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Zuammenfassung

Zusammenfassung

Atherosklerose ist weltweit eine der Hauptursachen fir Morbiditdt und Mortalitat. Bei
fortgeschrittener Atherosklerose ist die Cholesterinkristallembolie (CCE) eine potenziell
lebensbedrohliche Komplikation mit einer durchschnittlichen Mortalitat von 62,8%. Autopsien
oder Gewebebiopsien zeigen Cholesterinkristalle (CC) im arteriellen Lumen, umgeben von
einer fibrotischen Matrix, die das GefidRlumen verschlieRt. Uber die genauen zelluldren und
molekularen Mechanismen nach CCE ist wenig bekannt, was teilweise auf das Fehlen eines
Tiermodells zurlickzufiihren ist. Wir stellten daher die Hypothese auf, dass die Entwicklung
eines reproduzierbaren Mausmodells der CCE zur Nachahmung der morphologischen und
funktionellen Eigenschaften der CCE beim Menschen dazu beitragen wiirde, die molekularen
Mechanismen des CC-gesteuerten arteriellen Verschlusses, des Gewebeinfarkts und des
Organversagens zu untersuchen.

CCE wurden in C57BL/6J-Mausen durch Injektion von CC tiber einen minimal- invasiven Eingriff
in die linke Nierenarterie induziert. Primarer Endpunkt war die glomeruladre Filtrationsrate
(GFR), die am wachen und frei beweglichen Tier gemessen wurde, um den Abfall der
exkretorischen Nierenfunktion als Marker eines akuten Nierenversagens zu bestimmten. Die
Grole des Niereninfarkts wurde, wie bei Myokardinfarkt oder Schlaganfallmodellen etabliert,
per TTC-Farbung von Nierenschnitten und Planimetrie quantifiziert.

Injektion von CC verursachte einen dosis-abhdngigen Abfall der GFR und Territorialinfarkte
der Niere. Ursache waren Verschliisse praglomeruldrer Arterien und Arteriolen. Der
Kristallanteil am Gefallverschluss war gering, stattdessen fanden sich Fibrin+
Thrombusmaterial um die Kristalle, die das arterielle Lumen ausfillten. Wir nannten diese
Strukturen “Kristallthrombosen”. Im Vergleich zum GFR Abfall, war das Ausmald der
InfarktgroBen variabler. 3D Rekonstruktionen von Angio-uCTs zeigte partielle und vollstandige
arterielle Verschlisse und Rarefizierung der arteriellen BlutgefaRe. Histologisch fand sich nach
24 h ein deutliches perilesionales Neutrophileninfiltrat. Somit imitiert unser Modell periphere
CCE mit arteriellen Verschliissen, die akute territoriale Infarkte, perilesionale Entziindung und
fiunktionelles Organversagen. Das Blockieren der Nekroinflammation/Infarzierung in mixed
lineage kinase domain-like (Mlkl)-defizienten Mdusen oder mit dem Inhibitor Nec-1s bzw.
einem NLRP3-Inhibitor reduzierte signifikant die Infarktgrofe und Infiltration von

Neutrophilen im Vergleich zu Kontrollen. Keine dieser Interventionen hatte jedoch
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Auswirkungen auf den durch CCE verursachten GFR-Verlust (=Organversagen), weil keine der
Interventionen Einfluss auf die arteriellen Verschliisse hatte. Da in der Niere die Funktion zu
allererst von der glomerularen Perfusion abhangt, verhindert die Hemmung der ischamen
Nekrose alleine noch nicht das Nierenversagen. Somit war klar, dass die Kristallthrombosen
das entscheidende Therapietarget bei CCE darstellen.

Histologisch bestanden die Kristallthrombosen aus Erythrozyten, Plattchen, Neutrophile,
Fibrin, und extrazellulare DNA (ecDNA). Zunachst haben wir Neutrophile mit einem
depletierenden Antikorper selektiv entfernt, bzw. die Bildung von neutrophil extracellular
traps (NETs) mit einem Inhibitor gehemmt. Beide Interventionen verringerten die GroRe des
Niereninfarkts im Vergleich zur Kontrollgruppe, dies hatte jedoch keinen signifikanten Einfluss
auf die arteriellen Verschlisse bzw. den GFR-Verlust. Im Gegensatz dazu schiitzte der
Thrombozyten-P2Y12-Rezeptorantagonist Clopidogrel Mause vollstandig vor
Kristallthrombosen, GFR-Abfall und Niereninfarkt. Daher sind Blutplattchen, jedoch nicht
neutrophile Granulozyten, von zentraler Bedeutung fiir CCE-induzierte Kristallthrombosen
und ihre Folgen. Als Nachstes testeten wir die Wirkung von Heparin und des Fibrinolytikums
Urokinase. Nach 24 Stunden reduzierten sowohl Heparin als auch Urokinase die Anzahl der
arteriellen Verschllisse signifikant. Niereninfarkt, Nierenverletzung, Infiltration von
Neutrophilen, GefaRverletzung sowie tubuldre Nekrose waren nahezu vollstandig abwesend.
Beide Behandlungen hatten im Vergleich zu mit Vehikel-behandelten Mausen einen
vollstandigen Schutz vor GFR-Abfall. Zusammenfassend ladsst sich sagen, dass nicht die Kristalle
an sich, sondern die Kristallthrombosen arterielle Obstruktion, Gewebeinfarkt und
Organversagen verursachen.

Um die Bedeutung der ecDNA zu untersuchen, gaben wir rekombinante DNase I, die ecDNA
degradiert. Tatsdchlich war 24 h nach DNase | Gabe in den Arterien keine ecDNA mehr
nachweisbar und, Giberraschenderweise, traten auch Kristallthrombosen nicht mehr auf. Die
Verhinderung von arteriellen Verschlissen war mit einem vollstandigen Schutz vor GFR-Abfall,
einer signifikanten Verringerung der NiereninfarktgroRe verbunden. Somit ist ecDNA eine
weitere nicht-redundante Komponente der CCE-bedingten arteriellen Obstruktion, des
Gewebeinfarkts und des Organversagens. Da Herz- oder Aortenoperationen die Verwendung
von Antikoagulanzien oder Fibrinolytika ausschlieBen, betrachteten wir rekombinante DNase

| als mogliche Alternative zur Abschwachung der CC-Gerinnselbildung durch Hemmung der
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Fibrinbildung und der ecDNA-Akkumulation. Zuerst testeten wir das therapeutische
Zeitfenster und stellten fest, dass die DNase I-Behandlung, die 3 Stunden nach der CCE
verabreicht wurde, immer noch einen Trend zu verbesserten Ergebnissen im Vergleich zu 6
und 12 Stunden zeigte. Um die Ergebnisse bei der Einstellung einer CCE im Zusammenhang
mit kardiovaskularen Eingriffen weiter zu optimieren, haben wir ein Regime getestet, das eine
praventive Einzeldosis des Nekroptosehemmers Nec-1s mit therapeutischer Gabe von
rekombinanter DNase 1 3 Stunden nach Kristallinjektion kombiniert. Hierunter kam es zu einer
vollstandigen Protektion von Kristallthrombosen Organversagen und Infarkt, was eine neue
Behandlungsoption bei elektiven Eingriffen bei Hochrisikopatienten aufzeigen koénnte.
Mechanistische in vitro Untersuchungen im Organ-Chip Modell, zeigten wie Cholesterin-
Kristalle zu Endothelschaden filihren, dass ecDNA v.a. aus Endothel und Neutrophilen
freigesetzt wird. Thrombozyten setzen nur wenig mitochondriale DNA frei. DNase | inhibiert
die CC-induzierte Thrombozytenaktivierung, moglicherweise durch Abbau von ADP.

Zusammengenommen prasentieren wir erstmals ein Mausmodell einer CCE mit
Organversagen und Infarkt, das pathophysiologische Studien gestattet. Nicht der Infarkt an
sich, sondern die Kristallthrombosen sind fiir das Organversagen entscheidend.
Endothelschadigung mit Freisetzung von ecDNA und Plattchenaktivierung fliihren zur Bildung
der Kristallthrombosen und bieten alte und neue Therapietargets. Eine prophylaktische
Einmalgabe eines Zelltodinhibitors und die Gabe von DNase | im postinterventionellen
Zeitfenster von 3 h (bei der Maus) kénnten helfen, die Prognose von Patienten mit Prozedur-

assoziierter CCE zu verbessern.
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Summary

Atherosclerosis is a leading cause of global morbidity and mortality. In advanced
atherosclerosis, cholesterol crystal (CC) embolism (CCE) is a potentially life-threatening
complication with an average mortality of 62.8 %. Autopsies or tissue biopsies reveal CCinside
the arterial lumen surrounded by an undefined biological matrix obstructing the vessel lumen.
Little is known about the precise cellular and molecular mechanisms following CCE, in part due
to the lack of animal models. Therefore, | hypothesized that developing a reproducible mouse
model of CCE to mimic the morphological and functional characteristics of CCE in humans
would be instrumental to dissect the molecular mechanisms of CC-driven arterial occlusion,
tissue infarction, and organ failure.

To induce CCE, different doses of CC were injected into the left kidney artery of C57BL/6J mice.
Acute kidney failure was evaluated by kidney function (i.e. GFR), kidney infarction was
guantified using the TTC method. CC caused crystal clots occluding intrarenal arteries and a
dose-dependent drop in GFR. In contrast, the extent of kidney infarction was more variable.
3D uCT showed partial and complete arterial occlusions, blood vessel rarefaction, and volume
change. The macroscopic analysis revealed kidney swelling and territorial infarctions, tubular
necrosis, interstitial edema, neutrophil infiltrates, and loss of CD31. Thus, intraarterial CC
injection induces arterial occlusions causing acute territorial infarctions, perilesional
inflammation, and organ failure. Blocking necroptosis with Mlk/-/- mice or Nec-1s, and the
NLRP3 inhibitor significantly reduced infarct size, kidney injury, and neutrophil infiltration at
24 h compared to WT controls. However, none of these interventions affected CCE-related
GFR loss. Consistently, necroinflammation is involved in kidney infarction but not in arterial
occlusions as an upstream event. Thus, as nephron perfusion is ultimately required for kidney
function, inhibiting infarction alone does not prevent acute kidney failure.

Immunostaining revealed that crystal clots involved platelets, neutrophils, fibrin, and
extracellular DNA (ecDNA). Therefore, | depleted neutrophils or inhibited NET formation
before CC injection. Neutrophil depletion or NET inhibition significantly decreased kidney
infarction compared to the control groups, but this had no significant effect on arterial
obstructions or GFR loss, maybe because mononuclear cells had partially replaced neutrophils
inside crystal clots as a source of ecDNA. In contrast, the platelet P2Y12 receptor antagonist
clopidogrel completely protected mice from intravascular obstructions, GFR loss, kidney

infarction, and perilesional neutrophil infiltrate. Therefore, CC occlude arteries by forming
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crystal clots consisting of fibrin, platelets, and neutrophils. Thus, platelets but not neutrophils
are central for CCE-related arterial occlusion, organ failure, and tissue infarction. Next, | tested
the effects of the anticoagulant heparin and the fibrinolytic agent urokinase. At 24h both
heparin and urokinase significantly reduced the arterial occlusions number, kidney infarction,
kidney injury, neutrophils infiltration, vascular injury as well as tubular necrosis. Both
treatments had complete protection from GFR loss compared to vehicle-treated mice.
Conclusively, not the crystals per se but rather crystal clots cause arterial obstruction, tissue
infarction, and organ failure.

In the DNase | treatment group, | noticed a significant reduction in the percentage of CC clots
with ecDNA. After 24h of DNase | treatment intraarterial ecDNA had disappeared and the
number of arterial occlusions was significantly reduced. Preventing arterial occlusions was
associated with complete protection from GFR loss, a significant reduction in kidney infarct
size as well as kidney cell death, neutrophil infiltrates, and vascular rarefaction. Thus, ecDNA
is another non-redundant component of CCE-related arterial obstruction, tissue infarction,
and organ failure. As cardiac or aorta surgeries preclude the use of anticoagulants or
fibrinolytic agents, | considered recombinant DNase | as a possible alternative to attenuate CC
clot formation by inhibiting fibrin formation and ecDNA accumulation. First, | tested the
therapeutic window-of-opportunity and found that DNase | treatment given 3 h after CCE
showed trends towards improved outcomes compared to 6 h and 12 h. To further optimize
outcomes in the setting of a cardiovascular procedure-related CCE | tested a regimen
combining a pre-emptive single dose of the necroptosis inhibitor Nec-1s with therapeutic
recombinant DNase | gave 3 h after intraarterial CC injection. This approach could be feasible
as prophylaxis given to all patients at risk, while DNase | would be only given to those with
signs of CCE into the kidney, e.g. an early decline of urinary output. This dual strategy resulted
in significant protection from GFR loss and kidney infarction in almost all animals together
with a significant reduction in vascular occlusions by crystal clots.

In my in vitro studies, platelets were exposed to thrombin with or without CC and found that
CC enhances fibrinogen release from platelet alpha (a)-granules, which further promotes
fibrin clot formation. CC exposure also induced ATP secretion from dense (8)-granules, but co-
incubation with DNase | strongly reduced these extracellular ATP releases. Next, | stimulated

platelets with thrombin and collagen-related peptide and indicated DNase | can inhibit
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fibrinogen and ATP secretion and subsequent fibrin formation and P2Y12 receptor signaling,
respectively. To model this process in vitro, | tested collagen-driven platelet aggregation with
or without CC. Indeed, collagen | triggered massive platelet aggregation within 5 min with CC,
DNase | treatment normalized this accelerated aggregation response. Endothelial cells and
neutrophils studies showed that CC did not directly induce plasmatic coagulation but induced
NET formation and DNA release mainly from kidney endothelial cells, neutrophils, and few
from platelets. Thus, the in vitro studies support that CC and platelet dependent ecDNA
release from neutrophils and endothelial cells, and DNase | can attenuate CC-induced platelet
activation, aggregation, and fibrin clot formation.

In summary, not CC by itself but the fibrin clots forming around CC obstruct peripheral arteries
causing tissue infarction and organ failure. Hence, crystal clots represent the primary target
for therapeutic interventions. Among the possible molecular targets in thrombosis and
haemostasis, especially enhancing fibrinolysis or inhibiting platelet purinergic signaling could
reduce arterial occlusions, infarction, and organ failure albeit with a relatively short window-
of-opportunity up to 3 h. My results suggest that prophylactic necroptosis inhibition with a
combination of DNase | therapy could have a synergistic effect on CC induced clot formation
in mice and might be a feasible two-step prophylactic/therapeutic approach in human

patients with a risk for procedure-related CCE.
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1. Introduction

1.1 Cholesterol crystal embolism

Cholesterol crystal embolism (CCE) is a unique version of arterio-arterial embolization. CCE
occurs upon the rupture of an atherosclerotic plaque of a large artery (usually the aorta) when
CC mobilize from the plaque material into the bloodstream. Taken to smaller arteries these
CCs get stuck at some point and trigger biological processes leading to mechanical obstruction
of arteries, ultimately resulting in tissue ischemia and organ failure (1). This process is similar
to arterio-arterial thromboembolism, where a thrombus built-up on an atheromatous plaque
mobilizes and gets flushed to a distal artery causing acute ischemic pain and injury (2). CCE is
somewhat different. In contrast, the release of CC emboli in CCE can affect numerous arteries
and organs and occur repeatedly over a while (3). CCE is a complication of advanced
atherosclerosis (4). Clinical symptoms of CCE mostly relate to the location of the atheromatous
plague and the affected arterial beds. CC emboli release from the descending thoracic aorta
may cause kidney failure, kidney infarction, mesenteric ischemia, while plaque rupture in the
ascending aorta may also affect the brain and cause stroke-like symptoms (Fig. 1). Besides,
fever, malaise, hypereosinophilia, and elevated serum levels of inflammatory markers, for
example, increased erythrocyte sedimentation rate and C-reactive protein, are also typical

systemic signs and symptoms of CCE (5).
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Central nervous system:
- Transient ischemic attacks
T - Cerebral infarction
; 3 - Spinal cord infarction
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Figure 1. Cholesterol crystal embolism in multiple organs. A: Rupture of advanced atherosclerotic plaques in
the ascending aorta can cause a shower of CC into arteries of the brain and the upper limbs. In the brain, the CC
will lead to cerebral or spinal cord infarction and transient ischemic attacks. In the limbs, it will cause livedo
reticularis and blue toe syndrome. B: When an advanced atherosclerotic plaque of descending aorta ruptures,
which is the most common case it can induce CCE in multiple organs, such as the kidney, the gastrointestinal
system, and the lower limbs. Skin lesions in the lower limbs are the most common complication of CCE. C: CCE in
the human spleen, arrows indicate cholesterol clefts. The kidneys are the second vulnerable organ to plaque-
induced CCE. Fig. D shows CCE in the human kidney, around the CCE obstructed kidney artery are ischemic
necrotic tubular cells. Arrows indicate cholesterol clefts. CCE-induced ischemia can cause acute kidney infarction,
as shown in Fig. E: CCE-induced tissue infarction in mouse kidney. The green circles indicate ischemic cores, and
inside the yellow circle is infarcted kidney.
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1.1.1 Pathophysiology of cholesterol crystal embolism

Six key elements are involved in the pathophysiology of CCE: 1. The atherosclerotic plaque
present in the proximal large artery; 2. Plaque rupture; 3.CC mobilization; 4. Lodging of CC
showers to distal small arteries; 5. CC emboli triggering biological responses; 6. End-organ
injury.

Atherosclerotic plaque in the proximal artery. It is the premise for CCE development that an
advanced atherosclerotic plaque is present in a large artery usually the aorta (6). Similar to
atherosclerosis, kidney CCE normally affects males with diabetes and/or hypertension with a
history of smoking and an age > 60 (7). The plaque is the main pathological manifestation of
atherosclerosis. As a typical feature, the fibrous cap of the atherosclerotic plaque covers a
necrotic core consisting of necrotic cell debris, foam cells, and CCs. Many risk factors can
destabilize plagques and render them prone to erosion and rupture (8). CCE is initiated and
propagated by deprivation of the fibrous cap, following segments break off from the core and
approaching toward small arteries (9,10).

Plaque rupture. The rupture of atherosclerotic plaques can occur spontaneous, traumatic, or
be related to thrombolytic and anticoagulation therapy. Plaque vulnerability relates to factors
such as adhesion molecule expression, local cytokine release, monocyte and macrophage
activation, endothelial cell dysfunction, and the activity of proteolytic enzymes (11). Autopsy
studies revealed an incidence of spontaneous CCE ranging from 1 % to 3.4 % (9,12). Blunt
trauma, catheterization, and cardiovascular surgery also cause traumatic plaque rupture. CCE
is a relatively uncommon complication of cardiac catheterization even though plaque debris
has been found in more than 50 % of guiding catheters (13). The incidence of clinically
recognized CCE is less than 2 % of all catheter procedures (14). The occurrence of CCE in
patients undergoing cardiac surgery is broadly dependent on the extent of atherosclerosis in
the ascending aorta. Coronary revascularizations have a higher incidence of CCE in patients
compared to valvular surgeries (15). Traditional cardiopulmonary bypass surgeries may
provoke more microembolization events compared to off-pump cardiovascular procedures
(16). Traditional carotid endarterectomy as well as carotid stenting both can generate CC
emboli. Although CC emboli may affect multiple organs, the brain is considered as the most
vulnerable site to CC emboli. Several clinical cases have been reported that thrombolytic

therapy management for acute coronary syndrome and deep vein thrombosis can trigger CCE
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(17). Nonetheless, controversy still exists regarding the correlation between thrombolytic
therapy (18). As such anticoagulants have not been established as routine therapy for CCE as
it is in atheroembolism. To date, no randomized clinical trials to specifically address the link
between anticoagulation therapy and CCE.

Embolization of plaque components. CCE is characterized by multiple microemboli composed
of CCs and plaque debris mobilized to various end-organ arteries often over some time. CCE
becomes clinically evident once the manifestation of end-organ damage is apparent.

Lodging of cholesterol crystal emboli in distal small arteries. Showers of CC lodge into small
arteries with a diameter of mostly between 100 and 200 um. Within the lumen of obstructed
vessels, classic ovoid, or needle-shaped clefts are observed not CC themselves in conventional
biopsy specimens as CCs have washed away during processing (5). However, CC is visible in
cryofixed biopsy specimens under polarized light (19).

The inflammatory response to cholesterol emboli. CC emboli are thought to not only directly
restrict blood flow but also provoke a local inflammatory response. Histopathological lesions
suggest that a series of reactions ultimately lead to a classical foreign body reaction. Generally,
polymorphonuclear cells and eosinophils infiltrate the affected small arterial walls first.
Following that mononuclear cells arrive and transform into giant cells, attempting to
phagocytose CCs, followed by proliferation of endothelial cells and formation of intimal
fibrosis. Ultimately, the result is a partial or complete occlusion of the arterial lumen and signs
of tissue ischemia (20).

End-organ damage. End-organ damage may involve both, the mechanical obstruction of
arteries and the local response. CCE can impair the function of any organ, in particular the
brain, kidneys, gastrointestinal tract, skin, and the lower limbs are the most frequently

affected by CCE.

1.1.2 Cholesterol crystal embolism in the kidney

CCE affecting the kidney is also known as atheroembolic kidney disease. Kidney CCE shows a
pattern of acute kidney failure related to diffuse thrombosis occlusion of intrarenal arteries,
arterioles, and glomerular capillaries with CC emboli originating from atheromatic plaques of
the major arteries such as the aorta. Kidney CCE frequently occurs together with signs and

symptoms of CCE in the skin, gastrointestinal system, lower limbs, and brain (6,9,10,21).
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Kidney CCE is a serious complication of prevalent atherosclerosis in adult men and over 60
years of age (22,23). While the incidence of the disorder is still unknown because of the
reported prevalence is diverse and in different clinical series, probably because of recognition
bias. Random autopsy studies reported that the prevalence of kidney CCE ranging from 0.31 %
t0 2.4 % (12,24). Other autopsy studies reported higher incidences of the disease ranging from
12 % to 77 %, a high variability because these autopsy samples included elderly patients who
died upon aortic surgery or aortography (21,23,24). Two large kidney biopsy studies reported
a prevalence of 1%, and 4 % to 6.5 % in elderly people (> 60) (25,26). Clinical studies estimated
that CCE is supposed to account for 5-10 % of AKl in all cases (27). Regarding ICU patients, 3 %

of those patients were diagnosed with CCE.

Pathophysiology of kidney cholesterol crystal embolism

Currently, 76-77 % of kidney CCE is considered iatrogenic, probably because of the increased
use of vascular surgeries, anticoagulation, or thrombolysis (10,23,28,29). CCE was first
observed as a complication of plaque disruption caused by vascular surgery (21). Any vascular
procedure (including endovascular surgery, coronary artery bypass surgery, etc) has a risk of
developing CCE (23,30). Angiography accounts for up to 80 % of CCE cases that is the most
prevalent iatrogenic trigger (22,28). Anticoagulants or after thrombolytic therapy rarely leads
to kidney CCE in patients (6,10,22,27,31). Thrombi have a stabilizing protective effect on
ulcerated plaques, while anticoagulants may impair plaque sealing and account for repetitive
CC showers into the periphery (32). In studies of patients with kidney CCE, anticoagulation
was thought as an accelerating factor accounting for 13-76 % of cases (10,22,23,27,28,31).
However, only 7 % of patients who had preceding invasive vascular surgeries developed CCE
in the kidney after anticoagulant treatment (33).

On histology analysis, CC emboli are observed in the lumen of arcuate and interlobular arteries
of the kidney, small CCs rarely embed in the afferent arterioles and glomerular capillaries (34).
On paraffin sections, CCs appear as empty clefts of fusiform and needle-shaped because the
CCs were washed away with ethanol treatment during specimen processing with paraffin. CC
emboli usually provoke variable tissue injury (7). Tissue ischemia is the predominant cause for
tissue atrophy and interstitial fibrosis, and acute tubular necrosis areas can be identified

during the early stages (35).
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Clinical features of kidney cholesterol crystal embolism

Many factors affect the clinical manifestations of kidney CCE, including the size and location
of atheromatous plaques, lodging sites, amount of mobilized material, and the frequency of
plague rupture. CC emboli shuttle to the cerebral and retinal arteries are mainly derived from
the ascending aorta and proximal aortic arch (9). Emboli mobilizing to arteries of the kidneys
and lower limbs (leg and feet) can also originate from the descending thoracic and abdominal
aorta (10,21,31). Although severe CCE can lead to a sudden illness due to pain and dysfunction
of multiple organs, subclinical or mild episodes of the disease are frequent (22,23,27-29).

CCE in kidney impairs kidney function in various progressive ways, acute, subacute, or slowly
progressive (22,23,27-30). Acute onset occurs within one week of a clear causal event of
atheroembolism and presents as loss of excretory kidney function in 20-30 % of patients (30).
This incident of AKI indicates diffuse intrarenal CCE. In most cases, gastrointestinal and
cutaneous systems are also affected (36). Subacute kidney disease, as the most frequent form
of CCE, with accelerating kidney function loss arising progressively during several weeks after
a provoking condition. The mean time to diagnosis of the disorder was 5.3 weeks after an
arteriographic procedure (35). This long gap between the causing event and the clinical
evidence of kidney insufficiency indicates recurrent CC emboli showers and related
inflammatory responses play a causal role in the disease process. Another presentation is the
moderately increasing CKD that is usually attributed to nephroangiosclerosis or ischaemic
nephropathy that mostly accompanies CCE events (37). The chronic presentation is a gent low-
grade process accompanied by additional symptoms of other organs, therefore the CCE is
clinically silent and usually underdiagnosed because kidney biopsy is not routinely performed.
The progression of CKD is highly variable. 28-61 % of patients at acute or subacute stages need
kidney replacement therapy, and partial recovery of kidney function occurs in 20-30 % of those
patients after a variable period of dialysis (22,27,28). Recovery of kidney function is associated
with reduced inflammatory response and resolution of concurrent acute tubular necrosis in
ischaemic areas. Moreover, kidney CCE also associates with severe, uncontrolled hypertension.

Kidney infarction is a unique outcome of CCE (38).

Therapies for kidney cholesterol crystal embolism

Regarding treatments for patients with CCE in the kidney, the primary purpose is to limit
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ischaemic injury and to inhibit recurrent embolization. No reliable treatment option could be
established so far and currently, interventions focus mostly on prevention and supportive
therapy (8,23,29). Pre-emptive measures focus on restricting the exposure to trigger factors,
such as re-evaluating the indication for anticoagulant therapy and avoidance of unnecessary
vascular procedures or surgeries. In established cases, medical intervention mostly targets
symptoms of this disease. Cardiac dysfunction and hypertension are aggressively treated.
Therefore, future interventions should also aim to address the current gaps in preventing
organ failure and injury.

Although no randomized clinical trials for patients with kidney CCE have been conducted so
far, uncontrolled studies suggest the potential effects of statins and steroids.

Steroids. Small studies suggest possible benefits of steroids on kidney CCE (39,40). Low-dose
administration of steroid (0.3 mg/kg) ameliorated symptoms and nutritional intake in 18
patients with recurrence disease (28). Other series imply that high doses of steroids could
have beneficial effects, while other studies found little or insignificant effects of steroid
treatment (10). A prospective study of 354 patients with kidney CCE, steroids had no effects
on kidney function or other patient conditions (41). Hence, the use of steroids is still
controversial, although it could have a role in patients with multi-system involvement,
periodic and progressive disease, and systemic inflammation.

Statins. 1t has been reported that intermittent cases of kidney CCE respond to statins. In a
prognostic study, the administration of a statin reduced the risk of developing ESKD in 12
patients. This finding was supported by a large prospective study (41). Moreover, statins had
a promising effect on disease progression even the therapy was started after the diagnosis of
CCE. Plaque stabilization and regression through lipid-lowering and anti-inflammatory
activities could be the potential mechanisms of action of statins in this setting (42). Plaque
stabilization might reduce the risk of further embolization. Nonetheless, the effects of statins
do not address the acute setting. Despite these limitations, the early use of statins could be
justifiable.

Besides, other successful therapies in small numbers of patients have also been reported,
including iloprost, pentoxifylline, and LDL apheresis, although these approaches have yet to
be tested in controlled studies (23,30). Removal by surgery or sealing the ruptured plaque

with a covered stent could be another option, although is not easy to identify the embolic
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source in each patient. Moreover, surgical treatment is usually not feasible for all patients and
is associated with fundamental morbidity. Particularly, patients with CCE in kidney usually
have a poor general condition to perform major surgery. Notably, the procedures of surgery
would induce major risk for recurrence emboli due to the necessary aortic clamping.

Anyway, primary prevention of kidney CCE is important, e.g. restricting unnecessary
angiographies and surgical procedures in patients at risk. The non-invasive diagnostic can help
to avoid the risk of catheter-induced embolization, for instance, MR angiography or computer-
assisted tomographic angiography. Application of the appropriate and cautious techniques to
avoid direct damage to the atheromatous vessel wall during endovascular surgeries might also
reduce embolization risk. Finally, the potential application of embolic protection devices could

maximum reduce the risk of embolization by removing atheromatous debris.

1.2 Acute kidney injury and acute kidney disease

Acute kidney injury (AKI) is characterized by a rapid decline of kidney function, also referred
to as “Acute kidney failure” (43). AKI normally happens within a few hours or a few days,
kidney function is measured by serum creatinine and urine output in the clinic. The Kidney
Disease Improving Global Outcomes (KDIGO) committee categorizes the AKl into three stages

(Tab. 1) based on the serum creatinine and urine output (44).

Table 1: Stages of AKI based on current KDIGO definition

Stage of AKI International consensus criteria

Stage | Serum creatinine = 1.5 times baseline or increase of = 0.3 mg/dl within any 48 h
period, or urine volume < 0.5 ml/kg for 6-12 h, or both.

Stage Il Serum creatinine = 2.0 times baseline or urine volume < 0.5 ml/kg for = 12 h.

Stage lll Serum creatinine = 3.0 times baseline or increase to = 4.0 mg/dl, or acute

dialysis, or urine volume < 0.3 ml/kg for = 24 h.

AKl is associated with high mortality and morbidity and is therefore a global health concern.
In the hospital, AKI is an important complication that affects approximately 10-15 %
hospitalized patients (45,46), in particular in ICU patients, the prevalence of AKl is higher than

50 %, and 4-5 % of those patients require kidney replacement therapy (47,48). Additionally,
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AKI impacts about 13.3 million patients and accounts for about 1.7 million deaths worldwide
that cause an enormous economic burden to families and national health care systems every
year (45,46,49). While the accidence of AKI is highly variable in different regions that are
described in Tab. 2.

Table. 2: Regional incidence rate of AKI according to the KDIGO-equivalent definition

Region AKl incidence rate (%)
Europe Eastern Europe 22
Western Europe 20.1
Southern Europe 31.5
Northern Europe 14.7
Asia Eastern Asia 14.7
Western Asia 20.1
Southern Asia 23.7
Australia and New Zealand 244
America North American 24.5
South America 29.6

Even though the high prevalence and huge economic costs of AKI, pharmacological cures, or
therapeutic interventions for AKlI have not yet been developed (50). According to
epidemiologic investigations, AKl is a major risk factor of ESKD as kidney infarction involves an
irreversible loss, i.e. CKD (49,51). Recently, the definition of acute kidney disease (AKD) has
been added to the spectrum of kidney diseases and covers the gap between AKI and CKD, i.e.
kidney injury lasting for more than 7 days up to 3 months (52). Accordingly, the early and rapid
diagnosis and treatment of AKl is essential to generally manage patients with various potential
syndromes of AKI. Meanwhile, the administration of the original disorder might help to resolve
the secondary AKI condition in some cases.

In general, kidney disease is a silent condition. In a healthy individual, the glomerular filtration
rate (GFR) loss must be nearly 50 % when the change of serum creatinine is detectable,
thereby the levels of serum creatinine do not well indicate early impairments of kidney
function (53). Even though changes in urine output might be more sensitive, the urinary

output is hardly quantified outside ICU. In some particular AKI conditions, disability of tubular
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urine concentration can result in polyuria (54). However, changes in serum creatinine or
urinary output are neither sensitive nor specific for AKI in those situations. Currently, serum
creatinine remains the standard approach to the diagnosis of AKI (55). In the research labs,
the GFR can be precisely measured, but the available technology is time-consuming. AKl is also
often induced by other diseases, for example, heart attack, liver injury, and sepsis (56-58).
The major challenge for diagnosis is that AKI is normally accompanied by other specific
syndromes (Fig. 2), which make it more complicated to categorize the severity of AKI and

predict the short-term and long-term outcomes.

Shock | Cardiac surgery
Acute heart failure

N 4 Vascular trauma Cancer

/ Cholesterol crystal £ \

. [ Drugs
anohsm / T ' | Toxins
\ 4

—

@

Glomerulonephritis

End-stage
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Figure 2. Causes and comorbidities of acute kidney injury (AKI). AKI can develop as a consequence of other
pathological disorders, such as injury-related inflammation, oxidative stress, vascular trauma, and haemolysis.
Acute heart failure decreases kidney perfusion pressure. Cholesterol crystal embolism, sepsis, and thrombosis-
induced vascular obstruction. When these diseases cause death, AKI may be missed as a diagnosis.
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Ischemia-reperfusion injury (IRI) is a major cause of AKI among many others (59). Kidney IRI
also occurs in clinical conditions that can interrupt kidney blood flow (ischemia) and follow by
the subsequent reperfusion, such as surgeries of major vascular and cardiac, kidney
transplantation, shock, sepsis, trauma (59,60). IRI triggers an imbalance between the supply
and demand of oxygen and nutrients in the perfused tissue. Damaged kidney cells will
consecutively release toxic by-products (e.g., proinflammatory cytokines and DAMPs) that
initiate injury to the surrounding tubular epithelial and endothelial cells injury resulting in a
decline of kidney function (61). Various pathophysiological mechanisms, including tubular

epithelial cell apoptosis, necrosis, and inflammation contribute to ischemic AKI.

1.2.1 The pathophysiology of ischemic AKI

Evidence from human and animal studies revealed that normal or even periodic decreased
kidney blood flow can cause AKI, in terms of these situations, dysfunction of the intrarenal
microcirculation plays a more important role in the pathophysiology of AKI (62). The kidney
consists of two vascular compartments, the glomeruli and peritubular microcirculatory
systems that both largely contribute to the progress and propagation of AKI (63). While the
disruption of glomerular blood flow will consequently affect peritubular perfusion as the
peritubular vessels are derived from the efferent glomerular arterioles, even when global
kidney blood flow is unaffected or increased (64). Moreover, the arteriolar vasoconstriction
can reduce local blood flow to the outer medulla that further leads to local edema.

The endothelium forms a natural barrier between intravascular and extravascular spaces and
plays a decisive role in maintaining homeostasis and intactness of the endothelial barrier (65).
The endothelium can produce prostacyclin, nitric oxide, and other vasoactive substances to
regulate vascular tone, leukocyte activity, platelet aggregation, and smooth muscle response
under steady condition, thereby it also influences the microcirculation and glomerular
filtration (66). There are many additional pathways involved in endothelial cell function that
contribute to the pathology of ischemic AKI. Under disease conditions, the activated
coagulation cascade loop together with endothelial-leukocyte connections results in
enhanced vasoconstriction and small-vessel occlusion that lead to interruption of local

microcirculation related regional ischemia, especially in the outer medulla.
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Tubule injury in ischemic AKI

Histological analysis shows that the presence of necrotic tubule segments is the typical
pathological feature of ischemic AKI, also referred to as acute tubular necrosis (47,59). The
kidney is highly susceptible to ischemic injury, in particular the proximal tubule of the S3
segment in the outer medulla, a site of intense metabolic activity and oxygen demand (67).
Necroptosis pathway in ischemic AKI. In ischemic AKI, regulated necrosis has been widely
studied by using different animal models (68—70). Necrosis is induced by cytoplasmic and
mitochondrial swelling, followed by cell membrane rupture and release of DAMPs (for
example DNA, histone, ATP), resulting in inflammation and immune activation. Necroptosis is
the most widely investigated regulated necrosis pathway. It is substantially regulated by the
cytoplasmic molecules RIPK1, RIPK3 (receptor-interacting protein kinase 1, 3), and MLKL
(mixed lineage kinase domain-like protein) (71,72) (Fig. 3). Necroptosis plays a vital role in
ischemic AKI has been proved by animal studies that using gene deficiency mice or
pharmacological inhibitors for necroptosis major mediators (RIPK1, RIPK3, and MLKL).
Evidence from gene deficiency mice studies has demonstrated that necroptosis contributes to
ischemic tubular injury. In severe 43-minute ischemia, RIPK3 deficient group has a modest
survival advantage (73). In the 30-minute standard ischemia, RIPK3-/- and MIkl-/- mice both
modestly improved kidney function compared to WT controls (73). A study from other groups
confirmed the findings that RIPK3-/- and RIPK1-/- both markedly improved survival and
protected mice from 30-minute standard ischemia injury (74). However, in the Mlk-/- group
was no significant difference compared to WT groups in overall survival at 24 h (74). While
other studies showed Mlkl-/- mice were protected from ischemic injury at 48 and 72 h after
reperfusion, but not at 24 h (75). RIPK3-/- or Mlkl-/- mice kidneys show less ischemic injury
compared to WT (76). Additionally, RIPK3 deficiency also protects mice from tubular injury in
a sepsis-induced kidney disease model while Mlk/ deficiency mice not (77). On the contrary,
RIPK3 deficiency does not show protection in inflammation models but Mlkl deficiency mice
do (74). This discrepancy may be due to RIPK3 also inducing oxidative stress and mitochondrial
dysfunction and thereby promoting kidney tubular injury (77).

Necrostatin-1s (Nec-1s) is a RIPK1 inhibitor that has been tested in in vivo and in vitro studies.
In in vitro studies, Nec-1s protected rat and human tubular cells from TNF-a-induced injury

(78). An in vivo study using the standard kidney IRl model demonstrated that administration
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of Nec-1s either 15 min pre-ischemia or 15 min postreperfusion significantly prevented kidney
function loss and protected mice from tubular injury at 48 h (79). Furthermore, the
administration of Nec-1s also significantly protects mice from more severe ischemic injury and
improved survival (79). Another pharmacologic strategy to prevent necroptosis is blocking
MLKL which is the most informative way, currently (80). Necrosulfonamide is an inhibitor
specific for human MLKL. Therefore, the administration of necrosulfonamide reduces
necroptosis of human cells in vitro although it does not show protection in mice in vivo (81).
GW806742X and SYN1215 both specifically target the pseudokinase domain of mouse MLKL
(82). It has been shown that both protect mouse fibroblasts from necroptosis in vitro (80),
while the in vivo effect of GW806742X and SYN1215 in IRl remains unclear.

Necroinflammation. The process of necroptosis takes at least 3 h from induction until cell
membrane rupture according to in vitro studies (83,84). Necroptotic cells can release DAMPs
and cytokines that trigger inflammation in a variety of pathways (85). Necroptotic cells release
intracellular constituents, including nucleic acids, histones, HMGB1, and ATP, which act as
DAMPs with predominantly proinflammatory properties (86). Also, necroptotic cells release
numerous inflammatory cytokines directly leading to more necroptosis, which in turn
promotes inflammation and forms a self-amplification loop, which is called
“necroinflammation” (87). While uncontrolled necroinflammation will continually release
DAMPs triggering a systemic inflammatory response leading to tissue damage and ultimately
organ failure. In certain types of AKI, necroptosis seems to represent the second wave of cell
death caused by inflammatory cytokines released from the primary necrotic cells. In a model
of folic acid-induced AKI, the authors observed upregulated expression of RIPK3 and Mikl in
the early phase, while inhibition of necroptosis did not show protection at 48 h (88), which
suggested that the kidney is sensitive to necroptosis in ongoing AKI, whereas necroptosis may
not be involved in the primary injury. The above concept was support by the finding that
necroptosis inhibition shows protection at 96 h but not earlier, the inflammatory response

determine the secondary injury during AKI (89).

13



Introduction

-~

'$33$333333833333333333383:333:

.: Nec-1s
-: Necrosulfonamide
\-> RIPK3 ® |
\" MLKL  ~ N\
! K K+ efﬂL\
I: Nucleus NLRPS)
Necroptosis 2, S €p339-1
DNA % 33 '
E$$$33333333333333335333 3 TP %; 3% 3¢ 38 3¢ % 3% X
Cell death o 5~ il
DAMPs ® “o IL-1beta
----------- Inflammation

Figure 3. Necroptosis pathway initiation and related inflammation. Necroptosis is triggered by TNFa through
binding to TNFa receptor. Subsequently, forms the complex of RIPK1 and RIPK3, which can phosphorylate MLKL.
Phospho-MLKL causes lysis of the nuclear and plasma membranes leading to DNA, chromatin, and DAMPs release
to extracellular space. Extracellular DNA and DAMPs result in inflammation. On the other way, phospho-MLKL
also activates the NLRP3 inflammasome causing secretion of IL-1B and IL-18, which also trigger inflammation.
Small molecule inhibitors such as Nec-1s and necrosulfonamide can inhibit RIPK1 or MLKL and hence suppress

cell death.

Role of immune cells in ischemic acute kidney injury

Accumulating studies demonstrate that both the innate and the adaptive immune systems
contribute to the pathogenesis of ischemic AKI. The first immune response is initiated by
endothelial cell injury, leukocytes activation together with the crosstalk of endothelial and
leukocytes (47). In IRI, activated endothelial cells highly express a variety of adhesion

molecules, those adhesion molecules act as the binding sites of activated leukocytes and guide
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them to infiltrate into the interstitial space. Many studies support that blocking or genetic
depletion of endothelial adhesion molecules protects mouse kidneys from IRI (90). Meanwhile,
activated leukocytes, in turn, promote endothelial cell injury resulting in increased
permeability of the endothelial barrier (91). Additionally, kidney epithelial cells can also
secrete proinflammatory cytokines and chemokines contributing to the inflammation during
IRl (92). Not only that, but tubular epithelial cells also express TLRs, complement factors and
their receptors, and costimulatory molecules of T lymphocytes thereby facilitating cytokine
secretion (93).

Neutrophils. Neutrophils are the most abundant leukocytes in the blood, they can rapidly
infiltrate into the kidney and accumulated in the inflamed sites during the initial period of
kidney IRIl. Neutrophils will release ROS, proteinases, elastases, MPO, and cationic peptides
that mainly contribute to necroinflammation in the kidney (94). To engage and activate more
neutrophils, activated neutrophils can form a positive feedback loop by producing
proinflammatory cytokines and chemokines. Upon kidney IRI, not only neutrophils, but other
leukocytes also involve kidney injury, including natural killer cells, monocytes, and
macrophages (95,96). In particular, the kidney resident dendritic cells can release TNF-a, IL-6,
monocyte chemotactic protein-1, RANTES, macrophage inflammatory protein-2 initiating an
effective chemotactic gradient which is crucial for neutrophil recruitment to the kidney (94).
Neutrophil has been considered as the therapeutic target to prevent ischemic AKI, although
the effect of blocking neutrophil infiltration to prevent kidney injury has been controversial.
Studies using an animal model of ischemic AKI showed that neutrophil inhibition can protect
mice from kidney injury (97), but these results were not confirmed by others (98). Recently, it
is been proposed that NETs formation could potentially explain how neutrophils cause tissue
damage during ischemic AKIl. The authors showed that PAD4-/- displayed the modest
protection of kidney function compared to WT control groups after IRl (99). As studies have
demonstrated that blocking ICAM-1, p-selectins, or CD11a/11b effectively protected mice
from ischemic AKI, the above studies suggest that not only neutrophil but also other
leukocytes involve in ischemic AKI via synergistic interaction (100).

Macrophages. Macrophages are another critical leukocyte subtype contributing to the
inflammatory response during the injury phase of kidney IRl. Macrophages can present at

different functional states or phenotypes with, in part, opposite functions, but the initial phase
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of IRl mostly involves a pro-inflammatory, so-called M1 macrophage phenotype. In vivo
studies using a mouse model of IRl observed that the infiltration of macrophages is
significantly increased at 48 h and persists over 7 days (101). Activated M1 macrophages,
similar to neutrophils, can produce sufficient ROS and proinflammatory cytokines that can
activate other leukocytes driving more tubular injury (102). Macrophage depletion from
kidney and spleen before kidney IRI exhibit markedly reduced AKI, whereas adoptive transfer
of macrophages displayed similar ischemic AKI (103). On the other hand, macrophage
depletion performed later also abated tubular cell proliferation and impaired tubular repair

because of M2 macrophages contribute to the repair process after kidney IRI (104).

Role of inflammasomes in ischemic acute kidney injury

The NLRP3 inflammasomes are a critical component of the innate immune system and
contribute to many forms of sterile inflammation. A variety of cytosolic stimuli can initiate
inflammasome, for example, DAMPs released from damaged host cells or microbe-derived
PAMPs (105). The inflammasome forms as a cytosolic multiprotein complex that is typically
categorized into two distinct families according to their receptor: the NOD-like receptor (NLR)
family and the pyrin (PYD) and HIN200 domain-containing protein (PYHIN) family (106). The
NLRP3 inflammasome belongs to the NLR subfamily that has been most studied. Structurally,
except for the specific NOD-like receptor protein (NLRP), the NLRP inflammasome also
includes an adaptor protein of apoptosis-associated speck-like protein containing a CARD (ASC)
together with a procaspase-1 (107). Generally, the NLRP3 inflammasome senses danger
signals (i.e. PAMPs or DAMPs) and recognize them by PPRs that further initiate the NLRP3
inflammasome. The activated NLRP3 inflammasome can activate the proinflammatory
cytokines IL-1B and IL-18, which in turn trigger an inflammatory response and induce cell

death (Fig. 4).
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Figure 4. NLRP3 inflammasome activation. Upon the TLR is activated by PAMPs, the following is NF-kp pathway
mediated gene transcription of NLRP3, pro-IL-18, and pro-IL-1B. NLRP3 together with ASC and pro-caspase-1
assemble and form the NLRP3-ASC inflammasome complex activating caspase-1. Activated caspase-1 cleaves
pro-forms to mature IL-18 and IL-13, which are ultimately secreted to extracellular space. In the extracellular
space, these cytokines trigger inflammation leading to more cell death.

Inischemic AKI, IL-1B and IL-18 will trigger leukocyte recruitment and accelerate tubular injury
(108). Moreover, the increased IL-1B and/or IL-18 levels have been observed in kidney IRI
model (109). Another study compared the effects of NLRP3 and ASC on mouse kidney IRI.
NLRP3-/- mice show less tubular injury at 24 h, as well as reduced IL-1pB levels in the kidney.
These results are correlated to less neutrophil infiltration and decreased neutrophil
chemoattractant levels of CXCL1 in the NLRP3-/- mouse kidney (110). Interestingly, ASC-/- has
no significant effects on early kidney injury compared to WT, while 5 days later, ASC-/- partially
protects the kidney from ischemic injury, which is accompanied by decreased levels of CXCL1

and IL-1B and fewer neutrophils in the kidney. IL-1 and IL-18 both account for the IRI-induced
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AKI (111). /IL-1R-/- mice kidney displayed significantly reduced neutrophil infiltration and
better kidney function in IRl compared to WT groups. Consistently, WT mice that are treated
with IL-1R antagonists also exhibit reduced inflammation and kidney injury (111). It is already
known urinary IL-18 is a biomarker that is used to access tubular inflammation after AKI. /L-18
deficiency or inhibition both protected mice from IRI by reducing macrophage infiltration to

the post-ischemic kidney (112).

1.2.2 Therapies for acute kidney injury

The tight correlation between AKI with acute fatality as well as, in survivors, subsequent
progressive CKD and ESKD finding appropriate treatments is a major unmet medical need in
the fields of nephrology and critical care medicine (113—-115). Using a variety of interventions
to control AKl is required to avoid its unfortunate outcomes. Several pharmacological and non-
pharmacological drugs have been tested in clinical trials and some with successful results in

AKI prevention (Tab. 3).
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Table 3: Therapies for AKI prevention

Treatment Functional roles in the kidney Clinical trials and outcomes
agents Trials Outcomes
Alkaline Anti-inflammatory and detoxifying Bovine intestinal Overall, biAP
phosphatase  effects; reduce levels of plasma TNF-a AP (biAP): phase 2, improved kidney
(AP) and IL-6, and serum nitric oxide; sepsis, or septic function and survival
improve kidney function after AKI shock patients, in the early phase of
(116,117). with or without AKI  AKI.
(118,119).
Human hrAP no influence in
recombinant the acute phase,
(hrAP): phase 2, improved kidney
acute and chronic function, and
studies (120). survival rate in a
chronic study.
Statin Inhibit the activity of endothelial nitric Retrospective Statins reduced

Prostaglandin
E1 (PGE1)

Adenosine
receptors

Novel targets

oxide synthase, suppress

inflammation (121).

A potent inhibitor of vasoconstriction
and platelet aggregation (124).

Adenosine can decrease GFR by
modulating microcirculation (127).

Hypoxia-inducible factor (HIF), HIF
pathway adaptively responds to the
hypoxia condition of cells and tissue

(130).
Peroxisome proliferator-activated
receptor-a (PPARQ), anti-

inflammatory.

Cell targeting therapies.

cohort study (136).

Randomized
controlled trials.

Pentoxifylline  in
bone-marrow
transplantation
patients (128,129).

Ongoing clinical trial.

kidney complications
after major surgery

and improved
patients’ survival
(123).

Contrary results on
AKI

(125,126).
Contrary results on

protection

AKI protection.

PPARa protected animals from AKl by

preventing proximal tubule cell

(1312).
No clinical trial.

Infused mesenchymal

regulatory T cells
effects on AKI in
(132,133).

death

stem cells and
showed protective

the animal model
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Although some of the possible therapies for AKI as described in tab. 3, there is still no drug
approved to treat or prevent AKI. Consequently, these critically ill patients only receive
supportive care and kidney replacement is the final option. In addition, a single therapy may
not be sufficient to prevent the progression of AKI because of the complex pathophysiology
of kidney infarction. Most importantly, AKI establishes almost always before it is detected.

Therefore, new biomarkers of AKI as well as drugs are needed.

1.3 Kidney infarction

Territorial kidney infarction is a rare condition resulting from the acute disruption of kidney
blood flow by an obstruction of arterial blood supply. Classically, kidney infarction is a
consequence of embolization from the heart or proximal aorta, abdominal trauma, or intrinsic
pathology of the kidney arteries (134). Kidney infarction could present as a sudden decline in
kidney function that also can develop in patients with precedent CKD. The infarct size predicts
kidney function in the long run (135).

The frequency of infarction-related AKI ranges from 0 to 60 % in reports of different cohort
studies. A clinical study of 100 kidney infarction patients reported 30 patients with AKI (136).
Of those 30 AKI patients, 7 developed CKD and 6 died from complex complications. On the
contrary, in another study, all 94 patients with kidney infarction survived the first 30 days after
onset of the disease, but 5 % of patients required intermittent hemodialysis (137). According
to another study, the initial GFR loss was around 30 % in patients with acute kidney infarction.
Fortunately, their kidney functions gradually recovered to around 80 % of baseline values after
one year (138). Another follow-up study assessed overall kidney function by serum creatinine
and eGFR showing that kidney function of all patients maintained stable until the end of study
albeit one developed ESKD. The kidney scintigraphy of the affected kidneys indicated some
recovery after injury (139).

Kidney infarction is an uncommon disease but probably underdiagnosed. The early diagnosis
of kidney infarction remains a challenge. Kidney infarction most commonly presents with
abdominal pain, flank pain, nausea, vomiting, and occasionally, fever (140,141). According to
the recent studies, the estimated prevalence maybe 0.013 %, while the diagnosed incidence
is between 0.003 % and 0.004 % (141). Importantly, contrast-enhanced 3D-CT images of the
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kidney artery can directly show artery defects making a precise diagnosis in time that will
prevent long-term complications. It has been reported that typical radiologic evidence from
CT, MRI, and/or radioisotope scans can diagnose and confirm kidney infarction (141).
Therefore, comparing to other methods, using 3D-CT imaging to measure accurate volume
will be a useful tool for predicting the degree of kidney function.

Kidney infarction normally occurs in patients with heart disease (cardiac embolism), diffuse
atherosclerosis (atheroembolism or CCE), or vascular aneurysms (atheroembolism) (142). Risk
factors for kidney infarction include kidney artery thrombosis, coagulopathy, ischemic heart
disease, and atrial fibrillation (141,143). Among 438 patients with kidney infarction, a
cardioembolic event accounted for 55.7 % of patients, atrial fibrillation accounted for 48.2 %,
while kidney artery injury only accounted for 7.5 % (137,143). The prevalence of
hypercoagulability-related kidney infarction ranged from 6.6 % to 16.6 % and mostly affected
both kidneys (137,144). Antiphospholipid antibody syndrome and nephrotic syndrome are the

most common causes of hypercoagulable states in kidney infarction.

Therapies for kidney infarction

Because kidney infarction is rare, only limited reports are available that information about
clinical presentations, outcomes, and management (136,137,141-143). Management
depends on the underlying cause and from the time between the onset of clinical symptoms
and diagnosis. Treatment options include anticoagulation and endovascular therapy (145,146).
In cardioembolic events, anticoagulation is used to prevent further episodes while in the acute
phase anticoagulation may also foster revascularization of occluded intrarenal arteries. The
combination of intravenous heparin followed by oral anticoagulants such as coumarins or
direct thrombin inhibitors is the standard regimen (146). In CCE the role of anticoagulation is
less clear, as the site of plaque rupture and the site of vascular obstruction might require

opposite manipulation of the coagulation system.
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2. Research hypotheses

Based on the above literature, | hypothesized that developing a reproducible mouse model of

cholesterol crystal embolism would be instrumental to dissect the molecular mechanisms of

CCE-driven arterial occlusion, tissue infarction, and organ failure.

Accordingly, the specific objectives based on the hypotheses were:

1.

To establish a CCE model in mice by directly injecting CC through the renal artery. This
model should be allowed to quantify thrombus obstruction and measure kidney
function.

To investigate whether CC injection forms thrombi inside renal arteries and whether
the thrombus formation is time-dependent or gender-related. Surgery was performed
on both genders and kidneys were harvested at different time points after CC injection
to quantify CC thrombus formation.

To investigate the role of plasmatic coagulation in CCE, antiplatelet, and fibrinolysis
interventions were tested in this model, such as clopidogrel, urokinase, and heparin.
To investigate the potential contribution of neutrophils in CCE, neutrophils depletion
by specific antibody or blockade of NETosis with inhibitor was applied in this study.
To investigate the potential contribution of necroinflammation in CCE-related tissue
injury and infarction by using Mlkl-/- mice or a Nec-1s inhibitor. The MCC950 inhibitor
was used to block NLRP3-related inflammation.

To evaluate the role of ecDNA in CCE-related pathological process by using

recombinant human DNase I.
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3. Material and methods

3.1 Materials

Table 4: Instruments and devices

Instrument

Designation

Manufacturer

Balance

Centrifuges

Microscopes

Fluorescence
microscope

Confocal
microscopy

Scanning  Electron
Microscope (SEM)
Cell culture

Cell incubator

Cell counting
chamber

Cell culture work
bench

Flow cytometry

Tissue homogenizer

Microtome

Analytic balance BP 110 S
Mettler PJ 3000

Centrifuge 5415 C

Haraeus, Minifuge T

Haraeus, Sepatech Biofugue A

Light microscope Leitz DM Il
Libra 120
CCD-Camera

Light microscope Zeiss AxioPlan
2
Axiocam HR

Leica DMi8
Olympus BX50
Zeiss observer microscope
LSM 510 microscope

SP5

microscope
Phenom XL Desktop SEM

Leica AOBS confocal

Heracell Type B5060 EC-CO2

Neubauer cell counting chamber

Sterile card hood class I, type
A/B3

FACS Canto Il

FACS Calibur

Ultra Turrax T 25

Microtome HM 340 E

Sartorius, Gottingen, DE
Mettler-Toledo, Greifensee, CH
Eppendorf, Hamburg, DE

VWR Internation, Darmstadt, DE
Heraeus Sepatech, Osterode, DE

Leica Microsystems, Solms, DE
Carl-Zeiss AG, Oberkochen, DE
Trondle, Moorenweis, DE

Carl-Zeiss AG, Oberkochen, DE

Carl-Zeiss AG, Oberkochen, DE
Leica Microsystems, Cambridge, UK
Olympus Microscopy, Hamburg, DE
Carl Zeiss AG, DE

Carl Zeiss AG, DE

Leica Microsystems, Wetzlar, DE

ThermoFisher, USA

Heraeus Sepatech, Osterode, DE
Roth, Karlsruhe, DE

Baker Company, Stanford, ME, USA
BD, USA

BD, USA

IKA GmbH, Staufen, DE

Microm, Heidelberg, DE
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Instrument

Designation

Manufacturer

Cryomicrotome

pH meter

Thermomixer

Vortex mixer

Workbench

Rotary mixer

Water bath

Manual
aid

pipette

Miniaturized
imager device

Miniaturized
battery

KUCT system

Cryostat RM 2155

Cryostat CM 3000

pH meter WTW

Thermomixer 5436

Thermocycler UNO I

Vortex Genie 2tm

Sterile workbench Microflow,

biological safety cabinet class Il

Heavy-duty rotator

Water bath HI 1210

Research Plus 30 - 300 pl

Pipetman 2, 10, 20, 100, 200, 1000

pl

Pipetus classic

For GFR measurement

For GFR imager device

Leica Microsystems, Bensheim, DE

Leica Microsystems, Bensheim, DE

WTW GmbH, Weilheim, DE

Eppendorf AG, Hamburg, DE

Biometra, Gottingen, DE

Bender &Hobein, Ziirich, CH

Nunc GmbH, Wiesbaden, DE

Bachofer Laboratoriumsgerite,

Reutlingen, DE

Leica Microsystems, Bensheim, DE

Eppendorf AG, Hamburg, DE

Gilson, Middleton, WI, USA

Hirschmann Laborgerate, Eberstadt,

DE

Mannheim Pharma & Diagnostics
GmbH

Mannheim Pharma & Diagnostics
GmbH

SkyScan, Kontich, Belgium

Abb: SEM: Scanning electron microscope, FACS: Fluorescence-activated cell sorting, uCT: Micro-

computed tomography.
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Table 5: Disposable instruments

Instrument Designation Manufacturer
Eppendorf tubes 1.5,2ml TPP Trasadingen, CH
Falcon tubes 15, 50 ml BD, Heidelberg, DE
Serological pipettes 5,10, 25 ml BD Heidelberg, DE

Pipettes

Pipette tips

Embedding cassettes

Cell culture plates

8-well plate

Two-lane OrganoPlate

Needles

Syringes

Microscope slides

Cell culture dishes

Pipettes Pipetman
10, 200, 1000 pl type Gilson
Pipette tips ep T.I.P.S

Embedding cassettes “Biopsy’

6-, 12-, 96-well plate

400 pm x 220 um channels

20, 23, 25, 26, 30 Gauge

33 Gauge

1,2,5,10ml

Super frost Plus

10, 15cm

Gilson, Middleton, WI, USA

Peske, Aindling-Arnhofen, DE

Eppendorf AG, Hamburg, DE

ISOLAB, Wertheim, DE

TPP, Trasadigen, CH

Ibidi, Martinsried, DE

Mimetas BV, the Netherlands

BD, Drogheda, IE

TSK Laboratory, Japan

Becton Dickinson GmbH,

Heidelberg, DE

Menzel-Glaser, Braunschweig, DE

TPP, Trasadingen, Switzerland

25



Material and methods

Table 6: Chemicals, reagents, and solutions

Product Designation Manufacturer

Ethanol Merck, Darmstadt, DE
Formalin Merck, Darmstadt, DE
HCI Hydrogen chloride Merck, Darmstadt, DE
NacCl Merck, Darmstadt, DE
KCl Merck, Darmstadt, DE
CaCl2 Merck, Darmstadt, DE
NaH2PO4 Merck, Darmstadt, DE
NaHCO3 Merck, Darmstadt, DE
Glucose Merck, Darmstadt, DE

Trisodium citrate
Tris-buffered saline

HEPES

Microfil injection compound

FITC-sinistrin

Triton X-100

TTC

Cholesterol crystal

Cell death
(TUNEL)

detection kit

SYTOX green assay

Pico green double-strand (ds)
DNA assay
LDH cytotoxicity assay

Feulgen Stain Kit,

Tetramethylbutylphenyl-
polyethylene glycol
2,3,5-Triphenyltetrazolium
chloride

Terminal deoxynucleotidyl
transferase dUTP nick end
labeling

Extracellular DNA staining

LDH: Lactate dehydrogenase

DNA staining

Merck, Darmstadt, DE
Merck, Darmstadt, DE
Merck, Darmstadt, DE
Flow-Tech, Carver, MA, USA

Pharma &
Diagnostics GmbH
Fluka, Chemie AG, Buchs, CH

Mannheim

Merck, Darmstadt, DE

Merck, Darmstadt, DE

Roche, Mannheim, DE

Life Technologies, Eugene, OR,
USA

Life Technologies, Eugene, OR,
USA

Roche, DE

Abcam, DE
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Table 7: Antibodies for immunohistology and others

Method Name Manufacturer
Immunohistology CD31 Abcam, Cambridge, UK
Ly6B2+ Serotec, Oxford, UK

FACS

Neutrophil depletion

Alpha smooth muscle actin
(a-SMA)

Fibrin

CD61

Myeloperoxidase (MPO)
Citrullinated histone H3
(Cit-H3)

Anti-mouse P-selectin
Anti-mouse CD11b
Anti-mouse Ly6C
Anti-mouse Ly6G
Anti-mouse Ly6G

Isotype control IgG2a

Dako Deutschland
Hamburg, DE

Abcam, Cambridge, UK
Abcam, Cambridge, UK
Abcam, Cambridge, UK

Cell signaling, Danvers, MA

Biolegend, USA
BD, USA

BD, USA

BD, USA
BioXCell, USA

Invivo Gen, DE

GmbH,

Table 8: Interventions and drugs:

Name

Manufacturer

Recombinant human DNase |
Necrostatin-1s (Nec-1s)
Cl-amidine

MCC950

Calcein/PI

Heparin

Urokinase

Clopidogrel hydrogensulfate

Merck, Darmstadt, DE

BioVision, USA

Merck, Darmstadt, DE

Invivo Gen, DE

Invitrogen, DE

Ratiopharm, DE

Actilyse Cathflo, Alteplase, Boehringer, DE

Merck, Darmstadt, DE
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3.2 Experimental procedures

3.2.1 Animals

C57BL/6J, wild type (WT) mice, obtained from Charles River (Sulzfeld, Germany), the same
background Mikl-/- mice were kindly provided by James. M. Murphy and Warren Alexander,
Parkville, Australia. Mice were housed in polypropylene cages under SPF standard conditions
with the temperature of 22 + 2°C with 12 h light and dark cycle, unlimited access to water and
standard chow diet (Sniff, Soest, Germany) duration of the study. Cages, bedding, nestle, food,
and water were sterilized by autoclaving before use. All the aspects of animal handling and

experiments were approved by the Regierung von Oberbayern.

3.2.2 Animal models

Cholesterol crystal embolism induced acute kidney injury, acute kidney disease, and acute

kidney infarction

To induce CCE, 6-8 weeks WT male or female mice were anesthetized by i.p. injection of
medetomidine (0.5 mg/kg), midazolam (5 mg/kg), and fentanyl (0.05 mg/kg) under
maintenance of normal body temperature by employing pre-operative heat supply in a
heating chamber (147). After a median laparotomy aorta and left renal artery were carefully
exposed. | used a 33-Gauge needle for cannulation of the left kidney artery from across the
aorta and to inject various amounts of CC stock solution or normal saline as specified. The
successful injection was visually verified by the decolorization of the kidney (Fig. 4A). Upon
removal of the needle bleeding control involved light local pressure and cyanoacrylate
polymer closure. The right kidney artery remained untouched. | used standard absorbable
sutures to close the abdominal wall and skin, subcutaneous injection of atipamezole 2.5 mg/kg,
and flumazenil 0.5 mg/kg to antagonize the anesthesia and subcutaneous injections of
buprenorphine 1 mg/kg every 8 h for pain control.

To study CCE-induced AKI, different doses of CC (5, 10, 20, 30 mg/kg) were unilaterally injected
to WT male mice left kidney via the artery. Mice were sacrificed after CC injection 24 h by
cervical dislocation after measuring GFR. AKI was evaluated by GFR, kidney infarct size was

guantified by the TTC method (148). The study design is shown in Fig. 5B.
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To study CCE-induced AKD, WT male mice were sacrificed at days 1, 3, 7, and 14 at a dose of
10 mg/kg CC (Fig. 5C). AKD was characterized by monitoring kidney function throughout the
study period of 4 weeks, associated with tubular injury and loss of brush border of the
proximal tubule, interstitial edema, immune cells infiltration especially neutrophils, and
macrophages leading to the secretion of inflammatory cytokines and thrombosis obstruction.
At the end of each experiment, | measured GFR before sacrificing and tissue harvest. Kidneys

were fixed in formalin before embedding in paraffin for histological analysis.

Before After cholesterol crystal injection B
?’) ( bk AT
GFR OoP GFR
. 3 ' 1 |
-1day 0 day 1day
Cholesterol
(0,5, 10, 20, 30 mglkg) 'l'
C
oP 14 day
GFR
7 day
GFR
GFR
it GFR
s I | | I | I
' -1day  Oday 1 day 3 day 7 day 14 day

Cholesterol
(10 mg/kg)

Figure 5. Schematic of study design for CCE-induced AKI and AKD. A: Cholesterol crystal injection into the kidney
artery. Left panel: a healthy kidney. Right panel: CC perfused kidney. B: 24 h model design. C: Study design of
time-course experiments.

3.2.3 Basic experimental design of the cholesterol crystal embolism-induced acute

kidney injury model

Study 1: Establishment of the cholesterol crystal embolism model in murine kidney

The surgery was performed under general anesthesia. CCE was induced in the WT male mice
by a single unilateral injection of different doses of CC through the left kidney artery. The
Control group received a PBS solution. uCT was employed to display tissue defects and to show
arterial occlusion with associated blood vessel volume change and vasoconstriction induced.

All mice were sacrificed 24 h after the CC injection and GFR measurement before sacrifice.
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Analysis of kidney infarct size quantification by TTC staining, kidney injury assessment by PAS
scoring, immune cells infiltration by Ly6B2+ immunostaining, vascular rarefication, and

endothelial cells injury by CD31 sections, and artery thrombosis occlusion by aSMA/fibrin.
Study 2: Cholesterol crystal-induced clot formation in intrarenal arteries

To study the time course of the formation of crystal clots in the intrarenal arteries, WT male
mice were injected with 10 mg/kg CC, then sacrificed at 3, 6, and 12 h after CC injection. |
quantified the ratio of obstructed arteries using immunostaining for aSMA/fibrin. | set nine
parameters (Tab. 9) based on three different size arteries: interlobar, arcuate, and interlobular,
counted the number of completely and partially obstructed and empty vessels (Fig. 6).
Kidneys' weight and infarct size were measured. Analysis of kidney infarct size by TTC staining,
kidney injury scored by PAS staining, immune cell infiltration by Ly6B2+ immunostaining,
vascular rarefication and endothelial cells injury by CD31 section, and artery thrombosis

occlusion by aSMA/fibrin.

Table 9: Parameters used to quantify obstructed arteries

Interlobar Arcuate Interlobular
(number) (number) (number)
Total number A+B+C A'+B'+C’ A”+B”+C"
Artery Conditions No A A A"
of obstruction Partially B B’ B”
Completely C c c”
Ratio of No A/ (A+B+C) A’/ (AN+B'+C') A’/ (A”+B"+C")
obstructed Partially B/ (A+B+C) B’/ (A’+B’+C’) B”/ (A”+B"”+C")
arteries (%) Completely C/ (A+B+C) C'/ (A+B’+C) C’/ (A”+B”+C")
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Istobar Interlobular

No obstruction

Kidney artery

Partial obstruction

Kidney vein

Arcuate
Complete obstruction

Figure 6: Schematic illustration of kidney vascular tree and obstruction levels. The left panel shows different
sizes of kidney arteries and their location inside the kidney. The right panel illustrates three states of arterial
obstruction used to quantify vascular obstruction.

Study 3: Role of platelets in cholesterol crystal-induced clot formation

To study the role of platelets in clot formation, | used a platelet antagonist clopidogrel.
C57BL/6J male mice received an i.p. injection of 5 mg/kg platelet P2Y12 receptor antagonist
10 min before surgery and immediately received another 5 mg/kg after CC injection, control
mice received the same volume of PBS at the same time (Fig. 7A). All mice were sacrificed 24
h after CC injection and GFR was measured before sacrifice. Analysis of kidney infarct size by
TTC staining, kidney injury scored by PAS staining, immune cell infiltration by Ly6B2+
immunostaining, vascular rarefication and endothelial cells injury by CD31 section, and artery

thrombosis occlusion by aSMA/fibrin.
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A Platelet antagonist study
GFR OoP GFR
] | ]
-1 day 0 day 1 day
| Clopidogrel administration 1 h before OP
Il OP cholesterol 10 mg/kg '|'
Il Clopidogrel administration
B Anticoagulant study
GFR OoP GFR
] | |
-1 day 0 day 1 day
| OP cholesterol 10 mg/kg
Il Heparin or urokinase administration 'l'
1 h post OP

Figure 7: Schematic of study design for platelet contributions in CCE-related obstruction, AKI, and infarction.

Study 4: Role of plasmatic coagulation in cholesterol crystal-induced clot formation

To study the role of plasmatic coagulation in the formation of the clot, groups of C57BL/6)
male mice received single i.v. injections of heparin 100 U/mouse or urokinase 24 mg/kg 1 h
after CC injection. The control group received the same volume of normal saline (Fig. 7B). All
mice were sacrificed 24 h after the CC injection and GFR measurement before sacrifice.
Analysis of kidney infarct size by TTC staining, kidney injury scored by PAS staining, immune
cellinfiltration by Ly6B2+ immunostaining, vascular rarefication and endothelial cells injury by

CD31 section, and artery thrombosis occlusion by aSMA/fibrin.
Study 5: Role of neutrophils in cholesterol crystal-induced clot formation, and infarction

To study the role of neutrophils in clot formation and infarction, | used two strategies:

a) Neutrophils depletion: WT male mice neutrophils were depleted by a single i.p. injection of
anti-mouse Ly6G at 100 pg/mouse, control mice received the same dose of irrelevant IgG2a
antibody. Peripheral blood samples were collected at different times (6, 24, 72 h) to determine
the numbers of neutrophils in the circulation using FACS. According to the FACS result,
neutrophils depletion group mice received single i.p. injection of anti-mouse Ly6G 100
pug/mouse 24 h before CC injection (Fig. 8A).

b) Blocking PAD4-dependent NET formation: To do so, WT male mice received single i.p.
injection of PAD4 inhibitor Cl-amidine 20 mg/kg 30 min before CC injection, the control

group received the same dose of PBS (Fig. 8B).
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All mice were sacrificed 24 h after the CC injection and GFR measurement before sacrifice.
Analysis of kidney infarct size by TTC staining, kidney injury scored by PAS staining, immune
cellinfiltration by Ly6B2+ immunostaining, vascular rarefication and endothelial cells injury by

CD31 section, and artery thrombosis occlusion by aSMA/fibrin.

A Neutrophil depletion study

GFR OP GFR

| | |
% -1 day 0 day 1 day
Anti-ly6G or isotype OP cholesterol 10 mg/kg

IgG administration -|-

B PAD4 blocking study
GFR OP GFR
] | |
-1 day 0 day 1 day
| Cl-amidine administration 1 h before OP
Il OP cholesterol 10 mg/kg 'I'

Figure 8. Schematic of study design for neutrophil contributions in CCE-related acute kidney injury and
infarction.

Study 6: Role of necroinflammation in CCE-related kidney infarction and acute kidney injury

To study the role of necroinflammation in CCE-related kidney infarction and acute kidney
failure, Milkl-dependent necroptosis, and NLRP3 inflammasome-dependent sterile
inflammation were investigated.

a) Role of NLRP3 inflammasome-dependent sterile inflammation in CCE: WT male mice
received single i.p. injection of NLRP3 inhibitor MCC950 20 mg/kg 30 min before CC injection,
the control group received the same dose of PBS (Fig. 9B).

b) Role of necroptosis in CCE: On one hand, WT male mice received single i.p. injection of 10
mg/kg Necrostatin-1s (Nec-1s) 30 min before CC injection, the control group received the
same dose of PBS (Fig. 9B). On the other hand, | performed the surgery on the same
background Mikl-/- male mice (Fig. 9A).

All mice were sacrificed 24 h after the CC injection and GFR measurement before sacrifice.
Analysis of kidney infarct size by TTC staining, kidney injury scored by PAS staining, immune
cell infiltration by Ly6B2+ immunostaining, vascular rarefication and endothelial cells injury by

CD31 section, and artery thrombosis occlusion by aSMA/fibrin.
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A
Miki-/- study
C57BL/GJ
or Miki-/- GFR oP GFR
] ] |
-1 day 0 day 1 day
OP cholesterol 10 mg/kg _|_
B
Necroinflammation blocking study
GFR OoP GFR
| | l
-1 day 0 day 1 day
| Nec-1s or MCC950 administration

1 h before OP
Il OP cholesterol 10 mg/kg

.|.

Figure 9. Schematic of study design for necroinflammation in CCE-related acute kidney injury and infarction.

Study 7: Role of extracellular DNA in cholesterol crystal-induced clot formation

To study the role of ecDNA in clot formation, WT male mice received i.p. injections of 50 ug
recombinant DNase | before CC injection and 100 pg at 0 h and 12 h after CC injection, control
mice received the same volume of normal saline at the same time (Fig. 10A). All mice were
sacrificed 24 h after surgery.

To test the window of opportunity to prevent clot formation, mice received single i.p. injection
of 250 ug recombinant DNase | at 3, 6, and 12 h after CC injection. All mice were sacrificed 24
h after the CC injection and measurement GFR (Fig. 10B).

Analysis of kidney infarct size by TTC staining, kidney injury scored by PAS staining, immune
cellinfiltration by Ly6B2+ immunostaining, vascular rarefication and endothelial cells injury by

CD31 section, and artery thrombosis occlusion by aSMA/fibrin.

A DNase | study B Therapy window of DNase | study
GFR OP GFR GFR OP GFR
? 1 1 1 ? 1 1 1
3 -1 day 0 day 1 day 2 -1 day 0 day 1 day
| DMase | administration before OP et | OP cholestercl 10 mglkg

11 OP cholesterol 10 mg/kg ‘I‘
Il DNase | administration post OP immediately
11l DNase | administration 12 h post OP

Il DNase | administraton ‘I‘
3.6, 12 h post OP

c Two-step therapy study
GFR oP GFR
;Z N —l ! !
@5 -1 day 0 day 1 day
| Mec-1s administration 1 h before OP
Il OF cholesterol 10 mglkg 'i'

Il DNase | administration 3 h post OP

Figure 10. Schematic of study design for extracellular DNA in cholesterol crystal-induced clot formation.
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Study 8: A two-step strategy to improve outcomes of cholesterol crystal embolism

According to the results of study 6 and study 7, a two-step strategy was employed. C57BL/6)
male mice received i.p. injection of Nec-1s 10 mg/kg 30 min before CC injection and following
recombinant DNase | injection of 250 ug 3 h after CC injection (Fig. 10C). All mice were
sacrificed 24 h after CC injection and GFR measurement before sacrifice. Analysis of kidney
infarct size by TTC staining, kidney injury scored by PAS staining, immune cell infiltration by
Ly6B2+ immunostaining, vascular rarefication and endothelial cells injury by CD31 section, and

artery thrombosis occlusion by aSMA/fibrin.

3.3 Preparing of cholesterol crystal stock solution

10 mg cholesterol powder was suspended in a 5 ml sterile PBS, sonicated, and filtered through

a 33-Gauge needle right before use.

3.4 Primary and secondary endpoints

Primary endpoint: Glomerular filtration rate (GFR)

All mice were anesthetized with isoflurane to mount a miniaturized imager device onto the
shaved neck using a double-sided adhesive patch. The imager device has light-emitting diodes
and a photodiode that connects to a battery (149). The background signal of the skin was
recorded for 5 min before the i.v. injection of 150 mg/kg FITC-sinistrin. The animal was
conscious and unrestrained in a single cage, the signal recording duration is approximate 1.5
h. After removing the imager device, the data were analyzed using MPD Lab software. The
GFR (ul/min) was calculated from the decrease of fluorescence intensity over time using a
three-compartment model together with body weight, and an empirical conversion factor

(150).
Secondary endpoint: infarct size of kidney

After 24 h of CC injection, kidneys were harvested and sectioned transversely into 2 mm slices
in a slicer. Each section was incubated with 1 % 2,3,5-triphenyl tetrazolium chloride (TTC) for
15 min at 37°C, then fixed in 4 % formalin for 2 h at RT. The infarct size (percentage of the

kidney) was calculated by Image J.
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3.5 Immunostainings

For immunohistological studies, | immediately fixed the middle part of each kidney in 4 %
formalin for 24 h. Kidneys were processed using tissue processors (Leica) and embedded in
paraffin blocks. Kidney paraffin sections were cut to 2 um followed by de-paraffinization,
sections were kept in xylene for 5 min and 3 times. The re-hydration was performed by 3 min
X 3 in 100 % ethanol, 3 min twice in 95 % ethanol, and 3 min in 70 % ethanol. In the end,
washing the sections with PBS for 5 min and repeat twice. Next, endogenous peroxidase was
blocked in H,0; and methanol mixture (20 ml of 30 % H20; in 180 ml of methanol) for 20 min
in dark, then washed in PBS for 5 min twice. Endogenous biotin was blocked with one drop of
Avidin for 15 min then Biotin for another 15 min. Sections were washed with PBS for 5 min
twice after the incubation. The sections were prepared for further immunostaining.

Different primary antibodies were incubated overnight at 4°C in a wet chamber, after washing
with PBS (2x 5 min), sections were incubated with biotinylated secondary antibodies for 30
min at RT followed by a wash with PBS (2x 5 min). Sections were incubated with substrate
solution for 30 min at RT in a wet chamber followed by a wash with PBS for 5 min. Rinsing
sections in Tris buffer for 5 min before staining with DAB, the following is counterstaining with
methyl green. To remove excess stain and xylene, sections were washed with 96 % ethanol,
then dried and mounted with VectaMount.

The primary antibodies used in studies were mentioned above in section 3.1. For each
immunostaining, a negative control was performed by incubation with the respective isotype

antibody instead of the primary antibody.

3.5.1 Neutrophils

The number of infiltrated neutrophils in the whole kidney was counted in the sections stained

with the Ly6B2+ antibody. Positive cells were counted by Image J software.

3.5.3 CD31 staining

Kidney sections were stained with CD31 antibody to show the presence of CD31 on the surface
of endothelial cells, which was a healthy marker of endothelial cells (CD31 positive area). This

staining method shows the endothelial cells' injury.

3.5.4 Citrullinated histone H3 (Cit-H3) and myeloperoxidase (MPO)
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Kidney sections were stained for MPO and Cit-H3 antibody to show the presence of NETs
within the MPO and Cit-H3 positive area, which was in close association with NET formation.

This staining method shows the cytotoxicity associated with NETs in the kidney.

3.5.5 Alpha-smooth muscle actin (aSMA) / fibrin staining

Total artery numbers in one kidney were quantified by a-SMA, thrombosis occlude arteries

were quantified by fibrin.

3.6 Periodic acid Schiff (PAS) staining

Tissue processors processed paraffin kidney blocks were cut to 2 um for PAS staining. Prepared
sections were de-paraffinized in xylene for 5 min and 3 times. The following is re-hydration
that was performed by 3 min x 3 in 100 % ethanol, 3 min twice in 95 % ethanol, and 3 min in
70 % ethanol. After washing with distilled water (2 x 5 min), sections were ready for PAS
staining.

Kidney sections were first incubated with 2 % Periodic acid for 5 min followed by washing with
distilled water for 5 min. Next, incubated with Schiff reagent for 20 min at RT. After washing
with tap water for 7 min, counterstaining was performed with Hematoxylin solution for
another 2 min. Then washed with tap water for 5 min. Finally, stained kidney sections were

dipped in 90 % ethanol, then dried and mounted with coverslips.

3.6.1 Kidney injury evaluation by Periodic acid Schiff staining

Mouse kidney injury was evaluated based on tubular injury and interstitial injury. This semi-
quantitative scoring system includes five different parameters: tubular necrosis, tubular
dilation, cast formation, loss of brush border, and interstitial edema. Each parameter has ten
thresholds, as described in tab. 10. Kidney sections were evaluated using a light microscope

Leica DII. Quantification is expressed as mean £ SD in percentage.
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Table 10: Score for evaluation of kidney injury

Parameters Estimated damage Score Estimated percentage
a: Tubular necrosis None 0 0
b: Tubular dilation Very mild 1 0-10
c: Tubular cast 2 10-20
d: Loss of brush border Mild 3 20-30
e: Interstitial edema 4 30-40
Severe 5 40 - 50
6 50-60
Significant 7 60-70
8 70-80
Very severe 9 80-90
10 90 - 100

3.7 Feulgen staining and TUNEL staining

Feulgen staining was used to detect nuclear or free DNA, the staining process followed the
instruction of the kit. Slides were evaluated with a light microscope Leitz | and subsequently
photographed.

TdT-mediated dUTP-biotin nick end labeling (TUNEL) detection kit aimed to identified dead
cells in the kidney. Slides were evaluated with a light microscope Leitz | and subsequently

photographed. TUNEL positive cells were assessed using the Image J software.

3.8 Immunohistochemistry in human tissue

The human kidney and spleen biopsies were obtained from a patient with CCE and supplied
by the Institute of Pathology, RWTH Aachen, and processed anonymously. The study was
approved by the local review boards of Aachen in line with the Declaration of Helsinki. Human
biopsies were fixed in 4 % formalin and followed with embedded in paraffin. PAS and Feulgen

stains were performed on kidney and spleen samples.

3.9 Micro-computed tomography (uCT) imaging

To perform the uCT, dead mice were perfused with a contrast agent Microfil, a lead-containing
silicone rubber radiopaque agent, via a perfusion pump (150 ml/h; catheter diameter: 1.0 cm;

catheter length: 75 cm), as described previously in more detail (151). Microfil solidifies
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approximately 20 min after application within the vascular, then kidneys were harvested 20
min after Microfil perfused and fixed in formalin. Then scanned using a high-resolution
SkyScan 1272 uCT system that enables the high-resolution 3D image of the microarchitecture
of kidney blood vessels. After 3D volume rendering of the reconstructed uCT data sets and
threshold-based segmentation of blood vessels, vessel volume and diameter as well as
embolism volume were analyzed, using Imalytics Preclinical software (Version 2.1.7.2) (152).

Imaging was performed in collaboration with Twan Lammers, et al. RWTH Aachen.

3.10 Flow cytometry

Ex vivo isolated neutrophil and platelet from human and mouse flow cytometric analysis was
performed on a BD FACS Calibur flow cytometer. A variety of antibodies were used to

determine neutrophils, and platelet activation, as shown in table 7.

3.11 In vitro studies

3.11.1 Human neutrophil isolation

All healthy blood donors provided written informed consent forms approved by the local
ethical committee for human neutrophil isolation. Whole blood was collected into heparin
tubes and put at 4°C to allow RBCs to settle down. After 30 min, separating the upper clear
yellowish layer to get leucocyte. The remaining RBCs were lysed using hypnotic lysis (ddH;0)
for 2 min, and the same volume 0.15 M KCl was added to stop the reaction. The gradient
centrifugation based on Biocoll was used to enrich neutrophils. All the procedures were
performed on ice to avoid neutrophil activation, no aggressive shaking, or glass material. The
pure neutrophils pellet was suspended in 1 ml plane RPMI media to count the cell number
using a Neubauer chamber. Appropriate cells were seed into 96-well plate or 8-well chamber

that was used for different experiments then incubated cells at 37°C for 30 min to rest.

3.11.2 Formation of the neutrophil extracellular trap (NET) and cell death

To check the cytotoxic effect of CC on neutrophils, neutrophils were pretreated with 0.5 U/pl
DNase | or PBS for 10 min. To induce NETSs, various stimuli were used CC (5 mg/ml), 0.1 %
Triton X-100 at 37 °C for 2 h. 8-well chamber was used for confocal live-cell imaging to visualize

ecDNA release by Sytox Green Nucleic Acid Dye. In 96-well plate, the stimulated neutrophil
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supernatants were collected for cell death detection or ecDNA quantification by LDH and Pico

Green dsDNA Assay kit, separately.

3.11.3 Human and mouse endothelial cell culture

Mouse glomerular endothelial cells (GEnCs) were cultured in a flask in complete DMEM media
containing 10 % fetal calf serum (FCS) and 1 % penicillin-streptomycin (PS). When cell
confluence reached 80-90 %, they were detached by trypsin for 2-3 min and complete DMEM
media was added to neutral the trypsin reaction. After centrifugation, the cell pellet was re-
suspended in 1 ml complete DMEM to count the number using a Neubauer chamber. The
required number of cells was used for different experiments.

HUVEC (human microvascular endothelial cells) were routinely propagated in complete

endothelial growth media containing 10 % supplement mix and 1 % PS.

3.11.4 Endothelial cell death detection and extracellular DNA quantification

GEnCs were stimulated with different doses of CC (1, 5, 9 mg/ml). Cells were pre-treated with
0.5 U/ul DNase I, 20 uM Nec-1s, 100 uM Cl-amidine, 10 uM MCC950 or PBS stimulation
whenever required. Then, GEnCs were stimulated with 5 mg/ml CC at 37°C for 24 h. In 96-well
plates, cell death and DNA release were quantified by the LDH assay and Pico Green dsDNA
Assay Kit. Meanwhile, DNA release was also visualized by Sytox Green Nucleic Acid Dye under
confocal microscopy. HUVEC were stimulated with 5 mg/ml CC for 24h, cell death of HUVEC
was stained by Calcein/Pl and visualized by confocal microscopy, DNA release from HUVEC
was quantified by Pico Green dsDNA Assay Kit.

The supernatants of neutrophils, GEnC, and HMVEC were harvested after stimulation to
detect cell death and DNA release.

Cell death detection: The supernatant was transferred to a new 96 well plate, the following is
incubated with substrates of the LDH cytotoxicity detection kit. During this assay, LDH activity
is determined by a coupled enzymatic reaction between LDH and substrate dye. The
absorbance of the dye was read at 492nm, which directly correlates, to the amount of LDH
present in the supernatant.

DNA release: The supernatant was centrifuged at 1500 rpm for 5 min to remove floating free

nuclei. DNA release was determined by Pico Green dsDNA assay kit, and fluorescence intensity
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was read after 5 min incubation, the excitation and emission wavelengths are 485 and 535 nm.
For 3D cultures, HUVEC were seeded in a two-lane OrganoPlate with 400 um x 220 um (w x h)
channels. 4 mg/ml Collagen | was used to creating the extracellular matrix and seeded 5x10*
cells per chip, as previously described (153). The OrganoPlate was incubated at 37 °C with 5 %
CO; on an interval rocker that set between a + 7 °C and -7 °C inclination every 8 min to allow
bi-directional flow. For live/dead cell imaging, cells were stained with Calcein-AM (2 pg/ml)
and Propidium lodide (P1) (1 ug/ml) for 20 min. Images were taken using Leica SP5 AOBS
confocal microscope equipped with a Chameleon Ultra-Il two-photon laser. To generate 3D

images, | used the image processing software Leica Application Suite X.

3.11.5 Confocal imaging

To visualize CC stimulated ecDNA release from neutrophils, endothelial cells, and NETs
formation, 0.1 uM Sytox Green dye was added before confocal detection. Sytox Green is an
impermeable DNA dye. Thus, cell death, the release of ecDNA, and NETs formation can be

detected by confocal microscopy with LSM 510 microscope and LSM software.

3.11.6 Human platelet studies

Blood obtained from healthy volunteers that had provided a written informed consent
approved by the local ethics commission (Ethikkommission der Medizinischen Fakultat der
LMU). Blood was centrifuged at 800 rpm for 6 min at RT. Supernatant and buffy coat were
transferred into a new tube to obtain platelet-rich plasma (PRP). To prepare washed platelets,
PRP was centrifuged at 2,800 rpm for 5 min at RT and the pellet was resuspended in 1 ml Ca2+-
free Tyrode’s buffer containing apyrase (0.02 U/ml) and prostaglandin El (PGEI, 0.5 uM). After
10 min incubation at 37 °C, the sample was centrifuged at 2,800 rpm for 5 min. After a second
washing step, the platelet pellet was resuspended in the appropriate volume of Tyrode’s
buffer containing only apyrase (0.02 U/ml) and left to incubate for at least 30 min at 37 °C
before analysis. Mitochondrial DNA release from washed platelets was visualized by
MitoTracker Deep Red (100 nM) incubated for 45 min at 37 °C before Sytox Green Nucleic Acid
Dye was added and DNA observed using confocal microscopy with an LSM 510 microscope

and LSM software (Carl Zeiss AG).
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3.12 Statistical analysis

All figures and statistical analyses were performed using Prism 7.0 software (GraphPad
Software, San Diego, CA). Before every statistical analysis, data were checked for normal
distribution (Shapiro-Wilk test), homoskedacity (Levene's test), and outliers (Grubb's test).
Normally distributed and homoskedastic data sets were tested for significant differences via
ANOVA and posthoc Bonferroni's correction was used for multiple comparisons.
Heteroskedastic data were corrected following Games-Howell's posthoc test. Not normally
distributed data sets were compared using Kruskal-Wallis and Nemenyi testing. Data are

expressed as mean + SD.
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4. Results
4.1 A new mouse model of cholesterol crystal-embolism

4.1.1 Cholesterol crystal injection-induced acute kidney injury and kidney infarction

To establish a CCE model, different doses of CC (5, 10, 20, 30 mg/kg) were injected into the
left kidney artery of WT mice. Control mice received the same volume of PBS. Kidney artery
injection can avoid discomfort from skin ulcerations, pancreatitis, peritonitis, or uremia. When
kidneys were successfully perfused they changed color from dark red to pink (Fig. 5A). At 24
h, CC-perfused kidneys showed visible swelling (Fig. 10A), and the weight of CC kidneys
increased in a dose-dependent manner (Fig. 10A’). To assess how CC injection affects kidney
function, | measured GFR in mice without surgery and upon surgery 24 h. The result has shown
that injecting different amounts of CC resulted in a dose-dependent decline of GFR at 24 h, i.e.
AKI (Fig. 10C). Kidney infarct size was quantified using the TTC method (Fig. 10B). Interestingly,
CC injection-induced high variability infarct size of different groups (Fig. 10B’). Therefore, CC

injection-induced kidney infarction, and acute organ failure at 24 h.
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Figure 10. CC injection-induced acute kidney failure and kidney infarction at 24 h. A: Representative images of
fresh kidneys in different groups. A’: Delta kidney weight = CCE kidney — contralateral kideny. B: TTC-stained
kidney slices of different groups. B’: CCE-induced infarct size in different groups. C: CC injection-induced GFR loss
in different groups. All quantitative data are means + SD.
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To better characterize the structure of renal arteries, we performed arterial contrast uCT and
3D reconstructions of the vascular tree. The 3D-uCT showed CC injection caused rarefication
of peripheral arteries and partial and complete arterial occlusions (Fig. 11A). Statistical
analysis found a significant change in the volume and diameter of the blood vessel (Fig. 11B-

C). Therefore, CC injection-induced diffuse arterial thrombosis, as a manifestation of CCE.
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Figure 11. CCE-induced arterial thrombosis formation at 24 h. A: 3D uCT displays peripheral vascular rarefication
in the CCE kidney. B: Blood vessel volume change in CCE kidney. C: CCE induced vasoconstriction in the CCE kidney.
All quantitative data are means + SD.

Traditionally, arterial thrombosis is defined as blood clots formed within an artery, or the
capillary system, which largely comprises of platelets, therefore it is also referred to as “white
clots” (155). Exposure of the subendothelial matrix and activation of endothelial cells are the
two most important events following the vessel injury (156). In terms of the most clinically
substantial acute arterial thrombosis, thrombosis happened to the coronary arteries, the brain
arteries, and peripheral arteries typically lead to AMI, cerebral ischemia, and stroke or
peripheral arterial occlusive disease respectively (155). CCE is known as one of the arterial
thrombosis. Taken together, CC injection-induced acute kidney failure and kidney infarction

by forming arterial thrombosis that obstructing the kidney artery at 24 h.

4.1.2 Crystal clots-induced kidney injury, inflammation and vascular injury at 24 h

PAS staining was performed to verify CC injection-induced kidney injury. CCE kidney shows
marked tubular cell necrosis, dilation, brush border loss, lumen cast presence, interstitial
edema at 24 h (Fig. 12A-A”). PAS score shows injury in CCE kidneys follow the CC doses (Fig.
12C). PAS and thrombin stained sections visualized CC and artery thrombosis inside a kidney

artery under polarized light (Fig. 12D-E’).
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Figure 12. Crystal clots-induced kidney injury at 24 h. A: Representative image of PAS-stained CCE kidney
sections. A’: Infarct (*) demarcation (tubular damage, bleeding, neutrophils). A”: Diffuse (tubular) ischemic
damage and arterial crystal (*). B-B’: PAS-stained healthy kidney. C: CC injection-induced kidney injury score. D-
E’: CC and related thrombosis inside the kidney artery in PAS-stained CCE kidney. E’: CC cleft and thrombosis in
thrombin-stained CCE kidney. All quantitative data are means * SD.

TUNEL staining also showed massive dead cells presenting inside CC perfused kidney (Fig. 13A).
Inflammation is the response of the immune system to an injurious trigger. Therefore, the
inflammatory component in the CC-perfused kidney was evaluated. Immunostaining for the
neutrophil marker Ly6B2+ revealed an increased infiltration of neutrophils into the
tubulointerstitial space of CC-perfused kidneys compared to control kidneys (Fig. 13B).
Immunostaining for the endothelial cell marker CD31 indicated vascular injury and obstruction

in CC-perfused kidneys (Fig. 13C).
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To identify the number of arteries obstructed with CC, we performed aSMA and fibrin co-
immunostaining. | distinguished interlobar, arcuate, and interlobular kidney arteries by size
and location, and those arteries were graded into either completely, partially or non-
obstructed (Fig. 14A). Results showed that all those arteries showed partial and complete
obstructions at 24 h, and the ratio of obstructed arteries was CC dose-dependent (Fig. 14B-
D’). The 10 mg/kg of CC was selected for further studies to detect diseases, improvement, or

aggravation. Taken together, CC injection-induced kidney injury, inflammation, and vascular

injury by forming fibrin positive crystal clots inside arteries at 24 h.
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Figure 14: Quantification of CC-induced occlusion of intrarenal arteries of different sizes. A: Immunostaining
for aSMA and fibrin displays partial or complete arterial occlusions. Arrows point to CC-thrombosis. B-D: Partially
obstructed interlobar, arcuate, and interlobular arteries in different groups. B’-D’: Completely obstructed arteries
in different groups.

4.1.3 Crystal clots obstruct intrarenal arteries at 24 h

PAS section shows an intrarenal artery completely occluded by CC and some surrounding
foreign-body granuloma-like matrix, indicating that crystal clots occurred some time ago (Fig.
15A). To better characterize the matrix surrounding CC that leads to vascular obstruction
further immunostainings were performed, for example for Ly6B2+, MPO, and Cit-H3 and
found neutrophils and NETs present (Fig. 15D-F). This indicates that neutrophils and NETs are
involved in crystal clot formation. As fibrin was also present in crystal clots, and by staining for
CD61 a marker of platelets we confirmed that beyond fibrin also platelets were involved in
clots formation (Fig. 15B-C). The essential cause of arterial thrombosis in this model is CC that

accumulates in the artery wall initiating the development of thrombosis. In the blood,
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platelets act as guards of vascular integrity and can be immediately activated and aggregated
at the vascular injury sites to form a primary haemostatic plug (157). When an atheromatous
plague ruptures or CC in the arterial wall, platelets are immediately mobilized through the
interaction with collagen and vWF via specific surface receptors (158). Following platelets
recruitment to the arterial wall, activated platelets release their granule contents, which in
turn promoting platelet recruitment, adhesion, aggregation, and activation that forms a
cascade cycle leading to the rapid development of the thrombus. Of note, CC was a minor
component of the vascular occlusions, while vascular obstruction was rather more related to

CC-triggered arterial thrombosis which ultimately obstructed many intrarenal arteries.

A PAS ) B Fibrin c ~ CD61

Figure 15. Components of intraarterial crystal clots. A: PAS-stained section showed that intravascular crystals
are surrounded by a biological mass. Immunostaining of crystal clots with prominent positivity CC for fibrinogen
(B), platelets (C), and neutrophils (D). E-F: NET formation illustrated by extracellular positivity of cit-H3 and MPO.

4.1.4 Time-dependent intravascular crystal clot formation

To verify the process of clot formation triggered by CC inside renal arteries, C57BL/6J WT mice
were sacrificed at 3, 6, 12 h after CC injection. Although kidneys displayed swelling 3 h after
CC injection compared to PBS control kidneys (Fig. 16A-A’), no infarction inside kidneys was
detectable (Fig. 16B-B’). PAS staining did not show injury at 3 h (Fig. 17A). Immunostaining for
Ly6B2+ revealed few neutrophils in the interstitial space (Fig. 17B). The aSMA/fibrin staining
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showed very few obstructed arteries at 3 h (Fig. 17C-C’). At 6 h, kidneys displayed swelling and
neutrophil infiltration (Fig. 16A, 17B), similar to the 3 h result. PAS staining showed tubular
injury in CCE kidney (Fig. 16C), and more partial obstructed arteries (Fig. 17C-C’). At 12 h, CC-
perfused kidneys showed significantly increased infarct size (Fig. 16B), neutrophil infiltration
(Fig. 17B), and obstructed interlobar, arcuate, and interlobular arteries, especially the
complete obstructed arteries number increased (Fig. 17C-C’). PAS score revealed massive
tubular necrosis (Fig. 17A). At the cellular level, arterial thrombosis largely consists of
activated platelets as their distinct ability to adhere to the injured vascular wall and aggregate
to additionally activated platelets under rapid blood flow (159), therefore, platelets and blood
coagulation play a critical role in promoting arterial thrombus growth.

Taken together, CC-induced intraarterial clot formation was time-dependent. CC triggered
arterial thrombosis obstructing renal vessels, not CC itself. The vascular obstruction induced

ischemia-related AKI and kidney infarction was also time-dependent.
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Figure 16. Time-dependent infarction in CCE kidney. A: Representative images of fresh kidney and delta kidney
weight. B: TTC-stained CCE kidney, and quantified infarct size (B’).
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kidney injury was time-dependent. B: CCE-related inflammation was time-dependent. C-C’: Time-dependent
intrarenal arterial occlusion. All quantitative data are means + SD.

4.1.5 The influence of gender on cholesterol crystal embolism

To test for the role of gender on CC injection-related AKI, and infarction, 10 mg/kg CC were
injected to male and female C57BL/6J mice. Female mice showed similar results in kidney
swelling (Fig. 18A), kidney infarction (Fig. 18B), and GFR loss (Fig. 18C). Accordingly,
microscopic analysis revealed CC injection-induced severe kidney injury (Fig. 18D), a mass of
neutrophil infiltration (Fig. 18E), vascular injury (Fig. 18F), and arterial thrombosis formation
to the same extend (Fig. 18G-G’). In conclusion, gender did not affect CCE-related outcomes

at 24 h. Therefore, C57BL/6J male mice were selected for further studies.
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Figure 18. The effect of gender on CC injection-related AKI, infarction, and intrarenal arterial occlusion at 24 h.
A: Fresh kidneys in male and female mice upon kidney CCE. A’: Delta kidney weight. B-B’: TTC-stained kidney
slices and quantified infarct size. C: CC injection-induced GFR loss in male and female mice. D: Representative
image of PAS-stained CCE kidney of the female. The arrow shows CC cleft and related thrombosis inside the renal
artery in females. Male and female CCE kidneys show similar injury at 24 h. E: Neutrophils infiltration in male and

female CCE kidneys. F: CC injection-induced vascular rarefication in male and female mice. G-G’: Intrarenal

arterial occlusion in male and female CCE kidneys. All quantitative data are means % SD.

51



Results

4.1.6 Cholesterol crystal embolism-induced acute kidney disease

Time-course analysis showed that after 14 days GFR recovered back to baseline (Fig. 19A) and
infarct size declined (Fig. 19B). From the PAS stained CCE kidney sections, at 3 days, the CCE
shows obvious tubular cell death in all compartments, the arrow pointing the thrombi in a
kidney vessel, the interstitial can see immune cell infiltration and edema (Fig. 19C, F, G). In this
time, the contralateral kidney is normal and healthy (Fig. 19C, F, G). After 7 days, the CCE
kidney displayed tubular necrosis, tubular casts and tubular atrophy, strong inflammation, in
particular the massive infiltration of neutrophils, as well as interstitial fibrosis (Fig. 19D, F, G).
While the contralateral kidney also showed tubular stress of mild dilation and loss few of brush
borders (Fig. 19D, F, G). At 14 days, CCE kidney had strong monocytic inflammation, interstitial
fibrosis, and tubular atrophy, tubular casts. The contralateral kidney showed tubular stress,
focal interstitial inflammation, focal interstitial fibrosis, and tubular atrophy. Thus, this CCE
model induced AKD within 2 weeks, associated with tubular injury, interstitial edema, immune
cell infiltration especially neutrophils and macrophages leading to the secretion of

inflammatory cytokines and thrombosis obstruction.
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4.2 Role of plasmatic coagulation in crystal clot formation

Besides the platelets-dependent hemostasis, fibrinolysis is another important hemostatic
pathway and it is rapidly activated after the clot has been fixed by the coagulation cascade

(160). Fibrinolysis can degrade the fibrin polymers to eliminate blood clots and thereby
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promotes physiological wound healing and hemostasis. Plasminogen is known as the central
component of the fibrinolytic pathway, which can transform into the serine proteinase
plasmin by two main types of plasminogen activators (PA), tissue PA (tPA) and urokinase PA
(uPA). In the circulating, the plasmin digests fibrin and various extracellular matrix proteins
and thereby regulates hemostasis and thrombus development (161). The PA inhibitors and
plasmin inhibitors produced under steady conditions are tightly involved in the fibrinolytic
process (162). Therefore, a fine and complex dynamic equilibrium between consecutive fibrin
generation and fibrinolysis determine the constituents and sizes of arterial thrombus. Using
anticoagulants to reduce thrombin generation or fibrinolytic to lyse the fibrin component of
thrombi both influence managing arterial thrombosis.

The finding from fibrinogen staining confirmed that fibrin was present in crystal clots inside
CC perfused kidney. Therefore, the new model should be suitable to mimic the in vivo
conditions of CCE and to study the positive effects of anticoagulants on the CCE outcomes.
Hence, this study selected anticoagulant heparin and the fibrinolytic agent urokinase to test
their effects on CC-induced CCE-related AKI and kidney infarction at 24 h.

To do so, mice received heparin or urokinase treatment 1 h after CC injection, control group
mice received NaCl. At 24 h, both heparin- and urokinase- treatment significantly reduced the
CC perfused kidneys swelling compared to the NaCl control (Fig. 20A). Moreover, heparin- and
urokinase- treated kidneys showed a significant reduction in infarct size (Fig. 20B).
Furthermore, both treatments significantly reduced the numbers of arterial occlusions in
interlobar, arcuate, and interlobular, albeit the crystal component persisted (Fig. 21A). Both

treatments also completely protected mice from GFR loss (Fig. 21B).
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As expected, PAS staining revealed that heparin and urokinase both significantly reduced
tubular necrosis, dilation, brush border loss, lumen casts, and interstitial edema (Fig. 22A). As
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well as both treatments abolished TUNEL+ dead cells (Fig. 22B). Moreover, the numbers of
infiltrating neutrophils and the loss of CD31+ blood vessels were dramatically reduced by
heparin and urokinase treatments compared to NaCl controls (Fig. 22C-D). Taken together,

not the CC per se but rather crystal-induced clots caused arterial obstruction, tissue infarction,

and organ failure.
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4.3 Role of platelets in crystal clot formation

CC was only a minor component of vascular occlusions and vascular obstruction was rather
related to the surrounded materials with the presence of platelets as indicated by CD61+
staining (Fig. 14C) the typical component of arterial thrombi (160). Platelet degranulation can
modulate coagulation and fibrin clot formation due to the release of granular resident
fibrinogen, ATP, and other factors. To address the role of platelets in the formation of crystal
clots and CCE-related AKI and infarction, a set of experiments were performed in vivo and in
vitro. Many pharmacological antiplatelet therapies have been developed to treat arterial
thrombosis e.g. by targeting the P2Y12 receptor (163). Clopidogrel as one typical antiplatelet

molecule was selected for my study.

4.3.1 Clopidogrel completely inhibited cholesterol-mediated pathological processes

in the kidney by preventing crystal clots formation

To do so, mice received the purinergic platelet P2Y12 receptor antagonist clopidogrel. At 24
h, clopidogrel significantly reduced kidney swelling (Fig. 23A). As expected, clopidogrel also

showed complete protection from GFR loss (Fig. 23B), and kidney infarction (Fig. 23C).
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Histological analysis of aSMA/fibrin stains found that clopidogrel significantly decreased the
number of occluded arteries compared to the control group, especially it completely abolished
the completely obstructed interlobar arteries (Fig. 23A-B’). Furthermore, microscopic analysis
revealed that clopidogrel significantly reduced tubular necrosis, dilation, lumen casts,
interstitial edema, as well as vascular injury and neutrophil infiltration (Fig. 24C-E). Taken
together, CC injection-mediated pathological processes in the kidney were completely
inhibited by clopidogrel. CC occlude arteries by forming crystal clots consisting of platelets,

which were central for CCE-related arterial occlusion, organ failure, and tissue infarction.
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4.4 Role of neutrophils in crystal clots formation

Crystal clot surrounding material stained also positive for Ly6B2+ neutrophils, although weakly
positive for histological markers of NETs including ecDNA, citrullinated histone H3, and
cytoplasmic proteins such as elastase or granular proteins such as MPO(164). It has been
previously reported that neutrophils contribute to arterial thrombosis by releasing NETSs, a
process can be initiated by activated platelets (165).

To further test the potential contribution of neutrophils to crystal clot formation, mouse
neutrophils were depleted with anti-Ly6G antibody before CC injection. Flow cytometry was
employed to confirm blood neutrophils were depleted (Fig. 27A). According to flow cytometry
results, mice received the anti-Ly6G antibody 24 h before CC injection. At 24 h, neutrophil
depleted mice had completely extinguished the periinfarct neutrophil infiltrates (Fig. 27B),

and significantly decreased kidney infarct size compared to the IgG control group (Fig. 27C).

A B Ly6B2+ B'
0.0001 Anti-Lyi G M i . —_ 0.625
&2~ 0.0001 g v o | Q= o X 67 0.00102 0.000009
© 3 50 0.0001 B QNS - i
\© - - Yoy, x4 @ L
8 o 40 - Control (n=3) = A
>2 6h (n=2) 24
+—' 2 30 24h (n=2) i E
o 0 72h (n=2) s +
t.g.E 20 o . :m 2 o
.|._] .9‘ 10 . Gg‘
2 5 v = =
' e
Ta ol ; — 2. Lrve 2N
g€ Control AW RS PBS Control  Anti-Ly6G
+Ly6G (100 ugimouse) : =0 Cholesterol (10 mgikg)
L]
C Anti-Ly6G c 0.00016 D
= 00000001 002 800001
=100 S 400 0.00008 0.84
@ L] ]
S 80 ? E300{ #%
T 60 £ %00,
o = 200
c 40 ol® E
> 100
@ 20 o | [T]
°
T 0 — . e 0 - - —
Control Control Anti-Ly6G Control Control Anti-Ly6G
Cholesterol (10mg/kg) Cholesteral (10mg/kg)
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Figure 28. Role of neutrophils in CCE-induced CC clot inside kidney arteries. A: Representative images of

aSMA/fibrin-stained CCE kidneys in control and anti-Ly6G treatment groups. B-B’: Ratio of occluded artery

numbers of various sizes. All quantitative data are means + SD.

In contrast, this had no significant effect on GFR loss (Fig. 27D), or arterial obstructions (Fig.

28A-B’). PAS and immunostainings revealed anti-Ly6G treatment has no significant effects on

overall kidney injury or vascular injury of CCE kidney (Fig. 29A-C). To find reasons for the

inconsistent result, more immunostainings were performed, and found mononuclear cells

present in crystal clots, partially replacing the missing neutrophils in the crystal clots (Fig. 29D).

Additionally, Feulgen’s staining found that ecDNA was still present in crystal clots of the

neutrophil depleted kidneys (Fig. 29E), and neutrophil depletion had no significant effect on

the artery occlusions with ecDNA (Fig.29F).
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Figure 29. Role of neutrophils in CCE-induced tubular injury and vascular injury at 24 h. A: Representative
images of PAS-stained CCE kidneys in the anti-Ly6G treatment group and kidney injury score. B: Representative
images of TUNEL-stained CCE kidney in the anti-Ly6G treatment group and TUNEL + dead. C: Representative
images of CD31-stained CCE kidney in the anti-Ly6G treatment group and vascular injury. D: PAS-stained CCE
kidneys in the IgG or anti-Ly6G-treated group. Left panel (IgG) shows obstructed artery with clots + neutrophils
(shown as arrows), right panel (anti-Ly6G) shows obstructed artery with clots + few mononuclear cells (shown as
arrows). * shown cholesterol clefts. E: Feulgen staining shows ecDNA presence in crystal clots of anti-Ly6G-
treated kidneys. Arrows indicate ecDNA. F: Quantification of clots inside the artery with ecDNA in healthy, IgG
control, and anti-Ly6G treatment kidneys. All quantitative data are means + SD.

Neutrophils release NETs via different intracellular pathways the decondensation of nuclear
chromatin is the first step that can through peptidyl arginine deiminase type IV (PAD4)-
catalyzed histone citrullination or neutrophil elastase-mediated histone cleavage, the
following is chromatin extrusion after the nuclear envelope rupture. Therefore, as another
approach, Cl-amidine was used to block PAD4-dependent NETs formation in vivo. Accordingly,
Cl-amidine treatment showed similar results as neutrophil depletion, this had no significant
effects on kidney swelling, kidney infarct, or GFR loss (Fig. 30A-C’). More immunostainings also

found Cl-amidine treated CCE kidneys show similar injury, neutrophil infiltration, or vascular
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injury with control CCE kidneys (Fig. 31A-C), as well as no effects on vascular occlusion (Fig.
31D-E’). Taken together, perilesional neutrophils largely contribute to CCE-induced perifocal

infarction but few to crystal clot formation and hence to CCE-related kidney failure.
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Figure 31. Role of NETs in CCE-induced injury, inflammation, and arteries obstruction at 24 h. A: Representative
image of PAS-stained CCE kidneys of the Cl-amidine group and kidney injury score. B: Representative images of
Ly6B2+-stained CCE kidney of the Cl-amidine group and neutrophil infiltration into CCE kidneys. C: Representative
images of CD31-stained CCE kidneys and vascular injury analysis. D: Representative images of aSMA/fibrin-
stained CCE kidneys of the Cl-amidine group. E-E’: Ratio of occluded artery numbers of various sizes. All
quantitative data are means £ SD.

4.5 Role of necroinflammation in CCE-induced kidney injury

It has been previously reported that mixed lineage kinase domain-like (MLKL)-dependent
necroptosis and NOD-like receptor pyrin domain-containing protein 3 (NLRP3) inflammasome-
dependent sterile inflammation contribute to tubule necrosis and loss of kidney function upon

transient artery clamping and kidney ischemia (166).
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4.5.1 Necroptosis inhibition improved CCE-related kidney infarction but not AKI

To address the role of Mlkl-dependent necroptosis in CCE-related AKI, kidney infarction, and
vascular occlusion, surgery was performed on WT and Mlkl-/- male mice. Indeed, at 24 h, MIkl-
/- mice kidneys showed less swelling, and significantly reduced infarct size (Fig. 32A-B’).
Additionally, PAS and immunostainings also found significantly less kidney injury, perilesional

neutrophil counts, and vascular injury in Mlkl-/- kidneys (Fig. 33A-C).
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Figure 32. Role of necroptosis in CCE-related kidney infarction at 24 h. A: Fresh kidneys of healthy, Mikl-/-, and
Nec-1s-treated groups. A’: Delta kidney weight. B-B’: TTC method quantified kidney infarct size in control, WT,
Milkl-/-, and Nec-1s-treated groups. All quantitative data are means * SD.
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analysis. All

However, the lack of MIkl did not affect kidney excretory function loss (Fig. 34A). Consistently,

Mkl deficiency had no significant effect on arterial thrombosis occlusions (Fi

Accordingly, C57BL/6J mice pretreated with the necroptosis inhibitor Nec-1s s

g. 34B-C').

ignificantly

reduced infarct size, kidney injury, and neutrophil infiltration at 24 h compared to controls

(Fig. 32A-B’, Fig. 33A-C). However, Nec-1s treatment did not affect CCE-related los

arterial occlusions (Fig. 34A-C’).
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Figure 34. Role of necroptosis in CC-induced arterial occlusions at 24 h. A: GFR loss in WT, Mlkl-/-, and Nec-1s
group. D: Representative images of aSMA/fibrin-stained CCE kidneys of the Mik/-/- and Nec-1s groups. C-C’: Ratio
of occluded artery numbers of various sizes. All quantitative data are means * SD.

4.5.2 Inflammasome inhibition protected from cholesterol crystal embolism-related

kidney infarction but not acute kidney injury

To address the role of NLRP3 in CCE-related AKI, kidney infarction, and vascular occlusions,
C57BL/6) male mice pretreated with the NLRP3 inhibitor MCC950 showed significantly
reduced infarct size, kidney injury, and neutrophil infiltration at 24 h (Fig. 35A-E). However,
MCC950 treatment did not affect CCE-related loss of GFR or arterial occlusions (Fig. 36A-C’).
Thus, interfering with necroptosis or inflammation had no impact on arterial occlusions at 24
h. Taken together, as nephron perfusion is ultimately required for kidney function, inhibiting

necrosis without targeting arterial occlusions does not prevent kidney failure.
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Figure 35. Role of the inflammasome in CCE-related infarction, injury, and inflammation at 24 h. A: Fresh
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administration groups, and kidney injury score. D: Representative images of Ly6B2+-stained CCE kidneys in
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stained CCE kidney and vascular injury analysis. All quantitative data are means + SD.
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Figure 36. Role of the inflammasome in CCE-related GFR loss and arterial clot at 24 h. A: Representative images
of aSMA/fibrin-stained CCE kidneys of the MCC950 groups. B: GFR loss in control and MCC950 groups. C-C’: Ratio
of occluded artery numbers of various sizes. All quantitative data are means * SD.

4.6 Role of extracellular DNA in crystal clots formation

Previous studies showed that ecDNA can be an important component of vascular thrombosis
(167). DAPI staining was suggestive for the presence of ecDNA in crystal clots in CC-perfused
kidneys (Fig. 37). To investigate the functional contribution of ecDNA for arterial occlusions
induced by CC, kidney infarct, and organ failure, a set of experiments were performed on in

vivo and in vitro.

CCE without ecDNA CCE with ecDNA and
Healthy vascular or vascular obstruction vascular obstruction

DAPI

Figure 37. Extracellular DNA presence in CC clots. Representative DAPI stained sections in CCE kidneys showing
crystals clots without and with ecDNA (arrows).
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4.7.1 Recombinant DNase | inhibited CC injection-mediated pathological processes

in the kidney by preventing crystal clot formation

To do so, C57BL/6J male mice received treatment with recombinant DNase I. At 24 h DNase |
treatment had abrogated intraarterial ecDNA together with a reduction in the number of
arterial occlusions and the fibrin and cellular components of crystal clots, while the crystal
component persisted (Fig. 38A, C-C’). This effect was also confirmed by 3D uCT imaging. As
shown in Fig. 38B, DNase | treatment significantly reduced vascular rarefication and arterial

occlusions (Fig. 38D), and kidneys displayed intact vascular tree.
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Figure 38. Neutralization of ecDNA prevents crystal clot formation and arterial occlusions at 24 h. A:
Representative images of aSMA/fibrin-stained CCE kidneys of the control and DNase | groups. B: 3D uCT of CCE
kidneys confirmed the attenuation of vascular occlusions by a higher density of microvascular perfusion. The
right panel shows the foremost artery branch outlined by the dashed rectangle in the left panel. C-C': Ratio of
occluded artery numbers of various sizes. All quantitative data are means + SD.

As expected, preventing arterial occlusions of DNase | was associated with complete
protection from GFR loss (Fig. 39A), a significant reduction in kidney infarct size (Fig. 39B) as
well as kidney injury and cell death as indicated by PAS section and less TUNEL+ cells (Fig. 39C-
D). Immunostaining revealed DNase | treatment significantly decreased neutrophil infiltrates
and vascular rarefaction (Fig. 39E-F). Taken together, the observed ecDNA accumulation is a

non-redundant critical component of CCE-related arterial thrombosis obstruction, tissue
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infarction, and organ failure.
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Figure 39. Neutralization of ecDNA prevents CCE-related tissue infarction and organ failure at 24 h. A: DNase |
administration significantly reduced CCE-related GFR loss. B-B’: TTC method analysis of kidney infarct size. C:
Representative image of PAS-stained CCE kidneys of the DNase | group, and kidney injury score. D:
Representative images of TUNEL-stained CCE kidneys of the DNase | groups, and TUNEL + dead cells in CCE
kidneys. E: Representative images of Ly6B2+-stained CCE kidneys of the DNase | groups, and neutrophil
infiltration into CCE kidneys. F: Representative images of CD31-stained CCE kidneys and vascular injury analysis.
All quantitative data are means * SD.

4.7.2 In vitro studies to identify the origin of extracellular DNA

To investigate the source of ecDNA, a series of in vitro studies were performed on endothelial

cells and neutrophils of humans and mice.

4.7.2.1 CC directly induce DNA release from endothelial cells

Mouse endothelial cell studies: To explore whether CC can induce the release of DNA from the
endothelial cell, GEnCs were cultured in 96-well plates at a cell density of 1x10* to 1.5x10*
cells/well in the presence of different concentrations of CC (1, 5 or 9 mg/ml) and without any

treatment. After 24 h of stimulation with CC, the Pico Green assay showed that exposure to
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increasing doses of CC directly induced DNA release from renal endothelial cells (Fig. 40A’),
and confocal microscopy confirmed that endothelial cells undergo necrosis (Fig. 40A). In
contrast, pre-treated GEnCs with Nec-1s, MCC950, or Cl-amidine 30 min before CC exposure
did not affect DNA release corroborated by Pico green assay or confocal microscope (Fig. 40B-

B’). LDH assays demonstrated that CC directly induced massive cell death (Fig. 41A-C).
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Figure 40. CC-induced ecDNA release from mouse endothelial cells. A: Representative confocal images of GEnC
stimulated with different doses of CC. Sytox Green dye to show ecDNA release. A’: PicoGreen method analysis of
ecDNA release upon stimulation with CC. B: Representative confocal images of GEnC stimulated with CC and
various inhibitors. Sytox Green dye to show ecDNA release. A’: PicoGreen method analysis of ecDNA release upon
stimulation with CC and various inhibitors. All quantitative data are means % SD.

Human endothelial cell studies: HUVEC were 3D cultured in an Organo plate, after 24 h
stimulation with CC cells were stained with Calcein/PI for live/dead cell confocal imaging.
Confocal imaging proved that CC directly induced HUVEC to release DNA and undergo necrosis
(Fig. 41D). Pico green assay also confirmed HUVEC released free DNA into the supernatant
after CC stimulation (Fig. 41F). Taken together, CC can directly induce endothelial cells necrosis

and release free DNA, which contributed to CC-induced arteries occlusion.
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Figure 41. CC-induced ecDNA release from human endothelial cells. A: Representative confocal images of GEnC
stimulated with CC. Sytox Green dye to show ecDNA release. B: LDH method analysis of CC-induced GEnC cell
death. C: PicoGreen method analysis of ecDNA release upon stimulation with CC and triton. D: Representative
confocal image of healthy HUVEC. E: Representative confocal image of HUVEC stimulated with CC. Calcein and
Pl to show ecDNA release. F: PicoGreen method analysis of ecDNA release upon stimulation with CC. All
guantitative data are means + SD.

4.7.2.2 CC-induced DNA release from human neutrophils and platelets

CC exert direct cytotoxic effects leading to necrotic cell death during injury. Since neutrophils
are the first responder cells to reach the site of injury and infection, therefore, to verify the
cytotoxic effect of CC on neutrophils, human neutrophils were exposed to CC or supernatant
of CC-activated platelets 2 h at 37 °C. Confocal images revealed CC-induced neutrophil
necrosis and NET-like chromatin release confirmed by Sytox green staining (Fig. 42A). Pico
green and LDH assays also demonstrated neutrophil cell death and the release of free-DNA
into the supernatant (Fig. 42B-C). Interestingly, supernatants from CC-treated platelets
induced NETosis, and free-DNA was detected in the cell culture supernatant of human
neutrophils (Fig. 42A, C). Therefore, CC induce human neutrophils necrosis, and DNA release
could be a contributing factor in CC-induced arterial obstruction.

Exposure of human platelets to CC also induced the release of minor amounts of ecDNA from
their mitochondria (Fig. 42D). Thus, in vitro studies support that CC- and platelet-dependent
DNA release from neutrophils and endothelial cells could be a contributing factor in CC-

induced arterial obstruction.
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Figure 42. CC-induced DNA release from human neutrophils and platelets. A: Representative confocal images
of human neutrophils stimulated with CC and CC-stimulated platelet supernatant. Sytox Green dye to show
ecDNA release. B: LDH assay analysis of neutrophil cell death. C: PicoGreen method analysis of ecDNA release
from neutrophils. D: Representative confocal image of human platelet upon CC stimulation. MitoTracker Red and
Sytox Green to show ecDNA release from platelets mitochondrial. All quantitative data are means + SD.

4.8 A two-step strategy to prevent cholesterol crystal embolism-related outcomes

4.8.1 The window of opportunity to improve cholesterol crystal embolism-related

outcomes by DNase |

As heart or aorta surgeries preclude the use of anticoagulants or fibrinolytic agents, we
considered recombinant DNase | as a possible candidate therapy to attenuate CC clot
formation by inhibiting fibrin formation, ecDNA accumulation, and ATP signaling (168).

To do so, | tested the therapeutic window-of-opportunity of recombinant DNase | for its
protective effect in CCE. C57BL/6J male mice were administered recombinant DNase | 3, 6,
and 12 h after CC injection, and all mice were sacrificed at 24h. DNase | treatment given 3 h
after CC embolism showed trends towards improved outcomes albeit not in a consistent
manner. Interestingly, 3 h DNase | treatment shows a tendency in kidney swelling, infarct size,
TUNEL+ dead cells, and neutrophil infiltration in CCE kidneys (Fig. 43A-D). Consistently, kidney
injury score, GFR loss, and artery thrombosis formation results are similar (Fig. 44A-C’).
Unfortunately, DNase | treatment started 6 or 12 h after CC injection did not affect any of
those endpoints (Fig. 43A-D). None of the delayed DNase | treatments significantly protected

from arterial occlusions (Fig. 44A-C’). Therefore, only DNase | treatment 3 h after CC injection
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might be considered but would need additional interventions to improve CCE-related kidney

failure.
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Figure 43. Window-of-opportunity of DNase | treatment at 3 h partially prevents CCE-related tissue infarction
and inflammation at 24 h. A: Fresh kidneys of DNase | treatment at 3, 6, and 12 h post-CC-injection. A’: Delta
kidney weight. B-B’: TTC method analysis of infarct size in kidneys upon DNase | administration at different time
points. 3 h post-CC-injection partially reduced CCE-related infarction. C: 3 h post-CC-injection partially reduced
TUNEL + dead cells in CCE kidneys. D: 3 h post-CC-injection partially reduced neutrophil infiltration in CCE kidneys.
All quantitative data are means % SD.
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Figure 44. Delayed administration of DNase | did not affect CCE-related injury, AKI, or arterial occlusions at 24
h. A: DNase | administration at different time points did not affect CCE-related kidney injury. B: GFR loss at
different time points upon treatment of DNase |. C-C’: Ratio of obstructed artery number in various sizes. All
guantitative data are means + SD.

4.8.2 Nec-1s combined with DNase | treatment prevents cholesterol crystal

embolism-related outcomes

Because inhibiting necroptosis significantly improved CCE-related kidney infarction, it might
be considered as a combination partner with DNase | treatment that when given 3 h after CC
injection significantly reduced kidney infarct size. Therefore, | tested a regimen combining a
pre-emptive single dose of the necroptosis inhibitor Nec-1s combined with recombinant
DNase | given 3 h after intraarterial CC injection to further optimize outcomes in the setting
of a cardiovascular procedure-related CC embolism.

At 24 h, this dual strategy resulted in significant protection from GFR loss, kidney swelling, and
infarct size in almost all CCE kidneys (Fig. 45A-C’). As expected, this dual therapy also
significantly reduced vascular occlusions by crystal clots (Fig. 46A-B’). PAS scoring showed
significantly less injury in treatment group mice compared to the control treatment group (Fig.
47A). CD31 and Ly6B2+ staining analysis revealed a significant reduction in neutrophil
infiltration and vascular injury in the treatment group compared to controls (Fig. 47B-C). Taken

together, this combined approach could be feasible as prophylaxis given to all patients at risk,
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while DNase | would be only given to those with signs of CC embolism into the kidney, e.g. an

early decline of urinary output.
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Figure 46. A dual therapy of Nec-1s+DNase | prevents CCE-related arterial occlusion at 24 h. A: Representative
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Figure 47. A dual therapy of Nec-1s+DNase | prevents CCE-related injury and inflammation at 24 h. A:
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5 Discussion

We had hypothesized that developing a reproducible model of CCE would help to dissect the
pathophysiology underlying CCE-driven arterial occlusion, tissue infarction, and organ failure.
Indeed, the novel model was successfully built by directly injecting CC into one kidney of mice
through the kidney artery. In the acute phase, intra-arterial injection of CC leads to multiple
microvascular occlusions followed by ischemic territorial infarctions that are similar to all local
aspects of human atheroembolic kidney disease. Using this model discovered previously
unknown pathomechanisms of vascular occlusion, particularly the early phases that had been
not feasible in human pathology. Moreover, this model in mice also allowed for the first time
to employ gene-deficient mice as an experimental tool to unravel the molecular
pathomechanisms of arterial thrombosis diseases. Indeed, our novel mouse model not only
mimics all local aspects of human atheroembolic kidney disease but our data also provide a
new pathophysiological concept for CCE, and identify novel molecular targets for prophylaxis
and therapy.

In this CCE model, injecting different doses of CC resulted in a dose-dependent GFR loss and
kidney infarct with much higher variability. 3D-uCT of the kidney revealed that CC injection
caused peripheral arteries rarefication and diffuse arterial occlusions, indicating CCE.
Immunostaining told us, CC injection formed fibrin positive crystal clots inside arteries, while
CC only a minor component of vascular occlusions, and vascular obstruction was rather more
related to CC-triggered clot. This process of clot formation was time-dependent. Meanwhile,
| also compared whether gender impairs the outcomes of CCE, there was no significant
difference between male and female mice in AKI, infarction, or thrombosis obstruction.
According to the clinical data, the majority of CCE episodes occur in males (7), which should
largely relate to the higher prevalence of cardiovascular risk factors and diffuse atherosclerosis
in males. However, our data suggest that gender does not affect the CCE episode and its
consequences itself. Thus, we would conclude that only targeting the upstream mechanisms
of atherosclerosis such as cardiovascular risk factors could impact the documented gender
bias in CCE.

Functionally, in our model, the GFR normalized within 14 days, which is different from human
atheroembolic kidney disease. This is most likely related to the unilateral injury model applied

here, which involves compensatory hypertrophy of the contralateral kidney, which usually
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does not occur the same way in human settings where usually both kidneys are affected. In
addition, the ex vivo CC preparation used for this model may differ in size and composition
from the lipid material dislocating from atheroma in human diseases. Furthermore, in humans,
CCE preferentially occurs in elderly patients with diffuse microvascular abnormalities due to
long-standing comorbidities such as diabetes mellitus, hypertension, hyperlipidemia, or
obesity (6). In contrast, this CCE model was performed using young, healthy, inbred rodents
housed under pathogen-free conditions. Altogether, there are many variable factors of this
CCE model, for example, the location and size of crystal clots, location of the infarct core,
blood pressure, and etiology. Moreover, strictly speaking, CCE-related kidney injury is not only
kidney disease but the manifestation of underlying atherosclerosis.

Given those limitations and differences to human CCE, this CCE model nevertheless could
provide a new pathophysiological concept for CCE, and identify novel molecular targets for
prophylaxis and therapy. Comparing to previous attempts (159,169), this model allowed
functional studies in genetically modified mice. Specifically, abrogating necroptosis, a form of
regulated necrosis well-known to mediate post-ischemic kidney necrosis, as well as
inflammasome-dependent sterile inflammation, i.e. necroinflammation (170). It has been
previously reported that Mlkl-dependent necroptosis and NLRP3 inflammasome-dependent
sterile inflammation contribute to tubular necrosis and loss of kidney function upon transient
artery clamping (74,171-173). Indeed, at 24 h, MIkl-/- prevented CCE-induced kidney
infarction and Mlkl-/- kidneys also showed significantly less swelling. However, lack of Mik/
had no effect on perilesional neutrophil counts, kidney excretory function, or occluded artery
numbers. Consistent results were observed when mice were pretreated with the necroptosis
inhibitor Nec-1s. | obtained similar results with an NLRP3 inhibitor that significantly reduced
infarct size, kidney injury but not GFR loss, although several studies documented that a critical
role for NLRP3 in acute IRI. This mismatch of results between tissue viability and function was
already obvious from the different variabilities of CCE-induced GFR loss versus infarct size.
This is because, in contrast to other organs, kidney function directly depends on the perfusion
of arteries afferent to the glomerular filters, while infarction depends on numerous other
factors such as collateral perfusion of tubules, inflammation, and complex stress responses
contributing to kidney cell death. Indeed, this finding confirms our choice for GFR as the

primary endpoint and infarct size as only a secondary endpoint in the clinically-relevant AKI
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context.

In 1973 Warren and Vales reported experiments using injection with human atheromatous
plague material into rabbit kidneys and brains and found thrombotic material around the
embolus (174). Our studies extend these observations by showing that not the CC emboli
alone account for vascular occlusions, infarction, and kidney failure, but CC triggered the
formation of clots inside kidney arteries leading to ischemic tissue injury. This finding is
important as it renders the forming arterial clot as a putative target for therapeutic
intervention to improve outcomes.

Current recommendations for the management of patients with CCE or arterial clots rely on
retrospective reports of a single case or small single-center patient series; no randomized
controlled interventional trials have thus far performed (30,41). Partially contradictory
outcomes have been reported for the use of steroids or anticoagulants, probably because
beyond the peripheral lesions, outcomes also depend on the stability of aortic plaques,
intraplaque hemorrhages, and the risk for repetitive episodes (4,21,175). Especially for this
model, CC triggered arterial clots consist of fibrin, platelet, neutrophil, monocyte, and ecDNA.
The experimental results clearly showed that fibrin mesh-targeting therapies can interfere
with the formation of CC clots, i.e. anticoagulant heparin and the fibrinolytic agent urokinase,
which largely prevented tissue necrosis and organ failure. This further confirmed that not the
CC per se but rather crystal-induced clots account for arterial obstruction, tissue infarction,
and organ failure.

Given the countless platelets present in other forms of arterial thrombosis, many antiplatelet
agents have been developed and are used in this context, e.g. in acute coronary syndrome
(2,159). For example, the platelet P2Y12 receptor antagonist clopidogrel completely protected
GFR loss and kidney infarction by inhibiting crystal clot formation. This suggested that platelet-
derived ATP release and purinergic receptor P2Y12 signaling are directly involved in the
formation of crystal clots in the CC-injected kidney.

In line with these in vivo results, further in vitro studies support that CC enhances platelet
activation, ATP secretion, and fibrinogen release from platelet granules which further
promotes fibrin activation during crystal thrombosis formation. Those findings are consistent
with the previous concept that the collagen matrix together with CC locally promotes platelet

adhesion and thrombus growth during CCE. Regarding the future antithrombotic therapies,
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thrombin and its interaction with platelets might be considered in CCE. Also, a combination of
antiplatelet drugs and safe and effective anticoagulant agents might be beneficial. Thrombin
receptor antagonists (PAR1 antagonists) are considered to reduce bleeding complications as
they not only reduce platelet thrombin activation without affecting thrombin-related fibrin
generation (176). Notably, it seems that PAR1 antagonists are efficacious and safe without
enhancing the risk for major hemorrhages when combined with aspirin or clopidogrel
according to phase 2 clinical trials (176). Anticoagulant therapy with warfarin has the same
efficacy as aspirin in reducing coronary thrombotic events, although it increased the risk of
bleeding (177). Hence, a comparison of generally inhibiting platelet function or coagulation
and deeper insights into the molecular mechanisms of platelet adhesion and coagulation
during the different phases of thrombus growth would probably allow us to develop a more

rational and safer combination of antiplatelet agents with anticoagulants (Fig. 48).
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Figure 48. Platelets in thrombosis formation. Damaged endothelial release tissue factor (TF), TF leading to
thrombin generation and the following is platelet activation. Following that, the activated platelet releases
granule contents (VWF, fibrinogen, ADP, ATP) and exposes allbB3 integrin, surfaces marker of GPlb, and p-
selectin. Particularly ADP and ATP attracting circulating platelets to the growing thrombus. Activated platelets
aggregating together by binding to fibrinogen and vWF causing blood coagulation. Aggregated platelet in turn
promoting more platelet activation. All together promote thrombus growth and stabilization. Interventions, such
as urokinase can abolish fibrin mesh preventing blood coagulation, clopidogrel can bind to the P2Y12 receptor
on the platelet surface to prevent the coagulation process. Thus, urokinase and clopidogrel can prevent
cholesterol clot formation, therefore protect from ischemia-related tissue injury and infarction.
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Numerous studies suggested also a prothrombotic potential of neutrophils and NET in animal
models. Experimental compounds either target neutrophils directly or NET components, for
example, citrullinated histones, MPO, NE, and PAD4 (168,178). Blocking PAD4-dependent
formation of NETs and targeting neutrophils both were investigated in this model. However,
unlike antiplatelet therapy, targeting neutrophils with these compounds had no relevant
effect on kidney function, albeit reducing infarct size. Accordingly, PAD4 inhibition showed
similar results at 24 h. Most interestingly, mononuclear cells and large amounts of ecDNA
could be detected in crystal clots even in kidneys upon neutrophil depletion. Possibly,
mononuclear cells partially replaced neutrophils as a source of ecDNA inside the crystal clots.
It is of note that macrophages, mast cells and, eosinophils can also release extracellular traps
and contribute to arterial thrombosis (179,180). Macrophage extracellular traps can also be a
component of arterial thrombosis. Moreover, activated platelets can trigger NETs release and
neutrophils actively search for activated platelets to trigger inflammation (158). In particular
in AKI, tissue necrosis results in acute inflammation, which in turn leads to more tissue
necrosis, i.e. the auto-amplification loop of necroinflammation (110,181). In addition,
neutrophils are present in large numbers in the periinfarction area and our neutrophil
depletion experiments demonstrate that their presence contributes to overall infarction by

causing secondary tissue necrosis, collateral damage of sterile inflammation (Fig. 49).
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Surprisingly, DNase | can inhibit the effects of ATP released from platelets, and strongly
inhibits CC- and collagen-induced platelet aggregation, two functions independent of its
DNase activity or NETosis. Whether DNase | directly hydrolyzes ATP and thereby inhibits
purinergic signaling in platelets and other cell types remains to be studied.

Extracellular DNA has recently been identified as a critical component of arterial thrombosis,
either by employing mice mutant for DNases or by using recombinant DNase | (167,182,183).
It is essential to eliminate ecDNA quickly to restrict extravagant thrombus formation and
artery occlusion because ecDNA not only acts as a critical constituent of clots but also
enhances the stability of the thrombus and increase their resistance to thrombolytic
mediators. DAPI and Feulgen’s staining both documented ecDNA in large parts of CC clots.
Therefore, anti-ecDNA therapy was applied in this model. Indeed, DNase | treatment
completely protected from function loss and tissue infarction.

This protective result of DNase | raised another question? What was the source of that ecDNA?
In vitro experiments were performed because the origin of ecDNA was difficult to ultimately
prove in vivo. Many studies documented that NETs can release large amounts of ecDNA. |
considered the same source also for crystal clots, however, compared to DNase | intervention,
interventions of neutrophils or NETs had little effects on vascular obstructions and AKI,
probably due to the rather small amount of ecDNA released from neutrophils during clots
formation in this model. Importantly, mononuclear cells were also observed in clots, and
platelets also released DNA from their mitochondria after activation by CC consistent with a
previous report (184). Although the total amount of mitochondrial DNA per platelet is low,
the large numbers of platelets involved in blood clotting also render platelets as a potentially
significant source of ecDNA in vivo (185). Another potential source of ecDNA could be necrotic
vascular or parenchymal cells. During thrombosis-induced tissue ischemia, the majority of
cells die primarily via ischemic necrosis and this process releases nuclear DNA into the
extracellular space. Moreover, CC directly attacks endothelial cells in vitro and ex vivo (172).
In line with this, the data suggest that endothelial cell injury could be the major source of
locally accumulated ecDNA within the CC clot. It is important to address that small amounts
of CC is not necessarily damage the endothelial cell, therefore CC not directly induces fibrin
clot formation and endovascular obstruction (159). Taken together, numerous sources

contribute to the pool of ecDNA in CC-induced fibrin clot formation (Fig. 50).
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As heart or aorta surgeries preclude the use of anticoagulants or fibrinolytic agents, we
considered recombinant DNase | as a possible candidate therapy to attenuate CC clot

formation. | identified the therapeutic window-of-opportunity for the intervention with

85



Discussion

recombinant DNase | at 3 h. Considering necroptosis inhibition significantly improved kidney
infarction in CCE, | preferred it as the combination partner for a DNase | intervention. Indeed,
a dual regimen that combines a pre-emptive dose of the necroptosis inhibitor combined with
DNase | given 3 h after CC injection completely protected almost all animals. Such a two-step
approach could allow giving to all patients at risk necrostatin-1s prophylaxis, while DNase |
would be only given to those with signs of CC embolism into the kidney, e.g. an early decline
of urinary output.

However, there are some limitations to the present study.

1. This work employed CC alone to induce CCE, which may differ from atherosclerotic
plague materials dislocating in human diseases (186).

2. This study is limited to CCE of the kidney, while spontaneous revascularization can be
different in various organs. For example, pulmonary artery CCE or stroke (160).

3. CCE was induced only in young, healthy, inbred mice, while in humans, CCE
preferentially occurs in elderly patients with other diseases (23).

4. This model presents with many variable factors, for example, the location and size of
crystal clots, location of the infarct core, blood pressure, and etiology.

5. The various interventions were used only at a single dose throughout the studies. It
might be possible that higher doses would have been even more protective. We
cannot exclude that higher doses of Nec-1s, MCC950, and Cl-amidine might produce
a protective effect also on kidney function.

6. Regarding the interventions with anticoagulants and fibrinolytic agents heparin and
urokinase, only one time point was studied after CC injection. Whether a later time
point of administration of heparin and urokinase would still produce fully protection
remains unknown.

In summary, not CC by itself but the fibrin clots forming around CC obstruct peripheral arteries
causing tissue infarction and organ failure. Hence, crystal clots represent the primary target
for therapeutic interventions. Among the possible molecular targets in thrombosis and
hemostasis, especially enhancing fibrinolysis or inhibiting platelet purinergic signaling can
reduce arterial occlusions, infarction, and organ failure albeit with a relatively short window-
of-opportunity up to 3h. Our results suggest that prophylactic necroptosis inhibition with a

combination of DNase | therapy could have a synergistic effect on CC induced clot formation
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in mice, and might be a feasible two-step prophylactic/therapeutic approach in human

patients with a risk for procedure-related CCE.

Future directions

The circadian rhythm regulates behaviour and physiological actions according to
environmental changes, such as the adjustment of sleep-wake cycles, feeding, body
temperature, blood pressure, heart rate, hormone secretion, metabolism (including lipid
metabolism), and many other biological activities (187,188). In the murine peripheral blood,
numbers of leukocyte fluctuate with a peak during the inactive phase (189). Whereas
leukocyte numbers show a peak at the beginning of the active phase in tissues, such as bone
marrow, skeletal muscle, or the heart, which oscillate inversely with the blood (189).

Acute myocardial infarction (AMI) is best known for its circadian rhythmicity as the onset of
the event occurring widely in the morning hours in humans (190). Moreover, neutrophils
infiltrate to the heart also following a diurnal rhythm even under steady-state conditions (191).
This circadian rhythm-dependent migration of neutrophils into the heart is regulated by
CXCR2, the chemokine receptor rhythmic expressed on the neutrophils, and displayed a peak
in the evening which is consistent with higher expression of ICAM-1, VCAM-1, and the
chemokine ligands in cardiac tissue (192). Consequently, during the active phase, an ischemic
event leads to an uncontrollable inflammatory response and worsened cardiac repair,
whereas reducing neutrophil numbers efficiently reduces the infarct size and improves cardiac
function (193). Clinical evidence also supports the concept that the circadian rhythm critically
determines the infarct size in the onset of ischemic events and the mortality in AMI patients
with ST-elevation (191). Therefore, it would be also interesting to investigate whether a
circadian rhythm is also related to CCE-related kidney infarction, in particular, to unravel the
molecular mechanism of neutrophils migration capacity to the kidney during CCE-induced

ischemic tubular injury.
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7 Abbreviations

AKI
ATP

aSMA
BUN
CCE

cC
CKD
DAMP

DAPI

ecDNA

GENnC

GFR

HUVEC

IRI
MLKL

MPO

Acute kidney injury

Adenosine triphosphate

Alpha smooth muscle actin
Blood urea nitrogen

Cholesterol crystal embolism

Cholesterol crystal
Chronic kidney disease

Danger associated molecular pattern

4',6-diamidino-2-phenylindole
Extracellular DNA
Glomerular endothelial cell

Glomerular filtration rate

Human Umbilical Vein Endothelial
Cell

Interleukin

Ischemia-reperfusion injury
Mixed lineage kinase domain-like
protein

Myeloperoxidase

108

NET
NF-kB

NLRP
Nec-1s

RIPK

PAD4
PAS
PAMP

PGE1l
ROS
TLR
TTC

TNF

TUNEL

Neutrophil extracellular trap
Nuclear factor-kappa-light-
enhancer of activated B-cells
NOD-like receptor protein
Necrostatin-1s
Receptor-interactin protein
kinase

Peptidylarginine deiminase 4
Periodic acid Schiff

Pattern associated molecular
pattern

Prostaglandin E1

Reactive oxygen species

Toll-like receptor
2,3,5-triphenyltetrazolium
chloride

Tumor necrosis factor

Terminal Deoxytransferase
Uridine Triphosphate Nick End
Labeling

von Willebrand factor
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