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Abstract

Cytoprotection by activated protein C (aPC) following ischemia-reperfusion injury (IRI) is
associated with apoptosis inhibition. However, IRl is hallmarked by inflammation and
hence conceptually cell-death forms disjunct from immunologically silent apoptosis are
more likely to be relevant. As pyroptosis, cell death resulting from inflammasome
activation, is typically observed in IRl we speculated that aPC ameliorates IRI by
inhibiting inflammasome activation. Here we analyzed the impact of aPC on
inflammasome activity in myocardial and renal IRI. aPC treatment reduced infarct size
and NIrp3 inflammasome activation in mice. Kinetic in vivo analyses revealed that
inflammasome activation preceded myocardial injury and apoptosis. The constitutively

active Nlrp3"%%

mutant abolished aPC’s protective effect, demonstrating that Nirp3
suppression is required for aPC-mediated protection from IRI. In vitro aPC inhibited
inflammasome activation via PAR-1 and mTORC1 signaling. Inhibiting PAR-1 signaling
abolished aPC'’s ability to restrict inflammasome activity and myocardial infarction, while
specifically inhibiting aPC’s anticoagulant properties did not impair aPC’s effect on
inflammasome activation. Targeting biased PAR-1 signaling via parmodulin-2 restricted
inflammasome activation and limited myocardial IRI. aPC’s renal tissue protective effect
was likewise dependent on NIrp3 inflammasome suppression. These studies reveal that
aPC protects from IRI by restricting mTORC1 dependent inflammasome activation and
that mimicking biased aPC-PAR1 signaling using parmodulins may be a feasible

therapeutic approach to combat IRI.

Keywords: Inflammasome, caspase-1, caspase-3, ischemia reperfusion injury,

myocardial infarction, mTORC.



Bibliographische Beschreibung

Sumra Nazir; M.Sc., M.Phil. Cytoprotective activated protein C averts NIrp3
inflammasome induced ischemia reperfusion injury via mTORCL1 inhibition — 2018. —
100 BI., 21 Abb., 2 Tab.

Kurzreferat

Es war bei Beginn der Arbeiten bekannt, dass der zytoprotektive Effekt von aktiviertem
Protein C (aPC) bei einer Ischamie-Reperfusions-Schaden (ischemia-reperfusion injury,
IRI) mit einer Apoptosehemmung assoziiert ist. Da die IRl jedoch durch eine
Entziindung gekennzeichnet ist, sind konzeptionell entztindliche Zelltodformen eher von
pathogenetischer Relevanz. Auch die Pyroptose, eine Zelltodform nach Inflammasom-
Aktivierung, ist mit einer IRl assoziiert. Daher stellten wir die Hypothese auf, dass fur
den zytoprotektiven Effekt von aPC nach IRI die Hemmung des Inflammasoms relevant
ist. Diese Hypothese untersuchten wir im Kontext der myokardialen und renalen IRI.
Eine aPC-Behandlung vor oder nach Myokard-IRIl reduzierte die InfarktgréRe und
Inflammasom-Aktivierung in Mausen. Kinetische in-vivo-Analysen zeigten, dass die
Inflammasomaktivierung einer Myokardverletzung und Apoptose vorausging, was eine
pathogene Rolle des Inflammasoms nahelegt. Die konstitutiv aktive NIrp3A350V-
Mutante hob die schitzende Wirkung von aPC auf, was einen Kkausalen
Zusammenhang zwischen aPC und der Nirp3-Inhibition nahe legt. aPC inhibierte die
Inflammasomaktivierung in vitro via des PAR-1- und mTORCI1-Signalweges. Dieser
Effekt war unabhangig von den antikoagulanten Eigenschaften von aPC. Die gezielte
Aktivierung des aPC-PAR-1-Signals durch den ,biased® small-compound PAR-1
Agonisten Parmodulin-2 war ausreichend, um die mTORC1- und Inflammasom-
Aktivierung und die myokardiale IRl zu inhibieren. Die Relevanz der aPC-vermittelten
Inflammasom-Suppression nach IRl wurde in einem Model der renalen IRI bestatigt.
Diese Studien zeigen, dass aPC vor IRI schitzt, indem es die mTORC1-abhéngige
Inflammasom-Aktivierung inhibiert, und dass die gezielte Modulation des aPC-PAR1-
Signalweges durch ,biased“ Agonisten (Parmoduline) ein mdoglicher therapeutischer
Ansatz der IRI ist.

Schliusselworter:

Inflammasom, Caspase-1, Caspase-3, Myokardinfarkt, Ischamie-
Reperfusionsschadigung, mTORC.
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1 Introduction

1.1  Myocardial infarction

Acute myocardial infarction (AMI) remains one of the leading causes of hospitalization
and cardiovascular mortality worldwide. Although mortality attributable to the acute
coronary event has declined substantially with improved reperfusion therapies, long-
term morbidity has increased because of secondary heart failure in survivors of AMI.
The major cause of MI is atherosclerosis of coronary arteries. In particular
atherosclerotic plaques acquiring an unstable phenotype are prone to rupture and
subsequent thrombus formation, resulting in occlusion of the coronary artery.? The
prolonged occlusion of a coronary artery results in ischemic damage of the cardiac
tissue. While reperfusion of the diseased blood vessel is the therapeutic mainstay and
improves survival substantially, the restoration of blood flow to previously ischemic
tissue can itself induce further cardiac damage, a phenomenon known as myocardial
ischemia reperfusion injury (IRI).2 IRI triggers pronounced tissue-disruptive and sterile
pro-inflammatory responses, which compromise the cardiac functional outcome.*
Current treatment strategies for AMI are based on restoring blood flow in the coronary
artery (reperfusion) by dissolving the thrombus with fibrinolytic agents and/or
mechanical, baloon-mediated stretching of the occluded artery and implantation of an
intravascular stent. Although reperfusion strategies are successful in limiting injury to
the heart, reducing infarct size and improving overall prognosis, patients with AMI have
an increased short-term and long-term risk of heart failure, which is at least partially
attributed to the ensuing IRI. Therefore, better understanding of the pathophysiology of
myocardial IRl is a key to devise better treatment strategies for the prevention and
treatment of adverse cardiac remodeling and subsequent heart failure following

myocardial IRI.

1.2 Role of cell death in the pathogenesis of myocardial IRI

The heart is an organ with limited capacity for regeneration and repair. In addition, it is
susceptible to numerous stresses and must respond to these insults in order to adapt to

workload demands. Myocardial IRI triggers myocardial cell death within the ischemic
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zone. Distinct forms of cell death, like apoptosis, pyroptosis and necrosis, have been
associated with the progression of myocardial IRI induced cardiac dysfunction.>®
However the relative causative contribution of different forms of death to the total

cardiac cell loss and myocardial infarction following myocardial IRl remains obscure.

1.2.1 Apoptosis and myocardial IRI

Apoptosis is a form of programmed cell death that is triggered by the activation of the
caspase cascade and results in the cleavage of protein substrates and fragmentation of
DNA (Fig.1). Apoptosis which is an inflammatory silent form of cell death has been
recognized as one of the possible cell death mechanisms during myocardial IRI.%®
TUNEL-positive cardiomyocytes are frequent in the infarct area and the associated risk
area. However, the typical ultrastructural morphology of apoptosis has rarely been
detected in ischemic cardiomyocytes.’® Most of studies linking apoptosis with
myocardial IRl employed TUNEL to detect apoptotic cell death.’** However TUNEL
detects a wide range of cellular conditions, including viable cells undergoing DNA
repair, apoptosis, pyroptosis, or necrosis.’® Therefore, whether TUNEL-positive
cardiomyocytes in infarcted myocardium indeed reflect apoptotic cells has been brought

into question.

1.2.2 Inflammation and myocardial IRI

The short occlusion of the coronary arteries (< 5 min) shows little if any evidence of an
inflammatory reaction.>*® However, coronary occlusion of longer duration results in
reversible injury resulting in an inflammatory response, which is further elevated if the
ischemic tissue is re-perfused.™ The inflammatory process triggers a broad spectrum of
pathological insults that involves components of innate immunity, affecting both
cardiomyocytes and non-cardiomyocyte cells and has profound effects on the functional
deterioration of the heart.!’'® Myocardial IRl is regarded as a form of sterile
inflammation.'® Sterile inflammation is an inflammatory response triggered by sterile
stimuli including mechanical trauma, ischemia, toxins, minerals, crystals, chemicals, and
antigens but not by an infectious agent such as bacteria or virus etc (Fig.1). The

paradigm of inflammation associated with myocardial IRI involves the elimination of
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pathogenic agents, removal of cellular debris, repair of the injured myocardium, and it
contributes to cardiac regeneration. Therefore, myocardial IRl induced inflammation is
considered to contribute to the healing of the cardia wound and the formation of the
scar.’’ In this regard, therapeutic attempts aimed at reducing inflammation following
myocardial IRl has been associated with impaired healing or an increased risk of

cardiac rupture or failed to show any additional benefit in addition to standard

e 17,20
therapies.
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Figure 1: Comparative illustration of pyroptosis and apoptosis, which both trigger cell death.
Pyroptosis and apoptosis cell death pathways require activation of caspases, caspase-1/11 or caspase-
3/8/9, respectively. However, these cell death forms differ largely, both in morphology and the associated
inflammation. Pyroptosis is associated with the release of IL-1B and IL-18 and is characterized by
membrane lysis. The latter results in release of cytosolic content into the extracellular space, which act as
DAMPs (such as HMGB1, IL-1a, ATP) and further promote inflammation. On the other hand, during
apoptosis, plasma membrane integrity is maintained, apoptotic bodies are formed, and cellular contents
are not released. As myocardial infarction is associated with sterile inflammation, pyroptosis is a more
likely pathway than apoptosis in this setting, contributing to myocardial IRI.

Therefore, there is paradigm shift and researchers have agreed that excessive

inflammation following myocardial IRl impairs not only the formation of a solid scar but
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also potentiate the risk of rupture.*®**"?%?2 Thus, there is a need for a better
understanding of the cellular and molecular events associated with myocardial IRI in
order to develop more site-specific interventions that could mitigate inflammatory injury
during early reperfusion without interfering with myocardial healing.

1.3 Inflammasome

As an integral part of the innate immune system, the inflammasome is a
macromolecular protein complex which serves as a signaling platform to detect various
pathogenic and sterile stressors that regulate the activation of caspase 1 and the
production and secretion of pro-inflammatory cytokines such as IL-18 and IL-18
(Fig.2).>® Cellular stressors (e.g. mitochondrial DNA, ROS, histones) and microbial
products are collectively referred to as damage-associated molecular patterns (DAMPS)

or pathogen-associated molecular patterns (PAMPs), respectively (Fig.2).%**

Intracellular sensor molecules, which typically contain a NOD-like receptor (NIr e.g.
NIrp1, NIrp3, or Nirc4), detect appropriate stimuli and form a complex with ASC, an
adaptor protein encoded by PYCARD (PYD and CARD Domain) gene. ASC contains a
pyrin-domain and a caspase activation and recruitment-domain (CARD). Via its pyrin
domain ASC interacts with the sensor molecule, while the CARD domain interacts with
caspase-1 and initiates caspase-1 self-cleavage. Although caspase 1 has several
functions unrelated to the inflammasome, its main role in the inflammasome is to cleave
pro IL-1B and IL-18 into its their active forms, and as such, caspase 1 is also known as

the IL-1B converting enzyme(Fig.2).%

The typical activation of the inflammasome comprises two steps: priming step involves
direct engagement of Toll-like receptors (TLRs) by pathogen-associated or damage-
associated molecular patterns, resulting in the rapid activation activation of NF-kB,
which stimulates pro-IL-1B synthesis and increased expression of NIrp3. While during
the activation step the oligomeric inflammasome complex assembles, inducing

maturation of IL-18 and IL-18.%°

In contrast to apoptosis (typical programmed cell death), death by pyroptosis is

associated with cell swelling, increased membrane permeability, and cell rupture,
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leading to the extracellular release of pro-inflammatory mediators such IL-1(3, IL- 18 and

IL-10.27%0

The impairment of cell membrane integrity is mediated by gasdermin D (GSDMD), a
substrate of caspase 1, that after its cleavage forms oligomers that fragment within the
cell membrane, followed by the formation of cell membrane pores and cell dysfunction
Fig.2. %
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Figure 2: Priming and activating signals for inflammasome activation.

The priming signal involves binding of stimuli to TLRs, IL-1R or TNF-R, which triggers the translocation of
transcription NF-kB to the nucleus to synthesize Nlrp3, pro-IL-18 and pro-IL-18. The second signal
involves the NIrp3 oligomerization, along with the recruitment of the adaptor molecule ASC and pro-
caspase-1, resulting in caspaspe-1 maturation. Mature caspase-1 (as a result of auto-cleavage of pro-
caspase-1) cleaves GSDMD which is able to generate membrane pores allowing extravasation of
intracellular contents and release of mature IL-18 and IL-18.
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1.3.1 Nirp3 Inflammasome

The most extensively studied inflammasome is the NIrp3 inflammasome, which has
been shown to recognize danger signals and trigger sterile inflammatory response in
various disease including myocardial IRl and diabetic cardiomyopathy.”** Nlirp3
consists of three domains: a C-terminal with leucine—rich repeats (LRRs), a central
nucleotide domain termed NACHT domain, and an N-terminal pyrin domain (PD)
(Fig.3).

The most extensively studied inflammasome is the NIrp3 inflammasome, which has
been shown to recognize danger signals and trigger sterile inflammatory response in
various disease including myocardial IRl and diabetic cardiomyopathy.?>? Nirp3
consists of three domains: a C-terminal with leucine—rich repeats (LRRs), a central

nucleotide domain termed NACHT domain, and an N-terminal pyrin domain (PD)
(Fig.3).

NLRP3
inflammasome

pro-Caspase-1

Figure 3: NIrp3 inflammasome assembly.

NIrp3 consists of three domains: C-terminal leucine rich repeats (LRRs), a central nucleotide domain
termed NACHT domain, and an N-terminal pyrin domain (PD). Upon activation, Nlrp3 associates with the
adaptor protein ASC, which comprises a caspase recruitment domain (CARD) and a pyrin domain. The
NIrp33:ASC complex oligomerizes and binds the enzyme caspase-1, thus forming active inflammasome
complexes (NIrp3, ASC, and caspase-1). (Adapted from Anders and Muruve, 2011).
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1.3.2 NIrp3 inflammasome and myocardial infarction

NIrp3 inflammasome components ASC and caspase 1 levels have been shown to be
increased in myocardial tissues obtained from patients who had died after an acute
myocardial infarction.® Furthermore, plasma levels of Nirp3 and caspase 1 have been
linked with increasing severity of coronary artery disease (CAD).*® Caspase 1 activation
is associated with inflammation triggered cardiac dysfunction in experimental diabetic
cardiomyopathy.?®> Pathologically, various pro-inflammatory stimuli such as DMAPs or
PAPMs that bind to Toll-like receptors (TLRs) induce the expression of Nirp3 and the
other inflammasome components in resident cells such as cardiomyocytes, fibroblasts
and endothelial cells and non-resident cells such as leukocytes.®?*=° Importantly, Nirp3
inflammasome inhibition reduces infarct size, attenuates adverse cardiac remodeling,

and preserves cardiac function in animal models of myocardial IRI.>%2%%

IL-1Ra (IL-1 receptor antagonist) is an endogenous NIrp3 inflammasome inhibitor
induced during IR1.3>*3® However, its induction following myocardial IRI is insufficient to
provide full protection, which may reflect higher affinity of IL-1 for the receptor or excess
availability of IL-1Ra.*’ In agreement with this IL-1Ra levels inversely correlates with
extent of myocardial loss in patients with AMI.*® The available clinical data in patients
with AMI, together with preclinical data in animals, generate compelling arguments for
further assessment of selective NIrp3 inhibitors or other means to inhibit the Nlirp3

inflammasome.

Thus, deciphering IL-1Ra independent pathways enabling NIrp3 inflammasome
restriction is required to identify suitable therapeutic strategies to treat or prevent
myocardial infarction. Targeting the coagulation system may constitute a possible
approach to limit sterile inflammation in general and in particular activation of the Nlrp3
inflammasome, considering the well-established functions of coagulation proteases in
inflammation. However, data supporting a mechanist link between the Nirp3

inflammasome and coagulation are missing hitherto.
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1.4 Coagulation proteases

Acute myocardial infarction is caused by thrombotic occlusion of a coronary artery after
disruption of an atherosclerotic plague. Thrombogenic factors from the plaque promote
platelet activation, adhesion and aggregation, as well as activation of the coagulation
cascade.®®* The coagulation cascade has two initiation pathways which result in
thrombin activation, which subsequently results in fibrin formation and platelet
activation, forming a hemostatic plug and thus stopping bleeding. The initiation
pathways are the contact activation pathway (also known as the intrinsic pathway) and
the tissue factor pathway (also known as the extrinsic pathway). Both coagulation
pathways activate the "final common pathway" comprising factor X and prothrombin

activation. Thrombin then cleaves fibrinongen and activates platelets (Fig.4).3%4°

Coaqulation cascade

intrinsic Pathway extrinsic Pathway
fXlla

tissue damage

fXla ;
IXa/Vllla <= TF/Vlla

\/

Xa/Va

' S

Prothrombin == Thrombin

' =

Fibrinogen ==p Fibrin
Blood clotting

Platelet activation

Figure 4: The coagulation cascade.

The coagulation cascade comprises two partially interacting activation pathways, the intrinsic and the
extrinsic pathway. The intrinsic pathway is initiated by sequential activation of coagulation factors XllI, Xl
and IX. FXlla converts FXI into FXla. Factor Xla activates FIX. FIXa interacts with its co-factor FVllla,
yielding the tenase complex, which activates FX to FXa, thus initiating the common coagulation pathway.
The extrinsic pathway is activated following damage to the blood vessel. Upon loss of vascular integrity
FVIl is able to interact with extravascular tissue factor (TF). Within the TF-FVII complex FVII is activated.
The TF-FVlla complex activates FX to FXa. Within the common coagulation pathways FXa and its co-
factor FVa form the prothrombinase complex, which activates prothrombin to thrombin. Thrombin
converts fibrinogen to fibrin and activates platelets, which together from a hemostatic plug.
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Both prothrombin fragment 1+2 (F1+2), reflecting the thrombin generation, and D-dimer,
reflecting fibrin formation and degradation, are elevated in acute myocardial infarction.
These markers remain elevated for several months after the acute event.** In the Acute
Coronary Syndrome-Thrombolysis in Myocardial Infarction 51 (ATLAS ACS 2-TIMI 51)
trial, the direct oral anticoagulant rivaroxaban reduced the risk of new ischemic events
when compared with placebo in myocardial infarction patients.***® In addition treatment
with anti-platelet drugs has been shown to reduce both the acute and long-term risk of

new ischemic events after a myocardial infarction.****

Thrombin has a large variety of functions, in addition to the conversion of fibrinogen to
fibrin, which is important for the hemostatic plug. Importantly, it activates Factors Vi
and V (feedback amplification) and — after binding to thrombomodulin — the
anticoagulant protein C (for feedback inhibition), thus adding an additional level of

control to the coagulation cascade.*

1.4.1 Thrombomodulin protein C (TM-PC) system

Thrombomodulin (TM), a cell surface-expressed glycoprotein, is predominantly
synthesized by vascular endothelial cells.*>*® TM is consists of a single chain with six
tandemly repeated EGF-like domains, a Serine/Threonine-rich spacer and a
transmembrane domain. It binds to thrombin by the fourth and fifth EGF- like domains,
forming a 1:1 complex. Upon binding to TM, thrombin acquires a new substrate
specificity, becoming a potent activator of the zymogen protein C (PC). Protein C is
activated on the endothelial surface by the thrombin-thrombomodulin complex to yield
activated protein C (aPC), a natural anticoagulant that limits thrombin production.

The epithelial protein C receptor (EPCR) plays a role in accelerating the activation of
protein C by binding protein C and moving it closer to the thrombin-thrombomodulin
complex. The activation rate of PC by the thrombin-TM complex is approximately 1000-
fold greater than the rate measured for a-thrombin in the absence of TM, and is further
augmented ~10-20-fold if the PC is bound to EPCR. The Gla-domain of PC mediates
binding to membrane-proximal regions of EPCR.*"° In addition to the augmentation of

PC-activation, EPCR is important for aPC’s anti-apoptotic and anti-inflammatory
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functions. aPC dissociates from EPCR and is released into plasma, where it

interacts with plasma inhibitors of serine proteases, such as protein C inhibitor (PCI).

aPC in the plasma is inactivated with a half-life of about 20 min.>*>°

1.4.2 Anticoagulant properties of aPC

The anticoagulant activities of aPC are primarily based on irreversible proteolytic
inactivation of factors Va and Vllla. Cofactors involved in the inactivation of factor Va
and FVllla include protein S, glycosphingolipids (e.g. glucosylceramide), anionic
phospholipids (e.g. phosphatidylserine, cardiolipin) and high-density lipoprotein.>” aPC
inactivates factor Va by proteolysis at Arg506 and Arg306. Initial cleavage at Arg506
causes the partial inactivation of factor Va, whereas secondary cleavage at Arg306
results in the complete loss of FV procoagulant function. Proteolysis at Arg306 of FVa is
accelerated ~20-fold by presence of cofactor protein S. Cleavage at Arg506 is protein S
independent. Proteolysis of FVIII by aPC occurs at Arg 336 and Arg562. Cleavage of
either Arg336 or Arg562 results in complete loss of FVIII procoagulant function.®®
Clinical importance is illustrated by the FVL mutation (R506Q) and further mutations of

the FV-gene as risk factors for thrombosis.>**°
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Figure 5: Thrombin-TM mediated protein C activation system and signaling pathways.

Thbd, thrombomodulin; PC, protein C; lla, thrombin; EPCR, endothelial protein C receptor; aPC, activated
protein C; PAR-1, protease activated receptor-1; ApoER2, apolipoprotein E receptor 2; S1P1,
Sphingosine-1-phosphate receptor 1; Tie2, angiopoietin receptor; Angl, angiopoietinl. See text for
details.
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1.4.3 Cytoprotective and anti-inflammatory function of the aPC

In addition to its anticoagulant function, aPC — frequently in association with EPCR —
conveys cyto-protective signaling through cleavage of protease-activated receptors
(PARs).®%? The cyto-protective effects of aPC includes (1) endothelial barrier
stabilization, (2) anti-apoptotic properties, (3) anti-inflammatory activity, and (4)

alterations of gene expression profile (Fig. 5).%%°°

aPC mediated anti-inflammatory
effects include inhibition of NF-kappa B (NF-kB) and reduced expression of cell
adhesion molecules (ICAM, VCAM), reduced leukocyte extravasation at site of injury,

and inhibition of the release of inflammatory cytokines (TNF-a, IL-1B, IL-6, and IL-8).%¢%°

Consistent with this, the inhibition of activated protein C increases inflammatory
cytokine levels, endothelial cell injury and leukocyte extravasation in response to
endotoxin. These effects are reversed upon infusion of aPC.*® However the mechanism
underlying aPC’s anti-inflammatory function is not clear. NF-kB mediated NIrp3
inflammasome activation is a central molecular mechanism promoting inflammatory
responses.”® As aPC is known to prevent NF-kB activation we speculated that aPC
targets NIrp3 inflammasome activation pathway to limit inflammation. Mechanisms
underlying the potential inflammasome inhibition by aPC remain unknown, but most

likely are dependent on aPC-dependent signaling via protease activated receptors.

1.4.4 Protease activated receptors biased signaling

Protease activated receptors (PARs) are a family of G-protein coupled receptors
(GPCRs) that are ubiquitously expressed and regulate physiological and pathological
processes in various organs including heart.”* These receptors are activated by
proteolytic cleavage of their extracellular N terminus, resulting in the formation of a new
N terminus that serves as a tethered ligand. The tethered ligand folds back into the
ligand-binding pocket of the receptor, initiating signaling. The cytoprotective function of
aPC is generally mediated by the cleavage of PAR-1 in the presence of EPCR (Fig.
5).”> Furthermore, various other co-receptors like PAR3, sphingosine-1-phosphate

(S1P) receptor 1 (S1P1), Mac-1, Tie2, and/or other receptors complement aPC
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signaling via PAR-1 in a cell- and context-specific fashion (Fig. 5) °"*®*"*"® PARs are

known to be activated by canonical and non-canonical cleavage.

Thrombin cleaves PARs at the canonical cleavage site (PAR1 at Arg4l and PAR3 at
Lys38), unmasking the tethered ligand domain, which binds to the second extracellular
loops of the cleaved receptors.”™"""® Activated PARs t couple to multiple G protein-
dependent and B-arrestin-dependent signaling pathways.®>’® aPC cleaves the PARs at
sites distinct from the canonical cleavage site, (PAR1 at Arg4d6 and PAR3 at Arg41l)
which unmasks a different tethered ligand. It is thought that the binding of the specific

tethered ligand activates distinct and specific signaling pathways.’*"®

The phenomenon that multiple ligands bind to the same GPCR and elicit disjunct
signaling events is referred to as biased signaling.2® Some proteases such as elastase
that cleave PARs do not reveal tethered ligands, suggesting that proteolysis alone may
activate the receptor. Additionally cathepsin G cleaves PARs but generates an inactive

tethered ligands, thereby disarming its proteolytic activation.”*

New approaches aiming to prevent side effects of orthostatic PAR1 inhibitors, which
interact at the ligand-binding site and block all signaling via PAR1, have led to the
development of several allosteric PAR1 inhibitors. These inhibitors target PAR1 at its
cytoplasmic domain and selectively block certain signaling events. For example, specific
inhibition of Gaq signaling using pepducins and parmodulins spares the cytoprotective
pathways induced by aPC (Fig. 6).%*% Parmodulin-2 mediated PAR1 biased agonism
preferentially blocks Gag and allows Gaiziz signaling (Fig. 6). However, any in vivo

relevance of biased PAR1 signaling is lacking.
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Figure 6: Parmodulin mediated PAR1 biased agonsim.

PAR1 cleavage by aPC leads to cytoprotective signaling. Orthostatic PAR1 inhibitors inters at the ligand-
binding site and block all signaling from PAR1 (left). Parmodulins bind at the cytoplasmic domain of the
PAR-1 and selectively block Gaq signaling, sparing the cytoprotective pathways induced by aPC (right).

1.4.5 Activity-selective aPC variants

Given aPC's strong anti-inflammatory properties human recombinant aPC received
approval for sepsis treatment, but was eventually withdrawn from the market, partially
due to its intrinsic anticoagulant properties and its failure to replicate previously reported
efficacy.”®’® Protein engineering enabled the generation of aPC mutants that allow
more specific studies of the mechanism of action for aPC's multiple activities, and

provide safer and more effective aPC mutants with reduced bleeding risk (Fig. 7).

Protein engineering approaches for aPC were built upon the assumption that the
enzymatic substrates (factors Va and Vllla versus PAR1/PAR3) and aPC’s cofactors
(phospholipids/protein S versus EPCR) for its anticoagulant and cytoprotective activities
require different structural domains of PC. Thus, a positively charged extended surface
involving multiple polypeptide loops on aPC is essential for its interactions with its

substrate factor Va (Fig. 7). °"%284
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Figure 7: Structural illustration of human aPC highlighting different residues involved in mediating
the cytoprotective and anticoagulant functions.

The light chain comprises the Gla-domain and EGF domains 1 and 2. The heavy chain forms the
protease domain with the catalytic center triade Ser360-Asp257-His211 (red). The last residue of the light
chained resolved in crystal structures is E149 (green). Alanine substitution of this residue enhances
aPC’s anticoagulant activity, but diminishes it’s capacity to signal via the EPCR-PAR1 axis. Mutations of
L8 or L38 (purple) in the Gla-domain abolish the interaction with EPCR or protein S, respectively. The
RGD motif in the heavy chain (orange) binds 1 and (B3 integrins. Alanine substitutions of positively
charged lysine and arginine residues constituting the fVa interaction site (magenta) largely eliminate
anticoagulant functions, without affecting the cytoprotective functions of APC. The same effect is obtained
after constraining the structure of this exosite by introducing an artificial disulfide bond between R222 and
D237 (dark blue). (Adpated from Hartmut Weiler, Hamostaseologie; Aug;31(3):185-95.2011).

As this factor Va exosite on aPC is not required for the interaction with PAR1, mutating
these specific positive residues to alanine decreased aPC’s anticoagulant activity yet

retained normal cytoprotective activities (Fig. 7).

Cytoprotective-selective aPC mutants include RR229/230AA-aPC, 3K3A-aPC (KKK191-
193AAA), 5A-aPC (the combination of 3K3A-aPC with RR229/230AA-aPC), R193E-
APC, and Cys67-Cys82-APC (R222C/D237C)."*® Anticoagulant-selective aPC mutants
display impaired EPCR binding following mutation of the Gla domain (L8W, L8V) °>"758¢,
an exosite for PAR1 on aPC (E330A and E333A)"®®’ or the C-terminus of the aPC light

chain (E149A-APC).®® These mutants have impaired aPC cytoprotective activities.
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Cytoprotective 3K3A-aPC is currently undergoing phase-II clinical evaluation for stroke
(NCT02222714).” It is conceivable, but remains to be shown, that cyto-protective
selective aPC variants protect against ischemia reperfusion induced myocardial

infarction.

1.5 aPC’srolein myocardial IRI

Patients with ST-elevation myocardial infarction (STEMI) and / or cardiogenic shock
have decreased circulatory levels of aPC and increased inflammation, associated with
increased mortality.®>®® The role of inflammation, mTOR signaling and coagulation
proteases in myocardial IRl is well established, but whether these systems are

91,92

mechanistically linked remains unknown. aPC is an important endogenous inhibitor

of inflammation and in regard to myocardial IRl several studies demonstrated
cardioprotection by aPC, which has been linked with apoptosis inhibition.**1#93-9
However, apoptosis is less likely to promote myocardial IRI than other cell death forms
associated with inflammation, such as pyroptosis.?”?*3°3" Considering the close
association of myocardial IRl — as well as other forms of IRl — with a strong sterile
inflammatory response and the anti-inflammatory properties of aPC we hypothesized
that aPC protects from myocardial IRl and other forms of IRI by restricting NIrp3

inflammasome activation.

1.6 mTOR signaling

Mammalian target of rapamycin (mTOR) is serine/ threonine protein kinase and consists
of two multi-protein complexes, mTOR complex 1 (mMTORC1) and mTOR complex 2
(MTORC2).”” mTORC1 stimulate protein synthesis, cell growth, autophagy, and stress

responses, whereas mTORC2 appears to regulate cell survival and polarity.

Both complexes of mMTOR share the same catalytic subunit, mammalian lethal with sec-
13 protein 8 (MLST8, which is also known as GbL), DEP domain containing mTOR-
interacting protein (DEPTOR) and the Ttil/Tel2 complex. The regulatory-associated
protein of mammalian target of rapamycin (raptor) and proline-rich Akt substrate 40 kDa

(PRAS40) are specific to mTORC1, whereas rapamycin-insensitive companion of

27



mTOR (rictor), mammalian stress-activated map kinase-interacting protein 1 (mSinl)

and protein observed with rictor 1 and 2 (protor1/2) are only specific for mMTORC2.

A variety of signals including insulin and growth factors activate mTORC 1 by interacting
with GTP bound form of Rheb which is considered to be a vital activator of mMTORCL1.
The negative regulator of MTORCL1 is a heterodimer protein complex of tuberous
sclerosis complex 1 (TSC1; also known as hamartin) and tuberous sclerosis complex 2
(TSC 2; also known as tuberin). TSC1 is a pivotal inhibitor of mMTORC1 and its
deficiency causes constitutive mTORCL1 activation (Fig. 8). Upon activation mTORC1
activates p70 ribosomal protein S6 kinase (p70S6K) and eukaryotic initiation factor 4E
(elF4E)-binding protein (4EBP) which regulate protein translation (Fig. 8).%

Pharmacological inhibition of mTORC1 has been shown to limit ischemic injury in an

animal disease of acute®>'®

and chronic myocardial IR1.1°'%2 This was associated with
reduced infarct size and improved cardiac function.’®® In this regard a recent study has
shown that mTORCL1 inhibition limits NIrp3 inflammasome activation in bone marrow

derived macrophages (BMDMs).*%

MTORCL1 signaling can be restricted by activation of
AMP-activated protein kinase (AMPK) .'°* Intriguingly, aPC-mediated protection
following myocardial infarction has been linked with AMPK activation.'® As the
regulation of mMTORC1, AMPK, and NIrp3 activation are mutual, we hypothesize that
aPC conveys myocardial protection by concurrently regulating mTOR, AMPK and NIirp3

signalling.
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Figure 8: The schematic illustrations of the mTORCL1 pathway.
MTOR complex 1 (MTORC1) is composed of mTOR, Raptor, GBL, and DEPTOR and is inhibited by

rapamycin. It is a master growth regulator that senses and integrates diverse nutritional and
environmental cues, including growth factors and cellular stress. It promotes cellular growth by
phosphorylating substrates that potentiate anabolic processes such as mRNA translation and lipid
synthesis, or limit catabolic processes such as autophagy. The small GTPase Rheb, in its GTP-bound
state, is a necessary and potent stimulator of mMTORC1 kinase activity, which is negatively regulated by its
GAP, the tuberous sclerosis heterodimer TSC1/2. Most upstream inputs are funneled through Akt, AMPK

and TSC1/2 to regulate the nucleotide-loading state of Rheb.



2 Aim of the study

Amelioration of myocardial IRl by aPC has been associated with reduced apoptosis, an
immunologically silent form of cell death. However, myocardial IRI is strongly associated
with inflammation and hence we speculated that inflammasome activation might be the
leading pathomechanism. We first aimed at studying the kinetics of the NIrp3
inflammasome and apoptosis activation following myocardial IRI. A function of NIrp3
inflammasome is increasingly recognized in myocardial IRI. However, whether Nirp3
inflammasome activation is the culprit remains obscure. Furthermore, whether
inflammasome suppression is the primary mechanism underlying aPC’s protective
effects and the relative contributions of cyto-protective versus the anti-coagulant
properties of aPC following myocardial IRl have not been studied. The underlying
mechanism through which aPC may restrict NIrp3 inflammasome activation, the
receptors involved, and the relevant cell types remain likewise subsequently unknown.
PARs are known to be elevated in myocardial IRl and demonstrate pleiotropic effects
and — depending on the activator and co-receptors involved can convey cell-damaging
or cell-protective effects. Thus, whether PAR1 biased agonism using parmodulins is
sufficient to mimic aPC’s effect to limit inflammasome activity and to convey
cardioprotection in myocardial IRl has been not investigated previously. Addressing
these questions is expected to provide new insights into potential innovative therapeutic

approaches to myocardial IRI.

We therefore aimed to study (A) the pathogenetic role of inflammasome versus
apoptosis, (B) the primary mechanism underlying aPC’s cyto-protective effects in
myocardial IRI, (C) the role of PAR1 biased signalling in myocardial IRI, and (C) the
mechanistic relevance of mMTORCL1 in myocardial IRI.

Considering recent data showing that inflammasome activation contributes to IRI in
other tissues, including the kidney, we inferred that suppression of inflammasome by
aPC may have implications beyond myocardial IRI. To this end we aimed to study role

of aPC and the Nlrp3 inflammasome in renal IRI.
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3 Material and methods:

3.1 Reagents:

Table 1: List of reagents used in current study.

REAGENTS SOURCE CATALOGUE #
NIrp3 Santa Cruz Biotechnology #sc-66846
NIrp3 Cell Signalling Technology #15101
Caspase-1 Santa Cruz Biotechnology #sc-56036
Caspase-1 Merck Millipore #AB1871
IL-18 Boster Immunoleader #PA1351
Caspas-3 Cell Signalling Technology #9662S
Caspase-7 Cell Signalling Technology #9492S

Bax Cell Signalling Technology #2772S
Raptor Cell Signalling Technology #2280

HK-1 Cell Signalling Technology #2024

P70 S6 Cell Signalling Technology #9202
Phospho-p70 S6 Cell Signalling Technology #9234

TSC-1 Cell Signalling Technology #4906

KIM-1 Abcam #ab47635
GAPDH Sigma-Aldrich #G8795
Rabbit IgG Cell Signalling Technology #7074

Mouse IgG Abcam #ab6728
Caspase-11 Cell Signalling Technology #14340
IRAK-1 Cell Signalling Technology #4504

Rictor Cell Signalling Technology #2140

EPCR R & D systems #AF2749
ApoER2 Novus Biologicals #NB100-2216
CD11b Novus Biologicals #NB110-89474SS
S1P1 Merck Millipore #MABC94
Texas Red-conjugated Vector Laboratories #T1-1000

anti-mouse
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FITC-conjugated anti- Vector Laboratories #F1-1000
mouse
Tamoxifen Sigma-Aldrich #T5648
LPS Sigma-Aldrich #LPS25
ATP Sigma-Aldrich #A2383
PAR-4 (Blocking antibody) | Santa Cruz Biotechnology #SC-8461L
EPCR (mAb 1560; | Dr. Charles T. Esmon
Blocking antibody) Laboratory of Coagulation Biology,

Oklahoma Medical Research

Foundation, Oklahoma City, United

States.
HAPC 1573 Dr. Charles T. Esmon

Laboratory of Coagulation Biology,

Oklahoma Medical Research

Foundation, Oklahoma City, United

States
Parmodulin-2 Dr. Chris Dockendorff, Dept. of

Chemistry, Marquette University,

Milwaukee, WI, USA
3K3A-aPC Dr. John H. Griffin, Department of

Molecular Medicine, The Scripps

Research Institute, La Jolla, CA,

USA
Plpal-12S Genescript #RSLSSSAVANRS
Gelatin Sigma-Aldrich #G1393
Pancreatin Sigma-Aldrich #P3292
Collagenase Type II Worthington #L.S004176
MEPCR shRNA GE Dharmacon #19124
MApPOER2 shRNA GE Dharmacon #16975
CalPhos Mammalian | Takara-Clonetech #631312
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Transfection Kit

cDNA synthesis Kit

Invitrogen

#18080051

S1P1 Antagonist

Tocris

#3602

NIF (CD11b) Antagonist

R&D systems

#5845-NF-050

FLICA™ Caspase-1
activity assay kit

ImmunoChemistry
LLC

Technologies,

#97

mouse IL-1beta ELISA kit | R&D Systems #MLBOOC
mouse IL-18 ELISA kit Medical & biological laboratories co., | #7625

Ltd
TTC Sigma-Aldrich #T8877
RPMI 1640 Sigma-Aldrich #R0883
Trypsin-EDTA Thermo Fisher Scientific #2500-054
Penicillin/Streptomycin Thermo Fisher Scientific #15140-122
HEPES Thermo Fisher Scientific #15630-056
Pierce™ BCA protein | Perbio Science #23227
assay kit
Vector shield mounting | Vector Laboratories #CA94010
medium with DAPI
PVDF membrane Merck Millipore #IPVHO00010
Immobilion™ Merck Millipore #WBKLS0500
chemiluminescent  HRP
substrate
Powdered milk CARL ROTH #T145.2
Albumin fraction CARL ROTH #8076.2
Rotiphorese® Gel CARL ROTH #3029.1
Medium 199 Thermo Fisher Scientific #3115002
Horse serum Thermo Fisher Scientific #26050088
Trizol Reagent Life Technologies #15596018
Phosphate Buffer Saline Thermo Fisher Scientific #10-010-031
(PBS)
Rompun 2% Bayer 770-081
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Ketamine Beta-pharm 798-744
Tween-20 CARL ROTH #9127.1
2-Propanol CARL ROTH #CP41.1
HBSS Thermo Fisher Scientific #14025-050
DMEM Sigma-Aldrich #D6429
Paraformaldehyde Thermo Fisher Scientific #P128908
Turbofect transfection kit | Thermo Fisher Scientific #R0531
Protease Inhibitor Cocktail | Roche Diagnostics #11 836 153 001
3.2 Mice

PAR2-/- , PAR3-/-, NIrp3-A350V and RosaERT Cre mice were obtained from the
Jackson Laboratory (Bar Harbor, Me). PAR1-/- mice were kindly provided by Eric
Camerer (Paris, France). In the current study we used littermates which have been
backcrossed for at least 10 generations on a C57BL/6 or C57BL/6J background,
respectively. Wild type mice (C57BL/6) were obtained from Janvier Lab (France). Only
male mice were used throughout this study. All animal experiments were conducted
following standards and procedures approved by the local Animal Care and Use

Committee (Landesverwaltungsamt Halle, Germany).

3.2.1 Myocardial ischemia reperfusion injury model

All mice were anesthetized with sodium ketamine (100 mg/kg body weight, i.p.) and
xylazine (10 mg/kg body weight, i.p.). In preliminary experiments we determined that
equal dosing was required and sufficient for the different genotypes. After endotracheal
intubation ventilation was performed using 0.3 L/min of oxygen and 1.5 %isoflurane.
Mice were placed on a 37°C thermostatically controlled operating platform. The surgery
procedure did not differ among the groups. A left parasternal incision was made
between the third and fourth ribs. The epicardium was removed to expose the heart.
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The left anterior descending (LAD) artery was ligated using an 8-0 silk suture.
Myocardial ischemia reperfusion injury (IRI) was induced by cautiously tightening the
ligature around LAD. After LAD ligation the wound was temporally closed using a tape.
After 90 min of ischemia the ligation was removed to restore blood flow through the LAD
artery. Recovery of blood flow was visually ensured (as indicated by a reddish color).
The chest was closed with continuous 4-0 polypropylene sutures. All animals received
subcutaneous analgesic (buprenorphine 0.1 mg/kg) post-surgery. Mice were placed in a
temperature controlled (~35°C) environment during the recovery phase and were
regularly inspected. After full recovery animals were returned to their cages with free
access to food and water. No differences in the recovery time between the different
genotypes were noticed. Sham surgery consisted of an identical procedure without LAD
ligation. After 24 hr of reperfusion animals were sacrificed. Blood samples were
obtained from the inferior vena cava and the heart was isolated for further analyses.
Different mice were used for infarct size determination and for protein expression.

The overall goal of this procedure is to temporarily occlude blood flow into portion of the
heart to produce IRI to mimic a myocardial infarct.

3.2.2 In vivo intervention studies

For the myocardial IRl model (LAD ligation for 90 min followed by 24 hr of reperfusion)

mice were either injected with PBS (control, equal volume, i.p.), aPC (Img/kg, i.p.)*®,

aPC-HAPC1573 complex (aPC was pre-incubated before injection with HAPC1573

antibody at a 1:1 molar ratio for 10 min under gentle agitation to block its anticoagulant

106,107

activity) , an aPC variant lacking specifically anticoagulant function (3K3A-aPC,

1mg/kg, i.p.)%'%, the inhibitory PAR-1 pepducin (Plpal-12S; 2.5mg/kg,

109111 o1 parmodulin-2 (5mg/kg, i.v.)

subcutaneously) followed by aPC (1mg/kg, i.p.)
30 min prior to myocardial IRI. A subset of mice were treated with PBS (control, equal
volume, i.p.) or aPC (1mg/kg, i.p.) 30 min after starting reperfusion. In renal IRI
experiments (bilateral renal pedicle occlusion, 30 min followed by 24 hr of

81,82

reperfusion) mice were either injected with PBS (control, 1mg/kg, i.p.) or aPC

(Img/kg, i.p.) 30 min prior to IRI. For generation of NIrp3 gain of function mutant mice,
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we crossed mice containing an inducible NIrp3 gain of function mutant (NIrp3A350V
LoxP/LoxP, LoxP-Cre-recombinase dependent expression of the constitutively active
NIrp3A350V mutant) with mice ubiquitously expressing inducible Cre-recombinase
under the control of the estrogen receptor T2 (RosaCre-ER'™), yielding NIrp3A350V
LoxP/LoxP y RosaCre-ER'™ mice (thereafter referred to as NIrp3V-ER mice). Nirp3V-ER
mice were treated with tamoxifen (5 mg/kg in an ethanol: sunflower oil solution 1:9;
i.p.)*® daily for 5 days to induce expression of the mutant gene. 24 h after the last

tamoxifen injection mice were subjected to myocardial IRl or sham surgery.

3.2.3 Determination of Myocardial Infarct size

After 24 hours of reperfusion, animals were sacrificed and hearts were removed for
further analyses. Fresh hearts were cut into 5 slices beginning from the tip of the heart
upto the level where the ligature was set. Heart slices were dropped into tubes
containing 1% TTC solution and were kept on a heating plate at 37 °C for 5 minutes.
The slices were then fixed in 10% formalin solution and incubated for 10 minutes at
room temperature (RT). Photos of heart slices were taken using digital camera (Nikon

D750 KIT2) and infarct area was determined using Image J software.

3.2.4 Renal ischemia reperfusion injury model

Renal ischemia reperfusion injury was induced as described.’®” All mice were
anesthetized with sodium ketamine (100 mg/kg body weight, i.p.) and xylazine (10
mg/kg body weight, i.p.). In preliminary experiments we determined that equal dosing
was required and sufficient for the different genotypes. Mice were routinely observed
during the post-operative recovery phase and no differences in the recovery time
between the different genotypes were noticed. Body temperature was maintained by
placing the mice on a 37°C thermostatically controlled operating platform. Post-surgery
mice were kept in a heated environment during the recovery phase.

The surgery procedure did not differ among the groups. Only age-matched mice were
used. Body fluid was maintained in all mice by subcutaneous administration of 300 pL
0.9% normal saline pre-operatively. After anaesthetizing the mice, midline abdominal

incision was made and both kidneys were exposed. The main renal arteries and veins
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were identified using a stereotactic microscope (Olympus, Germany), and great care
was taken to identify all vascular branches. All renal arteries and veins were then
bilaterally occluded for 30 min with non-traumatic microaneurysm clamps (F.S.T
Instruments, Germany). To help maintain thermoregulation during surgery, the intestine
was relocated and the abdomen was temporarily closed with few stitches. After 30 min
of renal ischemia the abdomen was reopened and the clamps were removed. The
kidneys were inspected for at least 1 minute to ensure restoration of blood flow (as
indicated by a pink color) and 0.5 ml of pre-warmed (37°C) normal saline was instilled
into the abdominal cavity. The abdomen was closed with continuous 4-0 polypropylene
sutures. All animals received subcutaneous analgesic (buprenorphine 0.1 mg/kg) at the
end of surgery. Mice were placed in a temperature controlled (~35°C) environment
during the recovery phase and regularly inspected. After full recovery animals were
returned to their cages with free access to food and water. Sham surgery consisted of
an identical procedure without application of the micro aneurysm clamps. Animals were
sacrificed 24h after renal ischemia reperfusion injury or sham surgery to obtain blood
and tissue samples.

3.2.5 Determination of serum BUN and creatinine

Serum BUN and creatinine were measure as described.'®”*'? Mice were anesthetized
24h after reperfusion with sodium ketamine (100 mg/kg body weight, i.p.) and xylazine
(10 mg/kg body weight, i.p.) and sacrificed. Blood samples were obtained from the
abdominal vena cava and collected into tubes pre-filled with sodium citrate (final
concentration 0.38%). Plasma was obtained by centrifugation at 2000 x g for 10 min.
Renal dysfunction was evaluated by measuring serum levels of blood urea nitrogen
(BUN) and creatinine according to the manufacturer’s instructions. Serum BUN was
measured using a kinetic test kit with urease (Roche Diagnostics, Cobas ¢501 module)
and creatinine was determined by an enzymatic based kit (Roche Diagnostics, Cobas
c¢501 module) at the Institute of Clinical Chemistry and Pathobiochemistry, medical

faculty, Otto-von-Guericke University, Magdeburg, Germany.
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3.3 Preparation of activated protein C

Activated protein C was generated as previously described with slight modifications.*’

Prothrombin complex (Prothromplex NF600), containing all vitamin K dependent
coagulation factors, was reconstituted with sterile water and supplemented with CaCl,
at a final concentration of 20 mM. The column for purification of protein C was
equilibrated at RT with 1 liter of washing buffer (0.1 M NaCl, 20 mM Tris, pH 7.5, 5 mM
benzamidine HCI, 2 mM Ca®", 0.02% sodium azide). The reconstituted prothrombin
complex was gravity eluted on a column filled with Affigel-10 resin covalently linked to a
calcium-dependent monoclonal antibody to PC (HPC4). The column was washed first
with two column volumes of washing buffer and then two column volumes with a wash
buffer rich in salt (0.5 M NaCl, 20 mM Tris, pH 7.5, mM benzamidine HCI, 2 mM Ca?",
0.02% sodium azide). Then the benzamidine was washed off the column with a buffer of
0.1 M NaCl, 20 mM Tris, pH 7.5, 2 mM Ca®", 0.02% sodium azide. To elute PC the
column was gravity eluted with elution buffer (0.1 M NaCl, 20 mMTris, pH 7.5, 5 mM
EDTA, 0.02% sodium azide, pH 7.5) and 3 ml fractions were collected. The peak
fractions were identified by measuring absorbance at 280 nm. The peak fractions were
pooled. The recovered PC was activated with human plasma thrombin (5% w/w, 3 hr at
37°C). To isolate activated protein C (aPC) ion exchange chromatography with FPLC
(AKTAFPLC®, GE Healthcare Life Sciences) was used. First, thrombin was removed
with a cation exchange column MonoS (GE Healthcare Life Sciences). Then a MonoQ
anion exchange column (GE Healthcare Life Sciences) was equilibrated with 10% of a
20 mM Tris, pH 7.5, 1 M NaCl buffer. After applying the solution that contains aPC a 10-
100% gradient of a 20 mM Tris, pH 7.5, 1 M NaCl buffer was run through the column to
elute aPC at a flow of 1-2 ml/min under continuous monitoring of OD and conductivity.
APC eluted at ~36 mS/cm by conductivity or at 40% of the buffer. Fractions of 0.5 ml
were collected during the peak and pooled. Proteolytic activity of purified aPC was
ascertained with the chromogenic substrate SPECTROZYME® PCa.
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3.5 Immunoblotting

Proteins were isolated and immunoblotting was performed as described.%®107:110.112-114

Cell lysates were prepared in RIPA buffer (50 mM Tris at pH 7.4, 1% Nonidet P-40,
0.25% sodium deoxycholate, 150 mM NaCl, 1 mM EDTA, 1 mM NazVO,, and 1 mM NaF
supplemented with protease inhibitor cocktail). Lysates were centrifuged (10,000 x g for
10 min at 4 °C) and insoluble debris was discarded. The protein concentration in
supernatants was quantified using BCA reagent. Equal amounts of protein were
electrophoretically separated on 7.5%, 10% (vol/vol) or 12.5% (vol/vol) SDS
polyacrylamide gels, transferred to PVDF membranes, and probed with the desired
primary antibodies overnight at 4 °C. Membranes were then washed with TBST and
incubated with anti-mouse (1:2,000), anti-rat IgG (1:2,000) or anti-rabbit IgG (1:2,000)
horseradish peroxidase-conjugated antibodies, as indicated. Blots were developed with
the enhanced chemiluminescence system. To compare and quantify levels of proteins,
the density of each band was measured by using ImageJ software. Equal loading was
confirmed by immuno-blotting with GAPDH antibody.

3.6 Bone marrow derived macrophages (BMDM)

3.6.1 Preparation of L929 conditioned medium (LCM)

A vial of L929 fibroblasts was thawed at 37°C and gently decanted into 15 ml falcon and
10mI DMEM-10 medium was added. Following centrifugation at 200 x g for 5 minutes at
room temperature (RT), pellet was resuspended in 5 ml DMEM-10 medium. With gentle
pipetting cells were grown into a T25 tissue culture flask in a humidified incubator with
5% CO; at 37°C. When cells were grown to 80-90 % confluency, they were lifted with
5 ml 1x trypsin/PBS and centrifuged. Pellet was again resuspended in 15 ml DMEM-10
medium and transferred to T75 tissue culture flask. Again after 80-90 % confluency
same procedure was repeated and after centrifugation cells were transferred to T175
tissue culture flask. When cells reached to 80-90% confluency, they were split into 1:5
to new T175 cell culture flasks. When there were enough cells to make 20-25 flasks,
cells were split into 1:5 into new T175 flasks containing 50 ml rather than 30 ml DMEM-

10 medium and left for 10 days. Afterwards, supernatant was harvested and centrifuged
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at 1200 x g, filtered through 0.45 um filters and frozen at -20°C. L929 conditioned
medium was filtered through 0.22 um filter when added to RPMI-1640 medium.

3.6.2 Isolation and culture of BMDMs

Bone marrow derived macrophages (BMDM) were isolated and cultured as described
elsewhere.* " Mice were sacrificed and femurs were flushed with medium (RPMI
1640 with 2% FBS, 10 units/ml heparin, penicillin, and streptomycin) using a 25 G
needle. To remove osseous particles the solution was passed through sterile 40 um
nylon Cell Strainer (Falcon) and collected in a 50 ml tube. Cells were centrifuged at 900
x g, for 10 min, at 4°C. Supernatant was discarded and the cell pellet was washed twice
with 50 ml of serum-free RPMI (RPMI 1640 with 20 mM Hepes, penicillin, and
streptomycin). Following centrifugation at 900 x g, for 5 min, at 4°C cells were further
washed with 1 x PBS and resuspended in culture medium RPMI-1640 supplemented
with 30 % L929 cell-conditioned medium and 20 % FBS. This procedure was repeated
twice to remove dead cells. After the final washing step pelleted cells were resuspended
in above culture medium. Cells were cultured for 7 to 10 days until ~80 % confluence.
The purity of cells was confirmed by CD11b staining and FACS analyses and was
consistently found to be higher than 90 %. These cells were used as BMDM for

experiments.

3.7 Isolation and culture of neonatal cardiomyocytes and cardiac
fibroblasts

Primary neonatal cardiomyocytes and cardiac fibroblasts were isolated as described
elsewhere.™® New born mice (age: 1 day) were decapitated and hearts were removed
and placed in ice-cold 1 x ADS solution (6.8 g NaCl, 4.76 g HEPES, 0.12 g NaH,PO,,
1.0 g glucose, 0.4 g KCI, 0.1 g MgSO,4, pH was adjusted to 7.4 using 1 M NaOH) in a
petri dish. After removing the atria heart ventricles were transferred to a tube containing
1 ml fresh 1 x ADS solution. Using sharp scissors heart ventricles were cut into small
pieces, which were allowed to settle down. Then ADS solution was removed and 1.5 ml
of freshly prepared enzyme solution was added (180 ml 1x ADS with ~16800 U

collagenase 1l (60 mg) and 160 mg pancreatin). Tubes containing tissues pieces were
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placed on a shaker at 800 rpm at 37°C. After 6 min tissue were taken from shaker and
homogenate were pipetted up and down, digested tissues samples were allowed to settle
down, and enzyme solution was discarded. Fresh 1.5 ml enzyme solution was added
again and the same procedure was repeated, except that the incubation time was
increased from 6 to 10 min. After each digestion step the supernatant were collected and
eventually pooled in “dark” medium containing 25 ml horse serum, 12.5 ml FCS and
212.5 ml of “light” medium (375 ml DMEM 4500 mg/l glucose, 125 ml Medium 199, 5 ml
HEPES, 5ml of Penicillin/Streptomycin). Tubes containing cell suspension were
centrifuged at 1200 x g for 6 min at room temperature (RT). Following centrifugation
supernatant was discarded and the pellet was re-suspended in 1 ml FBS and placed on
ice. This final cell preparation was initially seeded into non-coated cultured dishes for 30
min and cardiac fibroblasts were allowed to adhere. These fibroblasts were used as
neonatal cardiac fibroblasts for experiments. For cardiomyocytes, non-adherent cells
were collected and centrifuged at 1200 x g for 10 min at RT. After resuspension of the
pellet in 37°C “dark” medium cells were seeded onto plates pre-coated with gelatin (0.2%
gelatin in PBS) and maintained at 37°C, in 5% CO,. The purity of cells, which was
routinely determined using the cardiomyocytes marker cTNT, was higher than 90% as
measured by FACS analysis. These cells were used as cardiomyocytes for further

experiments.

3.8 Histology and immunohistochemistry

Sacrificed mice were perfused with ice-cold PBS and then with 4% buffered
paraformaldehyde. Tissues were further fixed in 4 % buffered paraformaldehyde for 2
days at 4°C, embedded in paraffin and processed for sectioning. Kidney injury was
evaluated using hematoxylin and eosin stained histological sections. Images of the outer
third of the kidney sections were randomly chosen and captured using an Olympus Bx43
Microscope (Olympus, Hamburg, Germany). All tubule within an image were individually
scored on a scale of 0-4 based on the cellular damage as indicated by morphological
signs of cell-swelling and tubular dilatation. The following scores were assigned: 0 — no
cellular or tubular damage visible; 1 — damage visible, but less than 25% of the tubuli
affected; 2 — 25 % to 50 % tubular damage; 3 — 50 % to 75 % tubular damage; and 4 —
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more than 75 % damage. At least 5 random images per mouse and at least 6 mice per
group were included in each group. All histological analyses were done by two
independent blinded investigators. Images were obtained using an Olympus Bx43
Microscope (Olympus, Hamburg, Germany) at 20 x or 40 x magnification.

3.9 In situ caspase-1 activity assay

Caspase-1 activity was determined on frozen heart sections using the FLICA™
(Fluorochrome Inhibitor of Caspases) casp-1 assay (Immunochemistry Technologies
Icc.).**® Frozen tissue sections (5 uM thick) were prepared and allowed to air-dry. Then
slides were fixed with acetone for 1 min, rehydrated by washing (twice for 5 min) in PBST
and slides were blocked for 20 min with blocking solution containing 20% aqua-block in
media with 0.2 % Tween. Blocking solution was decanted and then 50 pL of 3 x FLICA™
working solution (freshly prepared by diluting 150 x stock solution into 1:50 in PBS) was
applied per section and incubated at RT for 2 hr, protected from light. Tissues were
washed with PBST (twice for 5 min). Tissues were mounted with vactashield mounting
medium containing DAPI and fluorescent images were captured with an Olympus Bx43-
Microscope (Olympus, Hamburg, Germany). Images analyses were done by using Image
J software.

3.10 Hypoxia/reoxygenation (H/R) experiments

For hypoxia-reoxygenation (HR) injury neonatal cardiomyocytes cells were moved from
routine culture conditions (“dark medium”, 37°C, in 5 % CO2, 21 % 0O2) into hypoxic
atmosphere (1% 02, 94 % N2, and 5% CO2) and serum- and glucose-depleted
medium (HBSS) for 6 hr. For reoxygenation cells were returned to normal “dark”
medium and 5 % CO2, 21 % 02.4 Control cells were serum-starved and maintained in
HBSS for 6 hr, but they were continuously exposed to 21 % O2. Cells were harvested
after 12 hr of reoxygenation for protein isolation.
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3.11 Reverse transcriptase polymerase chain reaction (RT-PCR)

To isolate RNA from cells, 3 ml TRIzol was added to 10 cm? dish. Cells lysed in TRIzol
were incubated for 5 min at RT before adding 0.2 ml of chloroform per 1 ml of TRIzol.
Following vigorous shaking, the mixture was centrifuged at 12,000 x g for 15 min at 4°C
to separate different phases. The aqueous phase containing the RNA was transferred to
a fresh tube and RNA was precipitated by adding 0.5 ml of 2-propanol per 1 ml of
TRIzol reagent.

Following incubation at RT for 10 min samples were centrifuged at 12,000 x g for 10 min
at 4°C. Supernatant was removed and RNA was washed by adding 1 ml 75 % ethanol
per 1 ml of TRIzol. Samples were vortexed and centrifuged at 7,500 x g for 5 min at
4°C. The RNA pellet was air-dried for 5 min, redissolved in 20 yl DEPC-water at 55°C
for 10 min. RNA concentration was measured in a photometer and a 1.8 % agarose gel
was run to verify the purity and integrity of RNA.

cDNA was synthesized using 1 pg total RNA following treatment with DNAse (5 U/5 ug
RNA) followed by reverse transcription using RevertAid™ H Minus First Strand cDNA
Synthesis kit (Fermentas, Heidelberg, Germany). Primers were custom synthesized by
Thermo Fisher Scientific and PCR was performed using the Taq polymerase. PCR
conditions were optimized as follows: (95°C for 3 min, then 35 cycles of 94°C, for
30 sec; 60°C for 20 sec; 72 °c for 20 sec; final extension at 72°C for 10 min) to detect
the logarithmic increase of the PCR product, which was separated on a 1.8 % agarose
gel and visualized by ethidium bromide (Et-Br) staining.

Expression was normalized to B-actin. Reactions lacking reverse transcriptase served

as negative controls. Primers used in the current study are shown in table 2.
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Table 2: List of primers used in current study.

Target Primer Sequence

5'CCAGCCAGAATCAGAGAGGA3'
mPAR1

5'TCGGAGATGAAGGGAGGAG3'

5'CCAGGAAGAAGGCAAACATC3'
mPAR2

5TGTCCCCCACCAATACCTC3

5'CATCCTGCTGTTTGTGGTTG3
mMPARS3

5TACCCAGTTGTTGCCATTGAS

5'GCAGACCTTCCGATTAGCTG3'
mPAR4

5'CACTGCCGAGAACAGTACCAS3

5'CTACAACCGGACTCGGTATGAAZ
mMEPCR

5'CCAGGACCAGTGATGTGTAAG A3

5'CTAGACTTCGAGCAGGAGATGG3'
mf-actin

5'GCTAGGAGCCAGAGCAGTAATC3

3.12 Production of lentiviral particles

VSV-G pseudo typed lentiviral particles were generated as described
previously. 2119120 Briefly, HEK 293T cells were transfected with pLKO1-PAR4 and
pLKO1-EPCR plasmids together with the packaging plasmid (pCMV-dR8.91) and VSV-
G—expressing plasmid (pVSV-G) using the standard calcium phosphate method.
Lentiviral particles were harvested 2 and 3 days after transfection and concentrated by
ultracentrifugation (50,000 x g, 2h, 2 times). After resuspension in HBSS buffer the viral
particle concentration was determined by measuring p24 gag antigen by ELISA
according to manufacturer’s instruction (Biocat, Heidelberg Germany). Viral particles
were stored at -80°C.

Knock down of PAR4 and EPCR in BMDMs was performed by lentiviral transduction
with PLKO1-PAR4 and PLKO1-EPCR viral particles (GE Dharmacon). To specify the
optimal titer for transduction, cells were infected with serial dilutions of viral particles and

the number of surviving cells in the presence of 1 uyg/ml puromycin was determined.
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Efficiency of knock down was assayed by RT-PCR and western blot. Cells transduced

with non-specific ShRNA served as controls.

3.13 IL-1B8 and IL-18 immunoassay

Mouse blood samples were obtained from the inferior vena cava of anticoagulated mice
(sodium citrate). Serum was obtained by centrifugation of blood samples for 10 min at
2000 x g at RT. Serum samples was stored at -80°C until analyses. We measured the
concentrations of mouse IL-18 by ELISA (R & D system) and mouse IL-18 by ELISA

(Medical & biological laboratories co., Ltd), according to manufacturer’s instructions. 21

3.14 Statistical analysis

The data are summarized as the mean + SEM (standard error of the mean). Statistical
analyses were performed with Student’s t-test, ANOVA and post-hoc comparison with
the method of Tukey or Bonferroni as appropriate. Statistics XL (www.statistixl.com) and
Prism 5 (www.graphpad.com) software were used for statistical analyses. Statistical

significance was accepted at values of P<0.05.
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4 Results

4.1 aPC restricts Nlrp3 inflammasome activation following myocardial IRI
To determine whether aPC restricts inflammasome activation in myocardial ischemia-
reperfusion injury (IRIl) we treated mice with aPC (1 mg/kg i.p.) or PBS (control). After
30 min we induced myocardial ischemia for 90 min and analyzed mice after 24°hr of
reperfusion (Fig. 9a). Congruent with previous reports aPC markedly reduced infarct
size (Fig. 9b,C).11’14'93'95’121

Reduction of infarct size by aPC was associated with reduced NIrp3 inflammasome
activation within the heart. Cardiac expression of Nlrp3 and cleavage of caspase-1 (cl-
Caspl) and IL-1B (cl-IL-1B) were increased following myocardial IRI, but reduced
following aPC pre-treatment (Fig. 9d,e). Concurrently, in situ caspase-1 activity after
myocardial IRl was reduced by aPC (Fig. 9f,g). These changes were reflected by
plasma cytokine levels. Thus, increased plasma IL-13 and IL-18 levels after myocardial
IRl were attenuated by aPC (Fig. 9h,i).

Additionally, treatment with aPC 30°min after myocardial IRI also reduced myocardial
infarct size and markers of inflammasome activation within the heart and plasma as
efficient as aPC pre-treatment (Fig. 10). Thus, aPC efficiently restricts inflammasome

activation following myocardial IRI.

4.2 Inflammasome activation precedes apoptosis following myocardial
IRI
Amelioration of myocardial IRI by aPC has been associated with reduced apoptosis.

Myocardial IRI is strongly associated with inflammation'??. Hence, we speculated that
inflammasome activation might be the leading pathomechanism. To gain insights into
the temporal pattern of inflammasome and apoptosis activation following myocardial IRI
we conducted kinetic studies. Hearts isolated at various time points after reperfusion
(2 hr to 24 hr) were compared with hearts of sham-operated mice. An infarcted area
was detected as early as 3 hr after reperfusion (Fig. 11a,b). Inflammasome activation
within the heart preceded the detectable infarcted area (1 hr time point, cl-Caspl and cl-
IL-1B, Fig. 11c,d), while markers of apoptosis activation increased at later time points
(12 hr time point; cl-Casp3, cl-Casp7, BAX, Fig. 11lc,d). These data establish that
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myocardial inflammasome activation occurs early in IRl and precedes the detection of

an infarcted area and — importantly — apoptosis activation.
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Figure 9: aPC pretreatment ameliorates inflammasome activation following myocardial IRI.

a: Experimental design.

b,c: aPC treatment reduces infarct size. Representative heart sections showing infarcted area detected
by TTC staining (b, black doted encircled area, size bar: 20 um) and dot-plot summarizing data (c).

d-i: aPC pretreatment significantly reduced cardiac NIrp3 expression and cleavage of caspase-1 (cl-
Caspl) and IL-1B (cl-IL-1B). Representative immunoblots (d, GAPDH: loading control) and bar graph
summarizing data (e). Arrowheads indicate inactive (white arrowheads) and active (black arrowheads)
form of caspase-1 or IL-1B (d). The active form was quantified (e). aPC treatment reduces caspase-1
activity within infarcted area. Representative images of frozen sections incubated with FLICA-Caspl
probes (f, size bar: 20 pm) and dot-plot summarizing data (g). aPC reduces plasma IL-1B3 (h) and IL-18
levels (i) following myocardial IRI, dot-plots summarizing data. Sham operated mice (Sham) or mice with
myocardial IRl without (Cont, PBS) or with aPC pretreatment (aPC). Data shown represent mean+SEM of
at least 6 mice per group; **P<0.01 (c,e,g,i: ANOVA, b: Mann-Whitney U test).
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Figure 10: aPC post myocardial IRI treatment inhibits Nlrp3 inflammasome activation.
a: Experimental design.

b,c: aPC treatment 30 minutes after reperfusion reduces infarct size. Representative heart sections

showing infarcted area detected by TTC staining (b, black doted encircled area, size bar: 20 um) and dot-
blot summarizing data (c).

d-g: aPC treatment 30 minutes after reperfusion significantly reduced cardiac NlIrp3 expression and
cleaved caspase- 1 (cl Caspl) and cleaved IL-1B (cl IL-1B). Representative immunoblots (d) and bar
graph summarizing data (e); GAPDH: loading control. Arrowheads indicate inactive (white arrowheads)
and active (black arrow heads) form of caspase-1 or IL-1B (d). The active form was quantified (e).
Reduced plasma IL-1B (f) and IL-18 levels (g), dot blots summarizing data.

Sham operated mice (Sham) or mice with myocardial IRI without (Cont, PBS) or with aPC posttreatment
(aPC). Data shown represent mean = SEM of at least 6 mice per group; **P<0.01 (c,e,f,g: ANOVA).

4.3 Constitutively active NIrp3 abolishes the protective effect of aPC in
myocardial IRI

The kinetics of inflammasome and apoptosis activation following myocardial IRl suggest
that inflammasome activation is the culprit and hence that inflammasome suppression is

the primary mechanism underlying aPC’s cytoprotective effect following myocardial IRI.
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Figure 11: Inflammasome activation precedes apoptosis following myocardial IRI.

a-d: Kinetic analyses of infarct size and markers of inflammasome and apoptosis activation in hearts
isolated at various time points after IRI (1 hr to 24 hr) compared to sham-operated mice were analyzed.
(a) Representative images of TTC staining (infarct area: black doted encircled area, size bar: 20 um), (b)
dot-plot summarizing data of infarct size (b, individual data points and meantSEM), and (c)
representative immunoblots of inflammasome (cleaved caspase-1, cl-Caspl; cleaved IL-1p, cl-IL-1B) or
apoptosis activation (cleaved caspase-3, cl-Casp3; cleaved caspase-7, cl-Casp7; BAX expression)
markers; GAPDH; loading control (d, line graph summarizing immunoblot data. Data shown represent
mean+SEM of at least 6 mice per group; *P<0.05,**P<0.01 (b,d: ANOVA).

To ascertain whether inflammasome restriction is required for aPC’s protective effect in
myocardial IRl we crossed mice containing an inducible Nlrp3 gain of function mutant
(NIrp3A350V -2PLoxP | oxP-Cre-recombinase dependent expression of the constitutively
active NIrp3A350V mutant) with mice ubiquitously expressing inducible Cre-
recombinase under the control of the estrogen receptor T2 (Rosa Cre-ER'?), yielding

NIrp3A350V “2PLo® y Rosa Cre-ER™ mice (thereafter referred to as NIrp3V-ER mice).

Expression of the NIrp3A350V mutant does not cause heart injury by itself and requires
a second stimulus for inflammasome activation.*® Mice were treated for 5 days with
tamoxifen (5 mg/kg, i.p.) or PBS (control), which increased NIrp3 expression in
tamoxifen treated mice (Fig. 12a,b). Mice were injected with aPC or PBS (control) 24 hr
after the last tamoxifen injection. After another 30 min myocardial ischemia was induced

for 90 min and analyses were conducted 24 hr after reperfusion (Fig. 12a). In tamoxifen
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treated but sham operated mice no myocardial infarction was detected (Fig. 12c,d) and
indices of inflammasome activation, remained normal (Fig. 12e-h), corroborating that
expression of NIrp3A350V mutant is not sufficient to cause myocardial inflammasome
activation. Following myocardial IRI an infarcted area was readily detectable in NIrp3V-
ER mice (Fig. 12c,d).

Importantly, aPC treatment failed to reduce the infarct size in NIrp3V-ER mice (Fig.
12c,d). Concurrently, aPC failed to reduce protein levels of NIrp3 and cleavage of
caspase-1 (cl-Caspl) and IL-1B (cl-IL-1B, Fig. 12e,f) and plasma IL-13 and IL-18 levels
(Fig. 12g,h) in NIrp3V-ER mice following myocardial IRI. These data establish that in

mice with a genetically superimposed bias for inflammasome activation aPC’s protective
effect in myocardial IRI is lost.
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Figure 12: Constitutive active Nlrp3 abolishes the protective effect of aPC in myocardial IRI.
a: Experimental design.

b: Constitutively active Nlrp3
NIrp3A35°V expression following tamoxifen injection into Nlrp3
representative immunoblots; GAPDH: loading control (b).

c,d: aPC treatment fails to protect against myocardial IRl in Nirp3 mice. Representative heart sections
showing infarcted area detected by TTC staining (c, black doted encircled area; size bar: 20 um) and dot-
plot summarizing data (d).

e-h: aPC fails to reduce NIrp3 expression, cleavage of caspase-1 (cl-Caspl) and IL-1B (cl-IL-18), and
plasma IL-1B and IL-18 levels in NIrp3“ER mice following myocardial IRI. Representative immunoblots (e)
and bar graphs (f) summarizing results; GAPDH: loading control; arrowheads indicate inactive (white
arrowheads) and active (black arrowheads) form of caspase-1 or IL-1B (e). The active form was
guantified (f). Dot-plots of plasma IL-1B and IL-18 levels (g,h).

Sham operated mice (Sham) or mice with myocardial IRl without (Cont, PBS) or with aPC pretreatment
(aPC). Data shown represent mean+SEM of at least 6 mice per group; **P<0.01 (d,f-h: ANOVA).

A30V abolishes the protective effect of aPC in myocardial IRI. Induction of

VER ‘mice compared to PBS treated mice;

V-ER

4.4 aPC prevents inflammasome activation in cardiac resident cells and
macrophages in vitro
A role of the inflammasome in innate immune cells like macrophages is firmly

established, but recent data demonstrated functional inflammasome in tissue resident
cells, including cardiomyocytes.®"?33%123 Tg jdentify in which cell types aPC prevents
inflammasome activation in myocardial IRl we isolated primary bone marrow derived
macrophages (BMDMs), primary neonatal cardiomyocytes, and primary neonatal
cardiac fibroblasts. Cells were primed with LPS (500 ng/ml) and after 3 hr cells were
either exposed to aPC (20 nM) or PBS (control). After 1 hr cells were exposed to
adenosine-triphosphate (ATP) or PBS (control) for 3 hr to activate the NIrp3
inflammasome.’®®'?* The LPS/ATP mediated induction of NIrp3 expression and
cleavage of caspase-1 (cl-Caspl) and IL-1B (cl-IL-1B) were prevented by aPC in all
three cell-types (Fig. 13a-f). Thus, aPC dampens inflammasome activation not only in
innate immune cells, but also in resident cardiac cells. While ATP is considered to

induce inflammasome activation during myocardial IRI*?*

we ascertained the efficacy of
aPC in the context of hypoxia reoxygenation (H/R) injury in cardiomyocytes. Exposure
of primary neonatal cardiomyocytes to hypoxia (6 hr) followed by reoxygenation (12 hr)
without prior LPS stimulation was sufficient for inflammasome activation, increased
NIrp3 expression and cleavage of caspase-1 (cl-Caspl) and IL-1 (cl-IL-18, Fig. 13g,h).
H/R-induced inflammasome activation in primary cardiomyocytes was efficiently

prevented by aPC (Fig. 13g,h). Taken together, aPC prevents inflammasome activation
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both in innate immune cells (macrophages) and resident cardiac cells (cardiomyocytes,
cardiac fibroblasts).
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Figure 13: aPC prevents inflammasome activation in cardiac resident cells and macrophages in
vitro.

a-f: In mouse bone marrow derived macrophages (BMDMs) (a,b), mouse neonatal cardiomyocytes (c,d),
and mouse neonatal cardiac fibroblasts (e,f) inflammasome activation was induced by priming with
lipopolysaccharide (LPS; 500 ng/ml, 3 hr) followed by adenosine triphosphate (ATP, 10 uM, 3 hr; control:
PBS). Concomitant treatment with aPC (20 nM; added once 30 min before ATP stimulation) markedly
reduced the LPS/ATP mediated induction of NIrp3 and cleavage of caspase-1 and IL-1B; representative
immunoblots (a,c,e) and corresponding bar graphs summarizing results (b,d,f). Arrowheads indicate

inactive (white arrowheads) and active (black arrowheads) form of caspase-1 or IL-1B (a,c,e). The active
form was quantified (b,d,f).
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g.,h: NIrp3 expression and cleavage of caspase-1 (cl-Casp-1) and IL-1B (cl-IL-1B) is increased in mouse
neonatal cardiomyocytes subjected to 6 hr of hypoxia (H: 1% O,) and serum and glucose deprivation
(HBSS medium), followed by 12 hr of reoxygenation (R: 21% O,) in complete medium. H/R induces
inflammasome activation, which is prevented by aPC (20 nM; added once at the time of reoxygenation);
representative immunoblots of whole cell lysates (g) and bar graph summarizing results (h); GAPDH:
loading control. Arrowheads indicate inactive (white arrowheads) and active (black arrowheads) form of
caspase-1 or IL-1B, respectively (g). The active form was quantified (h). Data shown represent
mean+SEM. Data obtained from at least three independent experiments each with at least two technical
replicates (a-h); GAPDH: loading control (a,c,e,g); **P<0.01 (b,d,f,h: ANOVA).

4.5 aPC restricts inflammasome by suppressing mTORC1 and HK1
We next investigated the underlying mechanism by which aPC restricts Nlirp3

inflammasome activation. Cardioprotection by aPC following IRI has been linked with 5'
adenosine monophosphate-activated protein  kinase (AMPK) activation.!%>1#
Furthermore, mammalian target of rapamycin complex 1 (mTORC1), which is negatively
regulated by AMPK, has recently been shown to activate NIrp3 inflammasome in
macrophages via hexokinase 1 (HK1).'®® Hence, we hypothesized that aPC restricts
inflammasome activation by restricting mTORCL1 signaling in the setting of myocardial
IRI.

To this end we determined expression of Raptor (regulatory-associated protein of
MmTOR) and HK1 as well as total and phosphorylated ribosomal p70-S6 kinase
(p70S6K) in BMDMs, neonatal cardiac fibroblasts and neonatal cardiomyocytes.
Expression of Raptor and HK1 as well as phosphorylation of p70S6K was enhanced in
LPS primed ATP-stimulated BMDMs (Fig. 14a,d) and neonatal cardiac fibroblasts (Fig.
14b,e).'® Likewise, Raptor, and HK1 expression and p70S6K phosphorylation in
neonatal cardiomyocytes subjected to H/R (Fig. 14c,f).

Treatment with aPC normalized expression of Raptor, HK1 and p70S6K
phosphorylation levels in LPS-primed and ATP-stimulated cells or in H/R injured primary
cardiomyocytes (Fig. 14a-f). To corroborate the in vivo relevance of these findings we
analyzed heart tissue of mice with myocardial IRIl. Treatment with aPC markedly
reduced expression of Raptor and HK1 as well as phosphorylation of p70S6K in
comparison to PBS treated mice (control, Fig. 14g,h). These data suggest that aPC

restricts inflammasome activation by limiting mTORC1 activation.
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Figure 14: aPC restricts inflammasome by suppressing mTORCL1.

a-f: Expression of Raptor, HK1 and phosphorylation of ribosomal p70-S6 kinase (pS6K70) were analyzed
in LPS primed and ATP-challenged BMDMs (a,d) and mouse neonatal cardiac fibroblasts (b,e) or mouse
neonatal cardiomyocytes subjected to H/R (c,f). aPC inhibits expression of Raptor, HK1 and p70S6K
phosphorylation levels in LPS-primed and ATP-stimulated cells (a,b) or in H/R injured primary
cardiomyocytes (c). Representative immunoblots (GAPDH as loading control, a-c) and corresponding bar
graphs (d-f). g,h: Treatment of mice with aPC inhibits mMTORC1 signaling. Representative immunoblots
showing cardiac Raptor and HK1 expression as well as total and phosphorylated pS6K70. Representative
immunoblots (g) and bar graph summarizing results (h).

Data shown represent mean+SEM. Data obtained from at least three independent experiments each with
at least two technical replicates (a-h); GAPDH: loading control (a-c,g,h); **P<0.01 (d-f,h: ANOVA).

To determine the mechanistic relevance of aPC-dependent mTORC1 regulation for
inflammasome restriction we used cells lacking tuberous sclerosis 1 (TSC1). TSC1 is a
pivotal inhibitor of mTORC1 and its deficiency causes constitutive mTORC1

activation.’®® BMDMs were isolated from mice with inducible TSC1 deficiency and TSC1

expression was inhibited by transient expression with Cre recombinase ex vivo (Fig.

54



15a; control cells expressed transiently GFP).*?® In TSC1 deficient BMDMs aPC failed
to inhibit expression of Raptor, HK1, and phosphorylation of p70S6K (Fig. 15b,c) and —
importantly — aPC-mediated NIrp3 inflammasome restriction was abolished (Fig. 15d,e).
These results demonstrate that constitutive activation of mMTORCL1 signaling abolishes
aPC’s inhibitory effect on inflammasome activation, establishing that aPC limits
inflammasome activation by restricting mTORCL1 activation.
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Figure 15: aPC fails to restrict inflammasome in BMDMS expressing constitutively active
MTORCL1.

a-e: BMDMs from TSC1"”"® mice were transiently transfected with GFP or Cre expressing plasmids,
resulting in loss of TSC1 expression after 48 hr. Representative immunoblots of TSC1; GAPDH: loading
control (a). In TSC1 deficient BMDMs cells aPC treatment fails to reduce Raptor, HK1 expression and
phosphorylation of p70S6K (TSClLOXP/LOXP+Cre+aPC) when compared to PBS treated cells
(TSC1L°"P/L°XP+Cre+PBS) Representative immunoblots (b) and bar graph summarizing results (c).
Likewise, aPC fails to reduce NIrp3 expression and cleavage of caspase-1 (cl Casp-1) and IL-13 (cl IL-1B)
in TSC1-deficient BMDMs. Representative immunoblots (d) and bar graph summarizing results (e).
Arrowheads indicate inactive (white arrowheads) and active (black arrowheads) form of caspase-1 or IL-
1B (d). The active form was quantified (e). Data shown represent mean+SEM. Data obtained from at least

three independent experiments each with at least two technical replicates (a-j); GAPDH: loading control
(a,b,d); *P<0.01 (c,e: ANOVA).
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4.6 aPC restricts inflammasome activation via PAR-1 in vitro
To gain further mechanistic insights and to identify potential therapeutic targets we

ascertained the receptors involved. First, we analyzed expression of protease-activated
receptors (PARs) and endothelial PC receptor (EPCR) in the different cell types
employed in our study. Expression of PAR1, PAR2, PAR3, PAR4, and EPCR was
readily detectable in these cells (data not shown).

To determine the functional relevance of these receptors we isolated BMDMs, neonatal
cardiomyocytes, and cardiac fibroblasts from PAR1-/-, PAR2-/-, or PAR3-/- mice and
PAR4 or EPCR function was blocked in wild-type cells using inhibitory antibodies.®"*1°
PAR1 deficiency efficiently abolished NIrp3 inflammasome suppression by aPC,
whereas PAR2, PAR3 deficiency and PAR4 or EPCR blockage had no effect in all cell
types studied (Fig.16). These in vitro results suggest that aPC restricts the

inflammasome activation via PAR1 in various cell types relevant for myocardial IRI.

4.7 Cytoprotective 3K3A-aPC protects against myocardial IRl via PAR-1
To corroborate the in vivo relevance of the in vitro receptor studies we employed the

myocardial IRl model. Prior to myocardial IRl mice were either exposed to PBS
(control), aPC alone, aPC-HAPC1573 complex (the antibody HAPC1573 blocks
specifically the anticoagulant function of aPC), an aPC variant lacking specifically
anticoagulant function (3K3A-aPC), or mice were first treated with an inhibitory PAR-1
pepducin (P1pal-12S) followed by aPC treatment.

Treatment with 3K3A-aPC or preincubation of aPC with the HAPC1573 antibody did not
abolish aPC’s protective effect, as reflected by reduced infarct size (Fig. 17a-c),
reduced myocardial NIrp3 expression and reduced cleavage of caspase-1 (cl-Caspl)
and IL-1B (cl-IL-1B, Fig. 17d,e), reduced myocardial caspase-1 activity (FLICA-Caspl
assay, Fig. 17f,g), and reduced plasma IL-1p and IL-18 levels (Fig. 17h,i).

However, following inhibition of PAR1 all these protective effects of aPC were lost (Fig.
17b-i), verifying a pivotal function of PAR1 for the cardiac-protective effect of aPC in

regard to myocardial IRl and inflammasome suppression.

56



(a ) Bone Marrow derived ( b ) (C)

Macrophages (BMDM:s) Neonatal Cardiomyocyte Neonatal Cardiac Fibroblast
H6hr/R12hr
il N T T P
AR T
ol 8 o ! e o 4
1 1
S - — | i i i
Rl e e --l. I- I‘ —--‘
1
et
L -4 o o o o - - o o i o
§E553% Fsgg g g 5 E 8888
a a > & & & g & & &
E EE E 8 B8 @ @ E & & B
< < « « 282 & 2 < € « <«
C © o e © o e © o
5 %53 s £ 8¢ e 2 28
& & o & & & &
& & & & & & & & &
ONIrp3
d f M cl-Caspl
( ) Bone Marrow derived (e) () mcl-IL1B
Macrophages (BMDMs) Neonatal Cardiomyocyte Neonatal Cardiac Fibroblast
* %
*% *%
T4 __I_ T4 *% | 54 * %k |
£, e e,
o =
& &3 S
S2 s 5 2
2 :
21 51 .g
k- & £
&0 20 2o
EE g g 88 t g 2y g ¥ AR EER:
o + o+ o+ o+ S & © § @ © S <« ¢ §® ¢ ¢
+ o+ + +
E £ B B b a2 4 @ g g g g
< < « <« g & 8 8 < @ < <
e © o e © ¢ e © o
E % % 2 = 35 3 E % Z 2
€ & € & < € &
& & & & & & & & &
H6hr/R12hr
(g) (h) (i)
Bone Marrow derived H6hr/R12hr
Macrophages (BMDMs) Neonatal Cardiomyocyte Neonatal Cardiac Fibroblast
T T T T T T T T
Nirp3 [ www [ | | [ R
Pro-CaSplD--:..;..:..:-- .h{..:u.:&,“ :
1 ] 1 1
1 J 1 1
ch-Casp1B| i mmle o i Ll R
[ | 0 F i -0ileded ]
Pro-IL1B D> b:!l?-ﬁ:.‘:l‘ 1 e
L 3 1 1 1 I
cl-IL1B»> | ol i o e e LT
GAPDHI‘.&Z‘- - ot o o bt
- 3 [ - "
58§ 5 &% §ed
£ 2 [
< & <

oPAR-4 | ATP+aPC
QEPCR | ATP+aPC
aPAR-4 | PBS+aPC
«EPCR | PBS+aPC
«EPCR | ATP+aPC

aPAR-4 | ATP+aPC

Figure 16: aPC restricts inflammasome activation via PAR1 in vitro.
a-c: The effect of aPC on inflammasome activation was analysed following receptor inhibition. BMDMs
(a), neonatal cardiomyocytes (b), or neonatal cardiac fibroblasts (c) were isolated from wt, PAR1", PAR2
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" or PAR3" mice. aPC fails to supress LPS/ATP (a,c) or hypoxia-reoxygenation (b) induced NIrp3

expression and cleavage of caspase-1 (cl-Casp-1) and IL-1B (cl-IL-1B) in the absence of PAR1 in all cell
types, while loss of other receptors had no effect; representative immunoblots, GAPDH: loading control
(a-c) and corresponding bar graphs (d-e).

g-i: The effect of aPC on inflammasome activation was analysed following loss or inhibition of PARs or
EPCR. BMDMs (g), neonatal cardiomyocytes (h), or neonatal fibroblast (i) were isolated from wt, PAR4
and EPCR function was blocked using inhibitory antibodies (a; g-i). In all three cell types blocking of
PAR4 and EPCR receptors had no effect Representative immunoblots of inflammasome activation in
BMDMs (g), neonatal cardiomyocytes (h), and neonatal cardiac fibroblast (i) following PAR4 and EPCR
inhibition using inhibitory antibodies (a). Arrowheads indicate inactive (white arrowheads) and active
(black arrow heads) form of caspase-1 or IL-1B (e-g). The active form was quantified (d-f); GAPDH:
loading control. Data shown represent mean +SEM. Data obtained from at least three independent
experiments each with at least two technical replicates (d-f). **P<0.01 (d-f: ANOVA).
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Figure 17: Cytoprotective 3K3A-aPC protects against myocardial IRl via PAR-1.

a: Experimental design.

b,c: Treatment of mice with aPC-HAPC1573 complex or 3K3A-aPC reduces the infarct size as efficient
as aPC, while blocking PAR1 signaling (pepducin Plpal-12S) abolishes aPC’s inhibitory effect.
Representative heart sections showing infarcted area detected by TTC staining (b, black doted encircled
area, size bar: 20 um) and dot-plots summarizing data (c).

d-i: Treatment of mice with aPC-HAPC1573 complex or 3K3A-aPC reduces markers of inflammasome
activation as efficient as aPC, while blocking PARL1 signaling (pepducin Plpal-12S) abolishes aPC
inhibitory effect. Representative immunoblots of cardiac NIrp3 expression and cleaved caspase-1 (cl-
caspl) and cleaved IL-1B (cl-IL-1B, d); loading control: GAPD. Bar graphs (e) summarizing results.
Arrowheads indicate inactive (white arrowheads) and active (black arrowheads) form of caspase-1 or IL-
18 (d) and dot plots. Representative images of active caspase-1 within the infarcted tissue (f, frozen
sections incubated with FLICA-Caspl probes, size bar: 20 um) and dot-plots summarizing results (g).
Dot-plots summarizing plasma IL-13 (h) and IL-18 (i) levels. Sham operated (Sham) or mice with
myocardial IRl without (PBS, Cont), with aPC (aPC), with aPC-HAPC1573 complex (aPC+HAPC1573),
with an aPC variant lacking specifically anticoagulant function (3K3A-aPC) or with aPC and PAR1
pepducin Plpal-12S (aPC+P1pal-12S) pretreatment.

Data shown represent mean+SEM. Data obtained from at least 6 mice per group (b-i); **P<0.01 (b,e,g-i:
ANOVA).

4.8 PAR-1 specific parmodulin-2 ameliorates inflammasome activation in
myocardial IRI
Considering that aPC requires predominately PAR1 for inflammasome restriction

following myocardial IRI we speculated that targeting PAR1 is sufficient to mimic aPC’s
effect. However, PAR-1 has pleiotropic effects and — depending on the activator and co-
receptors involved — can convey via biased signaling cell-damaging or cell-protective
effects.”>’®1%® Recently, structural biochemistry procreated compounds, parmodulins,
blocking only specific aspects of biased PAR-signaling.®>®? We used parmodulin-2,

8182 and evaluated

which blocks cyto-disruptive, but not cytoprotective PAR-1 signaling
its anti-inflammatory and cytoprotective effect in myocardial IRI.

Treatment of mice with parmodulin-2 (5 mg/kg, Fig. 18a) prior to myocardial IRI was as
sufficient as aPC, reducing the infarct size (Fig. 18b,c), cardiac expression of
inflammasome regulators (NIrp3, cl-Casp1l, cl-IL1B, Fig. 18d,e), and plasma IL-18 levels
(Fig. 18f). Furthermore, parmodulin-2 efficiently reduced expression of Raptor and HK1
and phosphorylation of p70S6K (Fig. 18g,h). Thus, mimicking biased aPC-signaling via
PAR1 using parmodulins is sufficient to limit inflammasome activity and to convey

cardioprotection in myocardial IRI.
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Figure 18: PAR-1 specific parmodulin-2 ameliorates inflammasome activation in myocardial IRI.

a: Experimental design.

b,c: The biased PAR1 antagonists parmodulin-2 (5 mg/kg) reduces the infarcted area to the same extent
as aPC. Representative heart sections showing infarcted area detected by TTC staining (b, infarcted
area: black doted encircled area, size bar: 20 pm) and dot-plot summarizing data (c).

d-h: Treatment of mice with parmodulin-2 reduces markers of inflammasome activation and mTORCL1
signaling as efficient as aPC. Representative immunoblots showing cardiac Nlrp3 expression and cleaved
caspase- 1 (cl-Caspl) and cleaved IL-1B (cl-IL-1B, d); and bar graph summarizing results (e) loading
control: GAPDH. Arrowheads indicate inactive (white arrowheads) and active (black arrowheads) form of
caspase-1 or IL-1f (d). The active form was quantified (e). Dot-plots summarizing plasma IL-18 (f) and
representative immunoblots showing Raptor, HK1 and total and phosphorylated p70S6K (g) and bar
graph summarizing results (h); loading control: GAPDH.

Sham operated mice (Sham) or mice with myocardial IRl without (Cont, PBS) or with aPC (aPC) or
parmodulin-2 (Parmodulin) pretreatment. Data shown represent meanSEM of at least 6 mice per group
(b-h); *P<0.01 (c,e,f,h: ANOVA).



4.9 aPC protects against renal ischemia reperfusion injury by limiting
Nlrp3 inflammasome activity

Considering recent data showing that inflammasome activation contributes to IRI in
other tissues, including the kidney*?"*?® we hypothesized that inflammasome
suppression by aPC may have implications beyond myocardial IRI. To this end we
conducted renal IRI following an established protocol.’*” Mice were pretreated with aPC
(2 mg/kg bodyweight, i.p.) or PBS 30 min prior to renal IRl (bilateral renal pedicle
occlusion, 30 min). After 24 hr we determined indices of renal failure and inflammasome
activation (Fig. 19a). As expected, BUN, creatinine, tubular injury, and expression of
KIM-1 (kidney-injury-molecule 1) were induced in control mice as compared to sham-
operated mice (Fig.19b-f). Likewise, renal expression of NIrp3 and cleavage of caspase-
1 (cl-Caspl) and IL-1B (cl-IL-1B) as well as the presence of cl-Caspl within renal
medullary tubular cells were markedly reduced by aPC treatment (Fig. 19g-j). In parallel,
aPC treatment decreased plasma cytokines (IL-18, IL-18, Fig. 19Kk,l). Importantly, Nlrp3
expression, which conveys renal injury at least in part independent of the canonical
inflammasome (caspase-1, IL-183, IL-18), was not different in aPC treated and sham-
operated mice, suggesting that aPC treatment efficiently blocks canonical and non-

canonical effects of Nirp3.

4.10 Constitutively active NIrp3 abolishes the protective effect of aPC in
renal IRI
Congruent with results from myocardial IRI (Fig. 9) aPC failed to protect against renal

IRl in NIrp3V-ER mice. BUN, creatinine, tubular injury, and expression of KIM-1
remained elevated in aPC treated NIrp3V-ER mice following renal IRI. (Fig. 20a-f)
Concurrently, aPC failed to reduce protein levels of NIrp3 and cleavage of caspase-1
(cl-Caspl) and IL-1B (cl-IL-1B, Fig. 20g,h) and plasma IL-18 and IL-18 levels (Fig. 20i,))
in NIrp3V-ER mice following myocardial IRI. These data establish that in mice with a
genetically superimposed bias for inflammasome activation aPC’s protective effect in
renal IRI is lost.

Thus, as in the heart, renal inflammasome restriction by aPC depends on NIrp3

suppression.
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Figure 19: aPC restricts NIrp3 inflammasome activation in renal IRI.

a: Experimental design.

b-f: aPC treatment reduces plasma BUN (b) creatinine (c) levels and tubular injury (d,e) in mice with
min) and reperfusion for 24 hr. Exemplary images of H&E-stained
kidney section from wild-type sham operated mice and IRl mice without (Cont) or with aPC treatment (d)
and dot-blot summarizing results of pathologic scores (e). aPC treatment inhibits expression of the tubular
presentative immunoblots (GAPDH: loading control) and bar graph

bilateral renal pedicle occlusion (30

injury marker KIM1 in renal IRI. Re
summarizing results (f).

62



g-I: aPC reduces renal IRI induced inflammasome activation. Representative immunoblots of renal Nirp3
expression and cleaved caspase-1 (cl-Caspl) and cleaved IL-18 (cl-IL-1B) (g) and bar graph
summarizing results (h), loading control: GAPDH. Arrowheads indicate inactive (white arrowheads) and
active (black arrowheads) form of caspase-1 or IL-1B (h) The active form was quantified (i).
Representative images of active caspase-1 within renal medullary tubular cells (i, frozen sections,
antibody specific for cleaved caspase- 1, cl-Casp-1; size bar: 20 um) and dot-plot summarizing data (j).
Dot-plots summarizing plasma IL-1B (k) and IL-18 levels (I).

Sham operated mice (Sham) or mice with renal IRl with PBS (Cont) or aPC treatment. Data shown
represent mean +SEM of at least 6 mice per group; **P<0.01 (b,c,e-h,j-I: ANOVA).
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Figure 20: Constitutively active NIrp3 abolishes the protective effect of aPC in renal IRI.
(a): Experimental design.

b-f: aPC treatment fails to protect against renal IRl in NIrp3“ R

mice. Plasma BUN (b) and creatinine (c)

V-ER
levels (dot-plots, b, c); Exemplary images of H&E-stained kidney section from NIrp3  mice (d) and dot-
blot summarizing results of pathologic scores (e). aPC treatment failed to reduce expression of the
V-ER

tubular injury marker KIM1 in NIrp3  mice in renal IRIl. Representative immunoblots (GAPDH: loading
control) and bar graph summarizing results (f).

g-j: aPC fails to reduce NIrp3 expression, cleavage of caspase-1 (cl-Caspl) and IL-1B (cl-IL-1B), and
plasma IL-1B and IL-18 levels in NIrp3""=" mice following renal IRI. representative immunoblots of renal
NIrp3 expression, cleaved caspase- 1 (cl-Caspl) and cleaved IL-1B8 (cl-IL-1B8) (g) and bar graph
summarizing results (h). Arrowheads indicate inactive (white arrowheads) and active (black arrowheads)
form of caspase-1 or IL-1B (g), only the active form was quantified (h); loading control: GAPDH; plasma
IL-1B8 and IL-18 levels (dot-plot, i,j)

Sham operated mice (Sham) or mice with renal IRl without (Cont, PBS) or with aPC pretreatment (aPC)
treatment. Data shown represent mean +SEM of at least 6 different mice per group (b-j); **P<0.01
(b,c,e,f,h-j: ANOVA).
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5 Discussion
Here we establish that aPC is an endogenous negative regulator of inflammasome

activation following IRI, uncovering a new anti-inflammatory mechanism of aPC. We use
two independent models, myocardial and renal IRI, to demonstrate that aPC restricts
NIrp3 expression and activation of caspase-1 and IL-1B3. aPC treatment after onset of
IRI efficiently restricts NIrp3 inflammasome activation and is sufficient for cytoprotection,
which is congruent with an improved outcome following inflammasome inhibition after
myocardial IRI.”> In addition, we demonstrate that inflammasome restriction by aPC is
independent of its anticoagulant properties but depends on signaling via PAR-1.
Importantly, a biased agonist of PAR-1 (parmodulin-2) mimics inflammasome
suppression and cytoprotection following myocardial IRI. Thus, we propose that biased

agonists mimicking aPC signaling may be a new therapeutic approach in IRI.

Inflammasome activation following IRI occurs in various organs other than the heart and
the kidney, including the brain and the liver.'?® In these organs aPC likewise conveys

cytoprotection following IRI*?°

, suggesting that limiting inflammasome activation by aPC
may be relevant not only in the heart and kidney (as shown here), but also in other
organs. Of note, the 3K3A aPC variant has pronounced neuro-protective effects in
animal models of cerebral IRl and is undergoing clinical trials in stroke patients
(NCT02222714).2*° As Nirp3 inflammasome inhibition ameliorates experimental
cerebral IRI it is conceivable, but remains to be shown, that aPC restricts NIrp3

inflammasome activation in cerebral IRI.

NIrp3 overexpression itself is not sufficient to cause myocardial dysfunction®® (and
current study), corroborating that both the priming and activation step are required for
inflammasome activation following IRI.>* Importantly, by restricting Nlrp3 expression
and caspase-1 and IL-1B activation aPC appears to target both inflammasome
activation steps. As the priming step of inflammasome activation is largely mediated by
NF-kB and as aPC inhibits NF-kB activity the proposed function of aPC in restricting
inflammasome priming is plausible.****? Considering the results obtained here using

aPC and parmodulin-2 or recent studies using small compound Nirp3 inhibitors'3
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targeting both steps of NIrp3 inflammasome appears to be therapeutically feasible.
Based on these observations we propose that simultaneously restricting the priming
(induction of NIrp3 expression) and activation (formation of the inflammasome complex)

step may be superior to inhibition of IL-1 receptor signaling or of caspases.'3**3¢

Both canonical (IL-1B8, IL-18) as well as non-canonical (NIrp3 or caspase-1)
inflammasome dependent effects cause tissue damage after IRI.®#1%137 Thys, in
myocardial fibroblasts NIrp3 induces mitochondrial ROS and Smad-signalling directly
through its NACHT domain.’*" Likewise, in renal IRl NiIrp3 conveys tissue damage
independent of ASC and cytokine production.'® Whether aPC regulates the canonical
NIrp3 activation pathway, the non-canonical NIrp3 activation via caspase-11, or both

needs to be further evaluated in future studies.

The current results suggest that inflammasome activation and associated cell death
(pyroptosis) are mechanistically more relevant than apoptosis in IRI. A role of apoptosis
— an immunologically silent cell death form — in myocardial IRl has been repeatedly
proposed, but these studies typically used TUNEL assay, which is not specific for
apoptosis and additionally detects pyroptosis and other cell-death forms.**?%413¢ Qur in
vivo kinetic studies demonstrate that inflammasome activation precedes apoptosis (Fig.
11). Additionally, NIrp3 deficiency is protective in myocardial IRI.*?® Inflammasome
activation and pyroptosis in tissue resident cell following IRl may generate a pro-
inflammatory micromilieu leading to the recruitment of professional immune-cells. This
may trigger a vicious cycle promoting tissue damage.>***4° Targeting the Nlirp3
inflammasome or caspase-1 may inhibit very early tissue-disruptive events and may be
thus superior to other approaches limiting inflammation associated with IRI. Yet the
current study does not exclude the occurrence or relevance of apoptosis in IRI. Indeed,
the induction of apoptosis at later stages following IRl may reflect a protective
mechanism, eliminating damaged cells without simultaneously inducing an inflammatory

response.
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What may be the mechanisms underlying aPC mediated inflammasome inhibition? Here
we show that inflammasome inhibition by aPC depends on mTORCL1 inhibition.
MTORCL1 activation and induction of HK1 expression and glycolysis constitutes a
mechanism of NIrp3, but not of Nirp1 and Nirc4 activation in macrophages.*** Likewise,
we observed inhibition of mMTORC1 and HK1 in LPS and ATP challenged macrophages
and cardiac fibroblasts by aPC. In addition, aPC inhibited mTORC1 and HK1 in HR
challenged cardiomyocytes as well as in the heart following myocardial IRI. Inhibition of
MTORC1 by aPC is congruent with AMPK activation (an inhibitor of mTORC1 signaling)

by aPC following myocardial infarction.'*>*?!

MTORCL1 activation in IRl has frequently
been observed***!*3 corroborating a mechanistic relevance of mTORCL1 inhibition by

aPC.

We acknowledge that the role of mTOR signaling in myocardial IRl is complex and
depends on its temporal activation pattern, the cell-type, the extent of mMTOR activity,
and the involvement of mMTORC1 versus mTORC2.'?>114> The ability of TSC1
deficiency to abolish aPC-mediated mTORCL1 inhibition indicates that aPC regulates the
mMTORC1 complex.}**!® However, considering the multifaceted interactions of
TSC1/TSC2, mTORC1, and mTORC2 the precise mechanism needs to be evaluated in
future studies.

We and other demonstrated that aPC restricts mitochondrial ROS¥®147

9

. a known

inducer of NIrp3 inflammasome activation.*?
8148

Intriguingly, mTORC1 regulates
mitochondrial quality and RO , suggesting that inhibition of mTORC1 and
mitochondrial ROS by aPC may be mechanistically linked. As the regulation of
mitochondrial ROS and mTORC1 is mutual**®, further studies are required to decipher
the exact mechanism through which aPC regulates mTORC1 and mitochondrial ROS.

While providing new insights into the cytoprotective effects of aPC, the current study
also raises questions. Thus, while parmodulin-2 demonstrated efficacy in the current
study it remains currently unknown whether mimicking biased signaling via PAR1 is
sufficient to copy the versatile cytoprotective effects of aPC. Considering that

parmodulin-2 targets Gag-signaling we suspect that aPC-PAR1-Gag-signaling conveys
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aPC-mediated inflammasome suppression.®®  Furthermore, various receptors
complement aPC signaling via PAR-1 in a cell and context specific fashion.*®%1*0 The
co-receptors required for aPC-PAR1-mediated inflammasome suppression remain to be
uncovered. Deciphering the specific co-receptors and signaling pathways involved may
allow further optimization of a molecular targeted therapy to inhibit inflammasome

activation after IRI.

Additionally, the long-term outcome following interventions with aPC in the setting of
myocardial IRI remains to be evaluated. Several groups have shown that inflammasome
inhibition improves cardiac remodeling and function at later time-points.?**3¢*! As aPC
ameliorates angiotensin Il triggered myocardial remodeling® an improved outcome
following aPC mediated inflammasome restriction seems conceivable, but remains to be

shown.

We demonstrate inflammasome suppression by aPC in various cell types relevant in
myocardial IRI. Whether inflammasome suppression in a particular cell type is more
important than in others in the context of IRI remains to be shown. Intriguingly, the
proposed initiation of a vicious cycle by inflammasome activation in resident tissue cells,
which then promotes the recruitment and activation of inflammatory cells, implies that it
may be sufficient to inhibit inflammasome activation specifically in ischemic organs. This
may allow tissue protection without compromising the function of innate immune cells,
which may constitute an advantage in organ transplantation or in patients in an

intensive care unit setting.
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Figure 21: Scheme reflecting the proposed role of NIrp3 inflammasome for cardiac dysfunction
and myocardial IRI.
Myocardial ischemia reperfusion (IRI) injury triggers DAMPs release, which results in TSC1-mTORC1

mediated NIrp3 inflammasome activation in cardiac resident cells, promoting cell death and hence
myocardial infarction. Inflammasome activation in cardiac resident cells triggers further inflammatory
cytokines release and inflammatory cells recruitment. Thus, the initial and localized inflammasome
activation may trigger a vicious cycle resulting in a robust inflammatory response and cardiac dysfunction.
aPC treatment inhibits NIrp3 inflammasome activation via a mechanism involving inhibition of PAR1 and
MTORC1 signaling, potentially trough AMPK activation. Inhibition of PAR1 signaling abolished the
protective effect of aPC in myocardial IRI, whereas blocking the anticoagulant function of aPC had no
effect. In addition, targeting PAR1 signaling using parmodulin-2 mimicked the protective effects of aPC in
IRI.
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6 Conclusion
This study evaluates novel aspects of aPC mediated NIrp3 inflammasome restriction

following myocardial and renal IRI. Previous studies have shown that aPC has anti-
inflammatory and anti-apoptotic effects and can protect against IRI in various organs,
but the mechanism was unclear. We use two independent models, myocardial and renal
IRI, to demonstrate that aPC restricts Nlrp3 expression and activation of caspase-1 and
IL-1B. We show NIrp3 inflammasome activation precedes the induction of apoptosis and
the detection of an infarction, suggesting a pathogenic role of inflammasome activation
in IRI.

Treatment with aPC was protective even when administered 30 minutes after the onset
of reperfusion. These protective effects were abolished in mice that expressed
constitutively active NIrp3, confirming that inhibition of inflammasome activation is
required for aPC-mediated protection in the setting of IRI. Further studies showed that
aPC treatment limits NIrp3 inflammasome activation via a mechanism involving PAR1
mediated mTORC1 signaling inhibition. Inhibition of PAR1 signaling abolished the
protective effect of aPC in myocardial IRI, whereas blocking the anticoagulant function
of aPC had no effect. In addition, targeting PAR1 signaling using parmodulin-2
mimicked the protective effects of aPC in IRI.

The identification of the NIrp3 inflammasome as a key target of aPC-PAR-1 signaling
suggests several potential therapeutic strategies, including aPC analogs, parmodulins,
and NlIrp3 inhibitors for the prevention of myocardial reperfusion injury. Finally, these
findings imply a potential to target biased PAR-1 signaling in other inflammatory
conditions such as stroke and in the setting of organ transplantation. Perfusion of a
donor organ with aPC or an aPC-based therapeutic agent (parmodulin, pepducin)
before transplantation may inhibit inflammasome activation and thus may improve organ

function.
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Zusammenfassung

Diese Studie untersucht neue Aspekte der aPC-vermittelten NIrp3-Inflammasom-
Inhibition nach myokardialer und renaler IRI. Frihere Studien haben gezeigt, dass aPC
entzindungshemmende und antiapoptotische Wirkungen hat und gegen IRI in
verschiedenen Organen schitzen kann, aber der Mechanismus war unklar. Wir
verwendeten zwei unabhangige Modelle, myokardiale und renale IRI, um zu zeigen,
dass aPC die NIrp3-Expression und die Aktivierung von Caspase-1 und IL-1f3 inhibiert.
Wir zeigen, dass die NIrp3-Inflammasom-Aktivierung der Induktion von Apoptose und
dem Nachweis eines Infarkts vorausgeht, was auf eine pathogene Rolle des

Inflammasoms hindeutet.

aPC war schitzend, selbst wenn es 30 Minuten nach Beginn der Reperfusion
verabreicht wurde. Dieser schitzende Effekt war bei Mausen, die konstitutiv aktives
NIrp3 exprimierten, aufgehoben. Letzteres bestétigt, dass die Hemmung der
Inflammasom-Aktivierung fur den aPC-vermittelten Schutz bei IRI notwendig ist.
Weitere mechanistische Untersuchungen zeigten, dass aPC via PAR1 die mTORCL1
Signaltransduktion und somit dann auch das Nirp3-Inflammasom inhibiert. Die
Hemmung der aPC-PAR1-Signaltransduktion, nicht aber Inhibition der
antikoagulatorischen Eigenschaften von aPC, hob die schitzende Wirkung von aPC
auf. Daruber hinaus ahmte die Modulation der PAR1-Signalisierung unter Verwendung

von Parmodulin-2 die schitzenden Wirkungen von aPC in IRI nach.

Die Identifizierung des Nlrp3-Inflammasoms als molekulare Zielstruktur der aPC-PAR-1-
vermittelten Signaltransduktion legt mehrere innovative therapeutische Strategien nahe.
So erscheint es mdoglich, dass aPC-Analoga, Parmoduline oder Nlrp3-Inhibitoren zur
Pravention von myokardialen oder renalen Reperfusionsschaden entwickelt werden.
Schlie3lich kénnten die aPC-PAR-1-vermittelten Effekte auch bei anderen post-
ischamischen  entzundlichen  Zustanden, z.B. nach Schlaganfall oder
Organtransplantation, einen Nutzen darstellen. Die Perfusion eines Spenderorgans mit
aPC oder einem aPC-basierten Therapeutikum (Parmodulin, Pepducin) vor der
Transplantation kénnte die Aktivierung des Inflammasoms hemmen und somit die

Organfunktion verbessern.
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Future Outlook

While providing new insights into the cytoprotective effects of aPC, the current study

also raises questions.

1)

2)

3)

4)

5)

We demonstrate that inflammasome activation and associated cell death
(pyroptosis) was mechanistically more relevant than apoptosis in myocardial IRI.
However, whether the induction of apoptosis at later stages following IRl may
prevent excessive inflammation, thus providing protection in IRI, remains
unknown. Additionally, the long-term outcome following interventions with aPC in
the setting of myocardial IRl remains to be evaluated.

We demonstrate inflammasome suppression by aPC in various cell types
relevant in myocardial IRIl. The relative contribution of cardiac resident cells and
immune cells to inflammasome activation in myocardial IRl remains unclear.
Intriguingly, the proposed initiation of a vicious cycle by inflammasome activation
in resident tissue cells, which then promotes the recruitment and activation of
inflammatory cells, implies that targeting the inflammasome in cardiac resident
cells may prevent myocardial tissue loss from pyroptosis and prevent excess
recruitment of inflammatory cells to infarcted tissue without impeding
inflammasome activation in the periphery.

Whether aPC regulates the canonical NIrp3 activation pathway, the non-
canonical Nlrp3 activation via caspase-11, or both needs to be further evaluated
in future studies.

The mechanisms controlling inflammasome activation, e.g. the co-receptors
required for aPC-PAR1-mediated inflammasome suppression, remain to be
uncovered. Deciphering the specific co-receptors and signaling pathways
involved may allow further optimization of a molecular targeted therapy to inhibit
inflammasome activation after IRI. While parmodulin-2 demonstrated efficacy in
the current study it remains unknown whether mimicking biased signaling via
PAR1 by parmodulin-2 is sufficient to convey the versatile effects of aPC.

We and other demonstrated that aPC restricts mitochondrial ROS, a known

inducer of Nlrp3 inflammasome activation. Intriguingly, mMTORC1 regulates ROS,
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suggesting that inhibition of MTORC1 and mitochondrial ROS by aPC may be
mechanistically linked. Further studies are required to decipher the exact
mechanism through which aPC regulates mTORC1 and mitochondrial ROS.

6) It is not known whether the inflammasome activation associated with myocardial
IRI contributes to accelerated atherosclerosis following myocardial IRI.

The delineation of these questions is expected to provide novel insights into the

relevance of inflammasome activation following myocardial IRl and its contribution to

myocardial damage and dysfunction as well as to accelerated atherosclerosis.
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