
inflammation, regeneration and fibrogenesis were then analyzed by quantitative polymerase

chain reaction (QPCR) and immunohistochemistry.

We observed significantly enhanced acute liver injury in Entpd2 null mice after
acetaminophen intoxication when compared to wild type mice, as measured by necrotic area
and serum ALT. In wild type mice, ENTPD2 was upregulated after induction of acute liver
injury, without changing its expression pattern. Inflammatory cytokines IL-6 and PDGF-3
were elevated significantly earlier and (in the case of IL-6) more prolonged in Entpd2 null
mice. No differences were found in hepatocyte proliferation as assessed by
immunohistochemistry for Ki67 or in the hepatic expression levels of fibrogenesis-related

proteins, vimentin, desmin, collagen or a-smooth-muscle-actin.

Taken together, we here show for the first time that ENTPD2, similarly to CD39, has
protective effects in acute liver injury induced by acetaminophen, despite its limited and

specific hepatic expression in the portal areas [80].

As CD39-dependent immunoregulatory mechanisms have been described in both hepatic
and intestinal inflammation, contributing potentially to the above-mentioned “gut-liver axis”,
the aim of the following study was to explore the role of ENTPD2 and ENTPD3 in

inflammatory bowel disease (refer to 2.3).
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2.3. Roles of ecto-nucleotidases in intestinal inflammation

Feldbriigge, L.; Moss, A.C.; Yee, E.U.; Csizmadia, E.; Mitsuhashi, S.; Longhi, M.S_;
Sandhu, B.; Stephan, H.; Wu, Y.; Cheifetz, A.S.; et al. Expression of Ecto-nucleoside
Triphosphate Diphosphohydrolases-2 and -3 in the Enteric Nervous System Affects
Inflammation in Experimental Colitis and Crohn's Disease. Journal of Crohns & Colitis
2017, 11, 1113-1123. https://doi.org/10.1093/ecco-jcc/jjx058.

The association of CD39 with regulation of (auto-)immunity and inflammation of the intestine
has been demonstrated in numerous studies and has been ascribed mainly to the expression
on different T cell populations. In the case of CD39-like enzymes, ENTPD2 and ENTPD3,
this association with immune regulation is less obviously understood, as these enzymes are
not directly found on immune cells in relevant amounts. However, as our studies have
indicated a similar function in immune regulation for ENTPD2 as for CD39 in inflammatory
liver disease (2.2.2 and 2.2.3), we aimed to explore the roles of ENTPD2 and 3 in intestinal
inflammation, as both enzymes are abundantly expressed in the enteric nervous system,

which was shown to be implicated with inflammatory processes in the gut.

To this end, we induced acute colitis by feeding DSS in wild type mice and global knockout
mice for ENTPD2, and ENTPD3, respectively. We observed more severe colitis in both
knockout mice when compared to wild type, most prominently in Entpd2 null mice. We further
observed a more pronounced pro-inflammatory polarization of colonic macrophages isolated
from Entpd2 null colons. Immunohistochemistry showed the known expression pattern of
both enzymes in cells of the enteric nervous system, especially glial cells, and no relevant

expression on infiltrating immune cells.

To test a potential clinical relevance of our findings, we measured ADPase activity in the
blood of patients with different stages of Crohn’s disease and compared them with healthy
controls. Here, we could show that total ADPase activity was significantly reduced in Crohn’s
patients when compared with controls. This ADPase activity seemed to be inhibitable by a

chemical blocking agent to ENTPD2 and -3 and correlated with disease severity.

In summary, ENTPD2 and ENTPD3 are both expressed in human and murine enteric
nervous system and are involved in the immune regulation of acute colitis, particularly
ENTPD2 [81].
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3. DISCUSSION

This work summarizes the findings of four experimental studies on the role of purinergic
signaling, modulated by ecto-enzymes, in the immune regulation of hepatic and intestinal
inflammation [78-81], and includes an exemplary investigation of the clinical consequences

for the liver surgeon [77].

The liver has always been a challenge but also a fascination for surgeons, due to its high risk
of bleeding on one, and its high capacity for regeneration on the other hand [82]. When liver
resection had gradually been turned into a standard procedure with acceptable mortality and
morbidity, liver fibrosis and cirrhosis were still understood to present a limit [83]. In recent
years, advances in surgical techniques and perioperative medicine have pushed these limits
further and rendered the presence of liver cirrhosis a relative contraindication to liver
resection at most [84]. One important development was the rise of minimally invasive liver
surgery. In several retrospective and prospective observational studies accompanying the
development of our own center for minimally invasive liver surgery — first laparoscopic, then
robotic — we demonstrated the safety of these new approaches [19, 85-88]. Other centers
have recently published randomized-controlled trials showing superiority of minimally
invasive over open techniques [89, 90]. With the transition of open to minimally invasive
surgery, surgical techniques and devices have been transferred from open surgery and
continuously modified for optimal use in laparoscopy [91-93]. While every center that
performs minimally invasive liver surgery constantly tests variations to improve outcomes
and efficiency, more reproducible and available evidence on particular technical aspects is
needed to further refine state of the art laparoscopic liver resection. In publication 1 [77],
both laparoscopic and robotic liver resections for HCC were analyzed with a focus on the
safety of minimally invasive intermittent Pringle maneuver. As the majority of HCC patients
are diagnosed with liver cirrhosis, this group of patients can be considered at increased risk
for perioperative complications [94]. With regard to the use of the Pringle maneuver, cirrhotic
patients have always been discussed controversially: on the one hand they have a higher
risk for bleeding during parenchymal resection, on the other hand, they may be more likely to
suffer perioperative impairment of liver function [17, 95]. In our cohort, we observed no
higher occurrence of adverse outcomes in cirrhotic patients that underwent Pringle maneuver
during minimally invasive liver resection, after propensity score matching to control for
selection bias. It must be noted, that this study does not prove superiority of using Pringle
maneuver with regards to reduction of blood loss nor was it designed to answer that
question. However, these data suggest that its use does not increase the risk even for
cirrhotic patients, and may be used at the discretion of the surgeon if it aids a safe and

controlled operation.
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While it is necessary for the liver surgeon to constantly and critically review surgical
techniques and innovations to improve ftreatment of patients with liver cirrhosis,
understanding the underlying pathophysiology is at least of equal importance. Only the
knowledge of causes and regulatory mechanisms of liver inflammation and fibrogenesis will
advance treatment and prevention of cirrhosis and HCC. The role of purinergic signaling as
one of these regulatory pathways is investigated in publications 2-5 and will be discussed in

the following section.

Inflammation is the organism’s response to any stimulus that is perceived as harmful. An
intact inflammatory response is vital to survive infectious diseases and prevent the
development of cancer. On the other hand, the resolution of inflammation and initiation of
wound healing and tissue regeneration is just as important, demonstrated by auto-immune
diseases as cases of excessive, uncontrolled inflammation. To govern the balance between
initiation and resolution of inflammation, a complex system of interacting pathways has
evolved that controls the activation, differentiation and proliferation of immune cells. The
discovery of many of these pathways and their targeting to develop anti-inflammatory drugs
has revealed a vast redundancy and interdependence of these pathways, leading to
inexplicable treatment failures, for example in inflammatory bowel disease [96, 97]. A better
understanding of the intricate modulation of inflammation and immunity will help refine
treatment strategies, for example by targeting complementary signaling pathways in

combination therapy.

One of these signaling pathways regulating inflammation and immunity is the system of
purinergic signaling. CD39 and related enzymes constitute an immunoregulatory “switch” by
abrogating the danger signal ATP and producing regulatory adenosine [98]. Over the last
years, this mechanism has been elucidated in numerous studies on autoimmune diseases,
both clinical and experimental, including multiple sclerosis [99, 100], allergic asthma [101],
rheumatoid arthritis [102], diabetes [103] and inflammatory bowel disease [52, 104]. Some
manipulations of CD39 expression and activity have already been proposed as potential
treatment for these hyper-inflammatory diseases [55, 75, 105, 106]. However, using these
insights for treating inflammatory diseases is not as straightforward as it may seem. Our
recent studies on CD39 and other ecto-enzymes revealed several important aspects that
should be considered with regards to a potential CD39-based anti-inflammatory treatment

and will be discussed below.

In a previous study [107], we investigated acute liver injury in sepsis and found that liver
injury was in large parts mediated by ATP signaling via P2X7. It could be prevented
completely by P2X7 inhibition in wild type mice, but not in mice lacking CD39. This
exemplifies the dual role of CD39 in modulating purinergic signaling with ATP reduction on

one, and adenosine production on the other hand. Accordingly, the effect of P2X7 inhibition
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in wild type mice could be reached in Cd39 null mice after combination with A2A receptor
blockade. Macrophages have previously been shown to control their own activation status by
secreting high amounts of ATP, which could be expected to stimulate inflammasome
activation through P2X7 activation, but instead, through rapid hydrolyzation by CD39, led to
an adenosine transmitted immunoregulatory response [44]. It was already known that the
effects of CD39 deletion (or inhibition) can be paradoxical through P2 receptor
desensitization by increased local concentration of ATP [108, 109]. These feedback and
autocrine regulatory mechanisms underline the high plasticity of CD39 and purinergic
receptor functions and their dependence on the local micro-milieu. Consequently, therapeutic

intervention into CD39 activity may yield unpredicted results.

Earlier studies had already displayed a higher susceptibility of global Cd39 null mice to liver
inflammation and fibrosis in a genetic and a toxic model of sclerosing cholangitis and biliary
fibrosis [110]. This was mainly linked to an increased hepatic infiltration of CD8+ T cells from
the gut, while the role of macrophages was not investigated. In publication 2 [78], we
therefore used the same toxic model of cholangitis and fibrosis in mice with a selective,
macrophage-specific deletion of CD39. We could show that these mice, like global knockout
mice, exhibited enhanced inflammation and fibrosis, pointing to a relevant involvement of
CD39+ liver macrophages. Interestingly, we did not observe expression of typical
macrophage markers of immune regulation, which may imply a distinct polarization that
cannot be classified into the simplified model of pro- versus anti-inflammatory macrophage
types. Altered ATP and adenosine signaling may also be more important in other cells, such
as HSC, in this model, than in macrophages themselves. Of note, a recent publication
investigated the role of CD39 in a model of alcoholic liver fibrosis and found that
pharmacological CD39 blockade with POM1 alleviated liver injury and fibrosis [111], which is
in contrast with our own findings. Both studies are difficult to compare as they investigate
pathophysiologically distinct diseases, where CD39 might in fact have different effects.
Importantly, pharmacological inhibition of CD39 with POM1 has lower specificity and efficacy
than genetic deletion or antibody blockade [112]. However, as both ATP and adenosine have
been shown to convey pro-fibrotic signals to HSC, it is conceivable that CD39 blockade can
have different effects in different disease models, depending the type of involved immune

cells and myofibroblasts and their state of differentiation.

Taken together, our studies confirm the important role CD39 plays in modulating immune
response in liver inflammation and fibrosis. While CD39 clearly contributes to dampening
excessive inflammation in acute liver injury in sepsis [107], the effects in chronic
inflammation and liver fibrosis are more complex due to partly synergistic effects of ATP
(decreased by CD39) and adenosine (increased by CD39) [78].
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Another very important aspect in the evaluation of CD39 based therapy for inflammatory
disease is the flipside to CD39 mediated immunosuppression: its role in cancer development
and progression. With the emergence and the success of immune checkpoint inhibitors such
as antibodies to cytotoxic T-lymphocyte-associated protein (CTLA)-4, programmed cell death
protein (PD)-1 or PD-L1 as anti-cancer treatment [113, 114], the striking potential of boosting
the antitumor immune response became apparent. In earlier years of research on CD39, a
few studies had investigated the role of CD39 in tumor immunology and found that genetic
deletion or pharmacologic inhibition could protect mice against tumor development or tumor
spread [115-117]. However, in recent years, along with the triumphant story of checkpoint
inhibition, many more studies were published, several already including preclinical testing of
CD39 blockade, alone or in combination with systemic chemotherapy or already established
immune checkpoint inhibitors [112, 118]. These studies are interesting, as systemic
pharmacological inhibition of CD39, in contrast to what might be expected from our studies
on global Cd39 knockout mice, does not seem to be deleterious, judging from available
reports on adverse events [119]. In light of these recent developments, an immune therapy
boosting CD39 activity to achieve immune regulation in autoimmune disease has to be

evaluated carefully for the risk of carcinogenic effects.

In contrast to CD39, other ecto-nucleotidases, namely ENTPD2 and ENTPD3, have not been
described on the surface of immune cells in meaningful amounts [43]. While ENTPD3
expression is reportedly mostly limited to nervous, exocrine and endocrine tissues [61, 120,
121], ENTPD2 is expressed in liver tissue and has been proposed to regulate bile duct
proliferation via local ATP degradation [58, 60]. ENTPD2 can therefore be presumed to
cause similar alterations in local extracellular nucleotide and nucleoside homeostasis in the
liver as CD39, but with diverse physiological consequences due to their distinct cellular
distribution. We conducted several experimental studies to investigate the specific role of
ENTPD2 in liver inflammation and fibrosis, using Entpd2 null mice. In publications 3 [79]
and 4 [80], we report the results from four different experimental models of liver disease,
including partial hepatectomy, acetaminophen intoxication, CCl4 treatment and DDC feeding.
We observed that in all cases of liver injury, the expression of ENTPD2 is upregulated in the
liver in wild type mice. Functionally, ENTPD2 expression seemed to play a role in acute
(induced by acetaminophen) and chronic necrotic liver injury (induced by long-term CCl4
administration), where it had protective properties, while the enzyme appeared inessential for
proliferation induction after partial hepatectomy or immune regulation in the DDC model of

biliary inflammation and fibrosis [79, 80].

ENTPD2 expression in the liver is limited to portal areas [58, 79] and is generally less
abundant in the healthy liver parenchyma than CD39 [57]. It is therefore plausible that it does

not play a major role in the regulation of hepatocyte proliferation after a standard model of
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partial hepatectomy, a situation where ductular reaction contributes only marginally to
proliferation [122], because the enzyme is not expressed in close enough proximity to the
proliferating cells. Liver injury that involves large amounts of tissue necrosis, however, as
produced by both acetaminophen and CCl4, seems to require some regulation by ENTPD2,
illustrated by the aggravated phenotype in Entpd2 null mice in both models. In the case of
CCl4 induced liver fibrosis, we observed a change in the distribution of ENTPD2 expressing
cells with spreading into the liver parenchyma. As these cells maintained double staining with
a portal fibroblast marker, this may correspond to a proliferation and expansion of portal
fibroblasts that could contribute to the pool of myofibroblasts. Of note, this hypothesis can be
discussed controversially: Some evidence points towards the main source of myofibroblasts
in liver fibrosis to be HSC [25, 123], while other studies also present portal fibroblasts as
potential contributors [26, 124]. Interestingly, in the DDC model of biliary inflammation and
fibrosis, no significant increase in fibrosis was observed in Entpd2 null mice (unlike Cd39 null
mice, [78]), contrary to what had been expected due to the distinct expression in portal
areas. This may be due to the considerable infiltration of immune cells that carry CD39 and
may overpower the effect of ENTPD2 deletion on the relatively small portion of portal
fibroblasts. In fact, overexpression of one ENTPD to compensate the genetic deletion of
another has been described before and may generally limit the interpretation of genetic
knockout models for the study of individual ENTPDs [125].

Interestingly, a recent publication displays a novel aspect on ENTPD2 in the liver: Chiu et al.
observed that hypoxia induces ENTPD2 expression in hepatocellular carcinoma (HCC) via
HIF-1a signaling and that ENTPD2 mediated ATP degradation enhances myeloid derived
suppressor cell function and promotes tumor growth [126]. As HIF-1a is known to be induced
also in liver fibrosis [127, 128], this might be another explanation for the observed
upregulation of ENTPD2 and the relative protection from fibrosis displayed at least in the
CCl4-induced model [79]. Since the article by Chiu et al. on the role of ENTPD2 in HCC was
published, a small number of highly interesting studies were added very recently that seem
to confirm the pro-tumor effect of ENTPD2 in different cancer types: both Chen et al. and Cui
et al. included ENTPD2 as one of five and six genes, respectively, that were associated with
a worse outcome in HCC [129, 130]. Wu et al. developed an “immune prognostic model”,
based on ENTPD2 and one other gene that identified high-risk cases in lung

adenocarcinoma [131].

Our findings point towards a protective role of ENTPD2 in liver inflammation and fibrosis,
similarly to CD39, especially in toxic necrotic disease models. As discussed for the case of
CD39 before, a potential pharmacological manipulation of ENTPD2 activity has to be viewed

critically, in light of current studies on their involvement in cancer tolerance.
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CD39 has been known to be protective, not only in sterile liver inflammation, but also in
inflammatory bowel disease. This could be demonstrated both in human as well as in
experimental murine colitis [74, 76]. The anti-inflammatory effect was mostly attributed to its
expression on different subsets of infiltrating T cells (T regulatory cells, Th17 cells and y&6+ T
cells) [52, 74]. Intriguingly, as demonstrated in publication 5 [81], mice also suffer from more
severe acute experimental colitis in case of global deletion of ENTPD2 or ENTPD3, although

neither of the enzymes is found on immune cells.

Both ecto-nucleotidases have been known to be present in the nervous system [43].
ENTPD2 is expressed in taste bud cells, neural progenitor cells, in the hippocampus and in
glial cells of the peripheral nervous system [59, 132-134]. ENTPD3 is also found in the
central and peripheral nervous system, for example in nociceptors [121, 135]. The roles of
both enzymes within the nervous system have not been fully explained. Some of the initially
presumed functions, based on their expression patterns and enzyme kinetics, were actually
later questioned, such as the role of ENTPD2 in eye formation [136], or the regulation of
nociception in mice [137]. Furthermore, global knockout mice for both enzymes have been
available to researchers for several years, and no study has yet been published that reports

a major disruption of neurological functions in these mice.

With regards to the enteric nervous system, neither ecto-nucleotidase had previously been
studied in detail. In our study, the expression patterns of both enzymes in the nerve and glial
cells of the intestinal wall were similar with a broader expansion of ENTPD2 positive cells
into the submucosa and lamina propria [81]. We subjected both Entpd2 and Entpd3 null mice
to DSS to induce colitis. Entpd2 null mice displayed significantly more severe colitis and
Entpd3 null mice significantly more intestinal bleeding, when compared to wild type mice.
Intestinal wall macrophages had a more pro-inflammatory phenotype in Entpd2 null mice.
Other studies had revealed the interplay between the enteric nervous system and immune
cells in the pathogenesis of inflammatory bowel disease [138]. We interpreted our findings as
ENTPD2-mediated polarization of enteric macrophages towards a regulatory phenotype,
which would explain its protective role in colitis. The stronger phenotype of ENTPD2
compared to ENTPD3 may be explained by the slight differences in localization, with
ENTPD2 expression more abundant in immune-cell-rich areas closer to the mucosa.
Furthermore, a recent study could establish a direct link between glial cells and enteric
macrophages in experimental colitis [139]. The same authors corroborated our own findings
of ENTPD2 mediated protection from experimental colitis and could additionally show a gut
barrier dysfunction in Entpd2 null mice with colitis as well as a lower density of myenteric
neurons [140]. The latter may be due to ENTPD2 mediated control of neural proliferation
[141].
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To test a potential translation of our findings from animal models to human disease, we also
examined ENTPD2 and ENTPD3 expression in human intestinal tissues, both healthy and
inflamed, and saw a very similar constellation to mice. We further performed enzyme activity
tests in the plasma of patients with Crohn’s disease and could demonstrate elevated plasma
ADPase activity, most of which was sensitive to POM6, an inhibitor of ENTPD2 and
ENTPD3. Both POM1 (CD39 associated) and POM6-sensitive ADPase activity were lower
with higher Crohn’s disease activity [81]. Although we cannot prove which cells or particles
are the origin of this blood-borne ADPase activity, we have previously shown that cellular
microparticles are abundant in human plasma and carry ecto-nucleotidases with quantifiable
enzyme activity [142], suggesting an increased shedding of ENTPD-positive microparticles

from destroyed intestinal wall layers in inflammatory bowel disease.

4, SUMMARY

Liver cirrhosis, known to increase intra- and postoperative complications after hepatic
resection, has always been considered a limiting factor by the liver surgeon. Minimally
invasive surgery, including laparoscopic and robotic techniques, is becoming the standard
approach and seems to benefit cirrhotic patients especially. We analyzed the effect of
hepatic inflow occlusion in minimally invasive liver resection in patients with HCC and
cirrhosis, and found no increase in complications or liver failure. While clinical studies like
these need to accompany the development of new surgical techniques to re-evaluate risks
for individual patient groups, and keep cirrhotic patients from being excluded from optimal
treatments, it is also crucial to better understand the underlying mechanisms regulating

inflammation, fibrosis and cirrhosis.

Acute inflammation of the gut or the liver, caused by toxic, infectious or metabolic triggers, is
usually self-limited and leads to restitutio ad integrum. If the inflammatory stimulus persists,
chronic inflammation can ensue. In the gut, chronic inflammatory bowel disease is
characterized by recurrent episodes of enteritis and increased risk of cancer. In the liver,
chronic inflammation, as seen in alcoholic or non-alcoholic fatty liver disease, viral hepatitis
or auto-immune hepatitis, leads to liver fibrosis, and eventually liver cirrhosis with a risk for
organ failure and cancer. Inflammation and its resolution are finely regulated by a multitude
of interconnected signaling pathways, including purinergic signaling. Signal transmitters are
extracellular nucleotides and nucleosides, such as ATP, a pro-inflammatory “danger signal”
and adenosine, an immunoregulatory and pro-regenerative stimulus. The balance between
ATP and its derivate adenosine is regulated by a group of cell-surface localized enzymes,
ecto-nucleotide triphosphate diphosphohydrolases (ENTPD). CD39 (ENTPD1) is located on
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immune cells and leads to their immunoregulatory differentiation. ENTPD2 and 3 are similar
enzymes that are expressed on portal fibroblasts and pericytes, and on endocrine and
exocrine tissues, respectively. Both enzymes are also strongly expressed in nerve and glial

cells.

In the presented research project, different experimental models of acute and chronic,
intestinal and hepatic inflammation were performed using mice with global or targeted
deficiency for CD39, ENTPD2 or ENTPD3. These studies confirmed the central role that
these ecto-enzymes play as a “switch” turning a local micro-milieu into an immunoregulatory
environment. Macrophage-expressed CD39 was found to alleviate sclerosing cholangitis and
biliary fibrosis. ENTPD2, while not affecting liver regeneration after partial hepatectomy,
attenuates acute necrotic liver injury and liver fibrosis. ENTPD2 and, to a lesser extent
ENTPD3 have protective properties in experimental colitis, most likely due to their expression

on the enteric nervous system.

Taken together, these findings expose the crucial role that CD39 and other ENTPD play
through modulating purinergic signaling in creating an immunoregulatory microenvironment
in gut and liver. These insights contribute to a better understanding of inflammation and anti-

inflammatory medication in autoimmune diseases of liver and intestine.
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