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Résumé

L’insuffisance rénale aigu€ (IRA) est une complication clinique associée a une mortalité
significative. Parmi les diverses causes d'IRA, l'ischémie-reperfusion (IRI) est une étiologie

importante, en particulier dans le contexte de la transplantation rénale.

Les types de mort cellulaire programmée (MCP) activées dans 1'IRA induite par IRI ont été
étudiées par des nombreux groupes. L’atteinte tubulaire épithéliale est classiquement considérée
comme le principal contributeur a I'lRA.En effet, plusieurs morts programmées de cellules
tubulaires ont ét¢ démontrées dans la littérature. Cependant, les lésions endothéliales
microvasculaires rénales attirent davantage l'attention en tant qu'inducteurs cruciaux de
dysfonctionnement microvasculaire et de fibrose rénale progressive. Ainsi, certaines équipes de
recherche, dont la nétre a rapporté le développement de l'apoptose endothéliale rénale en
association avec I'IRI. Le but de mon travail était donc de caractériser les types de mort

cellulaire microvasculaires secondaires a I’[RI et leur contribution a la dysfonction rénale.

Pour évaluer I'importance de l'apoptose dans I'[RA induite par IRI, nous avons utilis€¢ un modele
murin d’IRI chez des souris caspase-3 knock-out (KO) et sauvages, avec clampage de l'artere
rénale pendant 30 minutes (modele IRA 1égere) ou 60 minutes (modele IRA sévere). Dans le
modele IRA 1égere, notre résultat montre que la carence en caspase-3 empéche la mort
apoptotique des cellules endothéliales dans toutes les phases de I'IRA, atténuant la raréfaction
microvasculaire, le dépdt de collagéne et la fibrose rénale. L’absence de caspase-3 favorise aussi
le maintien d’une perméabilité endothéliale microvasculaire normale a long terme. Toutefois,
I’invalidation de la caspase-3 aggrave la mort cellulaire tubulaire a court terme en favorisant la
nécroptose, mais améliore 1’homéostasie tubulaire a long terme grace a la préservation des
capillaires péritubulaires (PTCs) permettant un maintien de la perfusion tubulaire. En outre, le
déficit en caspase-3 est également associ¢ a un effet protecteur contre la raréfaction
microvasculaire rénale, la fibrose rénale progressive, ainsi qu'une perméabilit¢ endothéliale

ameéliorée et une préservation de la fonction rénale dans le modele d’IRA sévere.

En conclusion, nos résultats démontrent l'effet crucial de 1’apoptose endothéliale

microvasculaire en tant qu'inducteur de dysfonctionnement microvasculaire rénal, de raréfaction



microvasculaire et de fibrose rénale progressive dans la physiopathologie de 1'IRA 1égere et
sévere induite par I'IRI. Ils établissent aussi I’importance prédominante de 1 atteinte
microvasculaire plutot que tubulaire épithéliale dans la prédiction de la perte de fonction rénale

a long terme suite a une IRI.

Mots clés: Lésion rénale aigué, lésion d'ischémie-reperfusion, apoptose, raréfaction

microvasculaire, fibrose, perméabilité endothéliale, nécroptose.



Abstract

Acute kidney injury (AKI) is a crucial clinical event, with increasing incidence and mortality.
Among various pathogenesis of AKI, ischemia-reperfusion injury (IRI) is an important etiology,

especially in the renal post-transplant scenario.

The complex of programmed cell deaths (PCD) developed in IRI-induced AKI has been proven
in a number of investigations. Renal tubular epithelial injury has been considered as the major
contributor in AKI and multiple programmed tubular epithelial cell (TECs) deaths have been
demonstrated in the literature. However, renal microvascular endothelial injury is attracting
more attention as an important inducer of microvascular dysfunction and renal progressive
fibrosis. Some investigators, including our team, have reported the development of renal

endothelial apoptosis in the condition of ischemia.

Apoptosis, a commonly known programmed cell death, has been elucidated in both renal TECs
and microvascular endothelial cells (ECs) post-IRI and the activation of caspase-3 functions as
the key effector of caspase-dependent apoptosis. To verify the importance of apoptosis in IRI-
induced AKI, we applied the in vivo murine renal IRI model in wild-type and caspase-3 KO
mice, with clamping the renal artery for 30 minutes (mild AKI model) or 60 minutes (severe
AKI model). In regard to the mild AKI model, our result demonstrates that caspase-3 deficiency
prevents ECs apoptotic death in all phases of AKI, attenuating microvascular rarefaction,
collagen deposition, and renal fibrosis, while maintaining physical endothelial permeability in
the long-term. Meanwhile, caspase-3 deletion aggravates tubular injury in the short-term by
promoting TECs necroptosis but ameliorates long-term tubular injury through preserved
peritubular capillaries (PTCs) function. Furthermore, caspase-3 deficiency also demonstrated a
protective effect against renal microvascular rarefaction, progressive renal fibrosis, as well as

enhanced endothelial permeability in the severe AKI model.

Conclusively, our findings determine the crucial effect of microvascular endothelial apoptosis
as an inducer of renal microvascular dysfunction, microvascular rarefaction, and progressive
renal fibrosis in the pathophysiology of mild and severe AKI induced by IRI. Additionally, our
results demonstrate the predominant importance of microvascular endothelial injury over

tubular epithelial injury in predicting renal function loss at long-term post-IRI.



Keywords: Acute kidney injury, ischemia-reperfusion injury, apoptosis, microvascular
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Table des matiéres

RESUIME. ...ttt ettt et sab e e bt e s bt e bt e s et e e bt e eaeeenee 3
TabIe dES MALIETES. ....ccuteeitieiieeie ettt ettt et e st eb e sat e et e st e enbeeeaeeenes 7
LiSte des taDlAUX. .. ..ccouieiiiiiieie e ettt e 11
LISEE d@S TIZUIES ...evvieeiiieeciie ettt e et e ettt e et e e e saeeestaeesnsaeennsaeensseeensseeennns 12
LiSte des abIrEVIAtIONS. ...cccueiiiiiiiiitieite ettt ettt et e sttt e st e e e sate e b e 13
REMEICIEIMENES......couetiiiiieiiieeteee ettt ettt e sb e st e bt e st e e beesateebee e 19
INEEOAUCTION ...ttt et ettt e b e st e bt e et e e beesareebee e 21
1. Acute kidney injury (AKI) induced by ischemia-reperfusion (IR)........c.cccoceeniiiiiniinninns 21
1.1 Renal anatomy and renal physiologY .......c.ceevveieiiieeiiieeiiieeieece e 21
1.2 Clinical features of AKI........ooouiiiiiii e 23
1.3 Treatment and PrOZNOSIS......cccuueerureerireeriieerteeerieeessteeesereesssreesseeesseeeaseeessseeessseesssseens 25

2. Pathophysiology of IRI-induced AKI...........coouiiiiiiiiiiee e 26
2.1 CHNICAL PRASES ...eeeevieeiiieeiiie ettt ee et e et e e st e e ssbee e sseeessseeessaeesseeennseeenneas 28
2.2 Cell death ...ttt e 30
2.2, 1 APOPLOSIS. ceeutireeiiieeeieeesieeertteeetteesteeesteeesteeesaseeeasteeesseeensaeeasseeanseeeansaeeanseeennseeenaeenn 31
2.2.1.1. Morphology Of aPOPLOSIS ...eeeeviieeiiieeiiieeiieeeeeeeeeeeieeesreeeeve e eeeseaeeeaaeeenes 31
2.2.1.2. Markers Of QPOPLOSIS.....ceerueeeiiieeiiieeiieeeitteeeieeesieeesteeeseaeeeseaeeensseeessseessseeenns 32

2.2.1.3 Molecular regulation............ccecveeeiiieeiiieeiie et e e e e seaeeeaaee e 33
2.2.1.4 Apoptosis 1N AKT ......ccoiiieiieciieeeeceeeee et saee e e e e e seaeeeaaeeenes 36

2.2.2 NECTOPLOSIS ..vveeurreeeureeerieeesereeestreessreeaseeessseeeaseeessseeasssesasseesssseessssssssssessssessnsseesnsseens 36
2.2.2.1 Morphology Of NECTOPLOSIS ..eeeuvveeeiiieeiiieeiieeeieeeeeeeeteeesereeesereeesereeeseaeeeaneeenns 36
2.2.2.2. Markers Of NECTOPLOSIS. ..ccuuieerireeeiiiieeiieeeieeeeieeeeieeesaeeeseteeesereeesnseeessseessseeenns 37

2.2.2.3 Molecular regulation............ccecvieeiiieeiiieeie e esee et sreeesvee e e e seaeeeaaee e 37

2.2.3 Other forms of regulated cell deaths ..........c.ccoevveieiiiiiiiiie e 38
2.2.3.]1 PYTOPLOSIS. c.uvieeiiieeiiieeititeeitieeeiteeestteeetteeeteeesssaeessseeeesseeessseeenssaeenssaeenssaeenseennns 38
2.2.3.2 FOITOPLOSIS . veeeuieeeiieeesiieeeitieeestreeeteeeetteesseeesseeessseeeasseeessseeensseeensseeessseesnsseennns 38
2.2.3.3 Programmed necrosis regulated by MPT........cccoooviiiiiiiiiiiiieeeeeeee s 39

2.2.4 AULOPRAZY ...ttt ettt e e st e e e ta e e taeeenaee e naaeenaeean 39
2.2.4.1 Morphology of aUtOPhAZY ......ccvieeiiiiiiiiieeiie e e 40



2.2.4.2 Markers in autophagic flux MONItOTING ........cccveerviieeriiieeriieeciee e ervee e 41

2.2.4.3 Autophagy-regulating molecules ............cocvieriiiiiiiieeiie e 42
2.2.4.4 Autophagy in AKL......cooiiiiieiieeeeee e e 45
2.2.5 Cell death pathways of importance in the present project .........ceccveeeeveeercieeerieeennnenn. 46
2.3 TUDULAT TNJULY .ttiieiiie ettt ettt et e e e e et e e et e e s steeesnseeessseeensseeessaeensseeensseeennnes 47
2.3.1 Pathophysiological manifestations of tubular INjury..........cccceecvveeeieencieencie e 47
2.3.2 Biomarkers of tubular INJUIY ........cooviiiiiiiiniieecie e e e 48
2.4 MICTOVASCUIAT INJUTY ...utvieeiiieeiiee et e eciteeeite e et e e eteeesteeessaeeessseeessseeensseeesseeesseeenssessnsees 50
2.4.1 MICTOVASCUIAT ANATOIIIY ...eeeuvvieeiiieeiieeeieeeeiee e et e et e eereeeeaeesaaeessseesessaeessseeensseeesseens 50
2.4.2 Mechanism of MiCrovVasSCUIAr INJUTY.....c.cceeeuireriiieiriieerieeeiieeeieeeeteeeereeesaeeeseveeeeneeas 51
2.4.3 Impact of MICIOVASCULAT INJUTY ...ecoviieiiiieiiieeciie ettt eree e e e seaeeeeeee s 52
2.5 INFlaMIMALION ...ttt ettt ettt sttt e st e e b e 53
2.6 Repair and regeneration post-IRI...........coooiiiiiiiiiiiicee e 54
2.6.1 Tubular epithelial cell repair and regeneration ............cceeeveeevieeecieeneieesiee e 54
2.6.1.1 Dedifferentiation of damaged TECS ........ccccieeciieriiieriie e 55
2.6.1.2 Stem cells from the bone Marrow .............coceeiiiiiiiiiiiiiieee e 55
2.6.1.3 Renal or progenitor Stem CEIIS .......c.eeeiuiieiiiiiiieecie et 55
2.6.2 Endothelial repair and reZeneration ...........cceeeevveeerieeerieeeiieeeieeeeieeesieeesveeesveeeevee s 56
2.6.2.1 Limited endothelial T€Pair...........ccouiieiiiiiiiiieeie e e 56
2.0.2.2 ANGIOZENESIS ..uuvieeerieeieieeeitieeestreeeiteeasreeaseeesseeessseeeasseeessseeessseessssesessseesssseesnns 56
2.6.3 Microvascular rarefaction ..............coouiiiiiiiiiiieiiee e 57
2.6.4 Renal fibrosis POSt-AKT .......vieeiiiieiiiece et 59
2.6.4.1 Myofibroblast differentiation............cccvveeciiieriiieiiie e 59
(1) Origins of MYOTIDIODIASES......c.veieiiiieiieeiie e e e 59
(2) Mechanisms implicated in myofibroblast differentiation ..............ccocceviiininnennn. 60
2.6.4.2 Other cellular pathways contributing to fibrosis.........cccceeeveeerciieerciieerieeeieeens 62
(1) Epithelial-mesenchymal transition (EMT).......ccccoveeiiiiniiiieiiieciecee e 62
(2) Endothelial-mesenchymal transition (EndoMT)..........ccccvveviiiiniiiieniieeieeeee e 63
2.7 Chronic kidney disease (CKD) and AKI-CKD transition ............cceeeeveeerveeerveeerveeennen 65
2.7.1 Definition Of CKD.....cc.iiiiiiiiiiee ettt 65
2.7.2 AKI t0 CKD transition ......coc.eeeueeriieiiieiienie ettt ettt ettt ettt sbe e st e esaeeebee e 66



3. Characteristics of multiple rodent AKI-CKD models ..........ccccveviiieniieenciiieiieeiee e 66

3.1 bilateral TRT (BIRI) ..ccuviiiiiieiiie et et nre e e aeennaee s 67
3.2 unilateral IRT (UIRI) .....oooiiiiiiie et e 67
3.3 unilateral IRI plus nephrectomy (UIRIX)......cccueeeviiiiiiiieiiecieee e 68
3.4 MUItIPIE TRI ...ttt et e e s e e tbeeesaaeenaaeennaeeas 68
Rationale and hypOthesis .......cc.uiiiiiieiiiiciie e st ee e e eeseeenenas 70
RAtIONALE ...ttt ettt et e 70
5 701011 1 TES) (USSR 70
ODJECLIVES ..uveieiiieeiiieeeiee et e ettt e eteeetteeestteestteeasseaeasseeeasseeeassaeesssaeeasseeensseeesseeesseeensseennnees 71
IMLEEROMS. ..ttt ettt e b e st et e bt e b e sateebeeas 71
RESULLS ...ttt et b e ettt e st e e bt e et e e beesabeebee e 72

Manuscript 1: Caspase-3 is a pivotal regulator of microvascular rarefaction and renal fibrosis
after ischemia-TePerfuSION INJUIY ......ccccueieiiieeiiiecie et e e e enaeeenenes 72

Manuscript 2: Caspase-3 dependent peritubular capillary dysfunction is pivotal for transition

from acute to chronic kidney disease after acute ischemia-reperfusion injury................... 125
DIISCUSSION ..ttt ettt ettt et e bt et e ettt et e e shb e e bt e sbeeeabeesabeenbeeesbeembeesaeeenbeeeneeenees 172
1. Impact of renal IRI on delayed graft function (DGF) and graft survival........................ 173
2. Characteristics of the IRI model and relevance to the clinical context..........cc.cccevueeneee. 174
3. Predominant role of apoptosis in microvascular endothelial injury induced by IRI ...... 176
4. Contribution risk factors in AKI-CKD transition ............ccecueereeniienienieenienieeeesieene 179
4.1. Contribution of microvascular rarefaction in AKI-CKD transition.........c...ccccceeueenee. 179
4.2. Contribution of other risk factors in AKI-CKD transition..........c.cceecueeveenieeneeneennne. 181
4.3. Link between microvascular dysfunction and AKI-CKD transition in our study ...... 182
5. Mechanisms of renal fibrosis in AKI-CKD transition...........cccccevieiiienieenienieeneennen. 186
5.1 Myofibroblast differentiation ............cceeeuiieiiieeiiieceieeeeeee e 186
5.2 Pericytes and myofibroblast differentiation............cccceeeviieeiiienciieeniie e 188
6. Identification of markers of microvascular injury post-IRI..........c.cccecveeriiiiniieinienen. 189
6.1 Soluble Thrombomodulin (STB) ......cc.cieiiiieiiieeiieeeece e 189
6.2 Cellular adhesion molecules (VCAM-1, ICAM-1, E-selectin)........c.cccccveeerveeenereennen. 190
0.3 PAL-1 and UPA ...ttt sttt 191
6.4 Angiopoietin-2 and other mediators of angiogenesis. .......cccueevveeriiinienieeiienieeeeneen 192



6.5 Glycocalyx marker (Syndecan-1) ........coccueeeiiieeiiieiiieeeeee e 192

0.0 CDILAO ...ttt ettt ettt ettt e b et e et e teeneenneens 193
6.7 Extracellular VESICIES ......cocueiiuiiiiiiiiiie e 193

7. Potential therapeutic strategies for preventing microvascular dysfunction.................... 196
71 ANZIOZENESIS ..veeevieeeiiieeeiieeeteeesteeeseteeessteeesteeeseeeaseeeassseeasseeeasseesssseesassesensseeensseeesees 196
7.1.1 Hypoxia inducible factors (HIFS) ........ccceeiiiiiiiieiiieeeeeeeee e 197

7.1.2 Vascular endothelial growth factor (VEGF).......ccoooviiviiiiiiieieeeeeeee, 197

7.1.3 The Angiopoietin-1 (Ang-1) Tie-2 pathway........cccceeveiieriiieniieeciee e 198

7.2 Progenitor endothelial cells and microvascular repair..........ccceeceeeecieeencieeeeieeeseeeenee, 200
7.3 Caspase-3 inhibitor for prevention of endothelial injury .........cccoeevvieeicieeiiieeiee, 202
CONCIUSION ..ttt ettt et e bt et e s ab e e bt e sbbe e bt e sateebeesaeeenee 204
LB 10] D L0 Tea 21 o] o1 (<R RSPPRRI 205
F N o) 015116 Lo USSR URRRPR 242
Middle author publication and detailed contribution.............ccceeeevveeriieeniieeniie e 242

10



Liste des tableaux

Tableau I. KDIGO-2012 AKI classification and criteria
Tableau II. Different pharmacological inhibitors of autophagy
Tableau III. Definition and classification of CKD

Tableau IV. Potential endothelial biomarkers

11

25

46

67

99



Liste des figures

Figure 1.
Figure 2.
Figure 3.

Figure 4.
Figure 5.
Figure 6.
Figure 7.
Figure 8.
Figure 9.

Figure 10.
Figure 11.
Figure 12.
Figure 13.
Figure 14.

Corticomedullary oxygen gradient and medullary microvascular anatomy......... 27
Pathophysiological phases of AKIL.........ccooviiiiiiiriiiiiee e 30
Schematic representation of the main signaling pathways of different cell death

modes, and the pathophysiological mechanisms activated by cell death modes in

ACULE KIANCY INJUTY .eveiiiiiiiiie ettt e e e e e e ennees 31
APOPLOtIC PALNWAY ...eeiiiieiiiieeiiee ettt et e e e e e e ste e e s aeeessbeeesnaeeenaeenn 35
Process of macroautophagy ........cccceeeciieeiiieeiiieeie et e 40
Autophagosome and Autolysosome Morphology ........ccccveeevierciieenieeeniieee. 41
Different microvascular endothelial cells in the kidney ........c.cccccvveevveeiieennnnn. 51
Sources of renal Myofibroblasts ...........ccceeriiieriiiieiiieeeeee e 64
Comparison of multiple animal IRI models .........c.ccccveeviiienciieniieeeecee e, 69

Distribution of renal microvasculature .............ccccooviiiiiniiniieniciicneeeee 179
Potential candidate biomarkers of kidney mjury . .........ccccceevvieeniieenieeennnn. 184
Crosstalk between capillary rarefaction and progressive renal damage ........ 186
Signaling pathways involved in renal fibrosis and CKD progression ........... 188
Cells and pathways involved in angiogeNnesis .........eevvvveerveeerveeerreeerreeennenns 200

12



Liste des abréviations

ABMR
ADMA

AKI

BDD
BH-3
bIRI
BUN
Caspase
CKD
CKO
CMJ
Col IV
CTGF
CypD
DAMP

dATP

Antibody-Mediated Rejection
Asymmetric Dimethylarginine
Acute Kidney Injury

Apoptosis Inducing Factor
Angiopoietin-2

Apoptotic protease activating factor-1
Autophagy related proteins
Homologue antagonist of Bcl-2
Bcl-2 associated X

Brain Death Donor

Bcl-2 homology 3

Bilateral IRI

Blood Urine Nitrogen
Cysteine-aspartic-proteins
Chronic Kidney Disease
Conditional Knock-Out
Cortico-Medullary Junction
Collagen IV

Connective Tissue Growth Factor
Cyclophilin D
Damage-Associated Molecular Pattern

Deoxyadenosine triphosphate

13



DCD Donation after Cardiac Circulatory Death

DCs Dendritic Cells

DED Death Effector Domain

Deptor Dep-domain-containing mTOR interaction protein
DDLA4 Delta-like Protein 4

DGF Delayed Graft Function

DIC Disseminated Intravascular Coagulation
DKD Diabetic Kidney Disease

DN Delayed Nephrectomy

DR Death Receptor

ECM Extracellular Matrix

ECs Endothelial Cells

EGF Epidermal Growth Factor

EM Electron Microscopy

EMT Epithelial-Mesenchymal Transition

EndoMT Endothelial-Mesenchymal Transition

eNOS Endothelial Nitric Oxide
EPCs Endothelial Progenitor Cells
EPO Erythropoietin

ER Endoplasmic Reticulum

EVs Extracellular Vesicles

ESRD End-Stage Renal Disease
FADD Fas-Associated Death Domain

14



Fas

FLIPs

FoxOl1

GFP

GFR

GN

GPX4

HMGBI

HIF-1a

HSC

HUVECs

ICAM-1

IL

IR

IRI

IS

KIM-1

KO

LC3

LN

LPS

MAPK

MECA-32

Fatty acid synthase

FLICE-like Inhibitor Proteins
Forkhead Box O1

Green Fluorescent Protein
Glomerular Filtration Rate
Glomerulonephritis

Glutathione Peroxidase 4

High Mobility Group Box-1
Hypoxia Inducible Factor-1a
Hematopoietic Stem Cells
Human Umbilical Vascular Endothelial Cells
Intercellular Adhesion Molecule-1
Interleukin

Ischemia-Reperfusion
Ischemia-Reperfusion Injury
Indoxyl Sulfate

Kiney Injury Molecule-1
Knock-Out
Microtubule-associated protein 1A/1B light chain 3
Lupus Nephritis
Lipopolysaccharide

MAP kinase

Mouse Endothelial Cell Antigen-32

15



microCT

MLKL

MOMP

MPT

MPTP

mSIN1

mTOR

mTORC

NADPH

NGAL

NLRs

NO

NOS

NPCD

PAI-1

PAS

PBSCs

PCD

PCs

PDGF-A

PI3K

PKB

PS

micro-Computed Tomography

Mixed Linage Kinase Domain-Like Protein
Mitochondrial Outer Membrane Permeability
Mitochondrial Permeability Transition

MPT pore

Mamalian Stress-actived protein Kinase-Interaction Protein 1
Mammalian Target of Rapamycin

mTOR Complex

Nicotinamide Adenine Dinucleotide Phosphate
Neutrophil Gelatinase Associated Lipocaline
NOD-like Receptors

Nitric Oxide

Nitric Oxide Synthase

Non-Programmed Cell Death

Plasminogen Activator Inhibitor-1
Phagophore Assembly Site

Peripheral Blood Stem Cells

Programmed Cell Death

p-Cresylsulfate

Platelet Derived Growth Factor A
Phsophoinositide 3-Kinase

Protein Kinase B

Phosphatidylserine

16



PTCs
PTCHI
PTECs
Raptor
RAS
Rictor
RIPK1/3
ROS
RRT
Scr
SDC-1
sFlt-1
shRNA
siRNA
SIRTI
SLE
SS

sTB
tBid
TECs
TGF-p
TIMP-2

TLRs

Peritubular Capillaries

Hedgehog Receptor Patched 1

Proximal Tubular Epithelial Cells
Regulatory-associated Protein of mTOR
Renin-Angiotensin System
Rapamycin-insensitive companion of mTOR
Receptor-Interacting Protein Kinase 1/3
Reactive Oxygen Species

Renal Replacement Therapy

Serum creatinine

Syndecan-1

Soluble fms-type Tyrosine Kinase-1
Small hairpin RNA

Small interfere RNA

Sirtuin 1

Systemic Lupus Erythematosus

Serum Starvation

Soluble Thrombomodulin

Truncated Bid

Tubular Epithelial Cells

Transforming Growth Factor-3

Tissue linhibitor of Metalloproteinases-2

Toll Like Receptors

17



TNF-a

TNFR

tPA

TRADD

ulRI

ULK1/2

uPA

uPAR

UTs

uuo

VCAM-1

VEGF-A

WPB

WT

o-SMA

Tumor Necrosis Factor-a

Tumor Necrosis Factor Receptor
Tissue Plasminogen Activator

TNF Receptor Type-1-associated Death Domain Protein
Unilateral IRI

Unc-51-like Kinase

Urokinase Plasminogen Activator
uPA Receptor

Uremic Toxins

Unilateral Ureteral Obstruction
Vascular Cell Adhesion Protein 1
Vascular Endothelial Growth Factor A
Weibel-Palade Body

Wild-Type

Alpha-Smooth Muscle Actin

18



Remerciements

Apres mes études doctorales de 6 ans, finalement j’arrive presque au terminus de cette période
charniere. Je voudrais remercier beaucoup de personnes, qui m’ont donné grande aide et support.

Je n’aurais jamais pu relever ce grand défi sans eux.

Quand je suis arrivée a Montréal en 2014, je ne savais pas que la langue utilisée au laboratoire
¢tait le francais. En fait, je m’étais un peu perdue a ce moment-la. Donc, j’ai commencé a étudier
le francais a 1’Université¢ de Montréal. Tout le monde au laboratoire était un peu mon professeur
en francais; chacun m’a aidée a corriger mes expressions et ma grammaire. Méme si ¢a me
prenait beaucoup du temps a m’adapter a ce nouvel environnement, j’ai fini par m’y faire, et ce

de mieux en mieux apres toutes ces années.

D’abord, j’aimerais remercier ma directrice Dre. Marie-Josée Hébert, qui m’a donné
I’opportunité d’étudier dans cet environnement de recherche idéal. De plus, je me considere
chanceuse d’avoir obtenu 1’approbation du laboratoire juste avant la date d’échéance de ma
bourse. En tant que directrice, elle est intelligente, gentille, et toujours énergique. A chaque
rencontre académique, elle souléve toujours des points intéressants en plus de m’inspirer de
facon continue. Je suis impressionnée qu’elle m’encourage toujours, que le résultat soit positif
ou négatif. Elle est toujours préte a m’aider et a m’offrir des suggestions, que ce soit sur mon

travail, dans ma vie ou pour mon futur.

Apres, je dois remercier Dre. Héloise Cardinal, ma co-directrice de recherche, une femme si
charmante. Plusieurs amis m’ont demandé¢ qui est la femme élégante sur les portes de
I’ascenseur au sous-sol. Elle est treés gentille et m’a beaucoup appris sur la recherche clinique et

les statistiques.

Ensuite, j’aimerai remercier toutes les personnes au labo, particulierement Dre. Mélanie Dieudé.
Elle est toujours la pour nous €couter et nous aider a résoudre nos problémes, activement et

patiemment.

Mentions spéciales aussi a Francis et Julie, pour les suggestions pour mon projet et pour la
correction de mon article. A Annie et Stéphanie, merci beaucoup pour répondre patiemment a

mes questions au laboratoire. Alexandre, merci beaucoup pour corriger mes devoirs de frangais

19



souvent (et aussi mes remerciements). Aussi a Hyunyun, bienvenue dans notre équipe et merci
beaucoup pour tes petits cadeaux qui me font penser a la maison. En plus, un grand merci a Dr.
Q1, un excellent microchirurgien et professeur. Il ne m’a pas seulement enseigné des techniques

de chirurgies, mais aussi la méthode de résolution de problémes.

Je remercie tous les membres de mon comité d’évaluation de pré-doctorat, Dre. Emmanuelle
Brochiero, Dr. Alain Rivard et Dre. Véronique Moulin a I’Université Laval. Ils m’ont aidé a
sortir de 1I’échec a ma premiére tentative pour assurer mon passage a ma deuxiéme évaluation.
J’exprime ma gratitude a Dre. Natalie Patey, qui m’a guidée dans 1’évaluation des pathologies

rénales avec son expertise et sa patience.

Enfin, je voudrais remercier spécialement ma famille et mes amis. Merci @ mon cher mari de
comprendre et supporter tous les choix que j’ai fait, notamment ma décision d’étudier au
Canada. Et merci beaucoup pour son amour constant. Merci a mes parents, malgré leur
tempérament conservateur, qui ont tout de méme respecté ma décision, méme s’ils me manquent
beaucoup, particuliecrement pendant la période de pandémie. Je remercier également tous mes
amis avec qui j’ai bien pass¢€ un temps agréable; c’est vous qui ne me faites pas sentir comme

une étrangere ici.

Jarrive a la fin de mes études doctorales, mais ce sera aussi un début pour ma vie future. Cet
épisode d’expériences m’a amené un grand défi, dont le plus grand acquis est de toujours essayer
de trouver une fagon de surmonter les difficultés. Je crois que je suis devenue une meilleure

version de moi-méme de jour en jour.

20



Introduction

Acute kidney injury (AKI) is a clinical event associated with high morbidity and mortality, and
AKI can be triggered by various factors. Ischemia-reperfusion (IR) injury is one of the most
common inducers of AKI. However, the lack of an effective clinical strategy makes AKI
research an urgent need, to cover the clinical manifestations, pathophysiology, and potential

therapeutic strategy.

AKI induced by IR is a major clinical challenge in kidney transplantation, and renal dysfunction
post-ischemia-reperfusion injury (IRI) is highly associated with long-term renal damage

progression and graft survival.

Pathophysiological changes of IRI-induced AKI display a series of complicated alternations.
Manifestations in different clinical phases vary within different renal compartments, and various
cell death pathways co-exist in the scenario of IRI. Furthermore, renal parenchymal cells can
activate multiple cell response pathways according to their microenvironment, cell type, IR
severity, and multiple influence factors. This study focuses on the mechanistic exploration of
renal pathophysiology post-IRI in both mild and severe AKI forms, focusing predominantly on
renal microvascular injury and renal fibrogenesis in the long-term. The perspective of this
project is to explore potential renal endothelial injury biomarkers, which could contribute to

predicting early-stage renal microvascular injury post-IRI.

1. Acute kidney injury (AKI) induced by ischemia-
reperfusion (IR)

1.1 Renal anatomy and renal physiology

The kidney is a vital organ located in the retroperitoneal cavity. It is composed of nephrons,
collecting tubes, and vasculature (Kaye and Goldberg 1982). On the cellular level, the kidney

includes multiple types of cells performing a series of different physiological functions.

The nephron is the basic functional unit of the kidney. The number of nephrons ranges between

900,000 to 1 million in a healthy kidney, which could range from 20,000 to more than 2.5
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million depending on individual status (Bertram, Douglas-Denton et al. 2011). One nephron is
composed of one glomerulus and one tubule that receives its filtrate. The glomeruli are
responsible for blood filtration, and blood passing through glomerular capillaries is filtered to
form primitive urine. The latter then undergoes a series of modifications through secretion and
reabsorption in the tubular system. The reabsorbed elements re-enter the circulation system
through the peritubular capillaries (PTCs). Urine then enters the collecting duct system, where

it continues to be concentrated (Cambar, Dorian et al. 1987, Jamison 1987).

The most important physiological renal functions are filtering and secreting metabolic waste
products, mainly nitrogenous metabolites. Blood urea nitrogen and serum creatinine are the
most commonly used biochemical markers of renal function evaluation (Basile, Anderson et al.
2012), with circulating levels rising as kidney function declines. In addition, the kidney has
endocrine functions. The active form of vitamin D is produced in the proximal tubular epithelial
cells (PTECs) by hydroxylation of its hepatic precursor, 25(OH) vitamin D3 to form
1.25(OH)D3. Therefore, the kidneys have an essential role in calcium-phosphate regulation, as
1.25(OH)D3 increases the digestive absorption of calcium and phosphate. As well as vitamin D,
erythropoietin is also produced by renal cells in response to hypoxia and stimulates the
production of red blood cells. Moreover, renin is secreted in the juxta-glomerular system in
response to variations in blood volume, leading to the activation of the renin-angiotensin-
aldosterone system, the main effects of which are vasoconstriction and water-sodium retention

(Ionescu-Tirgoviste and Bodoia 1969, Erslev 1975, Pedersen, Ghazarian et al. 1976).

The primary renal compartments can be divided into the cortex and the medulla, from the outer
layer to the inner layer. Each section, including the cortical section surrounding part of the
medulla, is defined as a renal column. Renal tissue can be classified as renal tubular system and
microvasculature according to cell type and function. The tubular system is responsible for
reabsorption and secretion of urinary components, including the proximal tubule, Henle loop
and distal convoluted tubule, which are mainly composed of epithelial cells. The proximal
tubule mainly reabsorbs water, sodium, amino acid, and glucose, while the distal tubule adapts
the composition of urine to the physiological state (Preuss 1993). The microvasculature is
responsible for transporting blood and functions as a barrier between circulation and renal

interstitial tissue. The renal vascular tree is composed of multiple types of endothelial cells
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(ECs). Among these ECs, the endothelium in PTCs carries reabsorbed materials and participates

in surrounding tubular epithelial function (Jourde-Chiche, Fakhouri et al. 2019).

1.2 Clinical features of AKI

AKI is a clinical event associated with an elevated burden of morbidity and mortality
(Kanagasundaram 2015) for which there is currently no specific effective preventive or

therapeutic strategy.

AKI is defined as a reduction in renal function, characterized by an increase in serum creatinine,
an associated glomerular filtration rate (GFR) decline, and a decrease in urine output. In
response to the need for standardization of definitions, various criteria have been developed for
the diagnosis and severity assessment of AKI: the RIFLE, AKIN, and KDIGO criteria. The
KDIGO criteria are the most recent and currently accepted criteria for AKI diagnosis (Rewa and
Bagshaw 2014). Among these three definitions, the RIFLE classification was the earliest
international criteria system for AKI, introduced in 2004. The AKIN category, which applied to
pediatric AKI cases, was presented afterward. Later on, the KDIGO criteria became the most
commonly used classification for pediatric cases and chronic kidney disease (CKD) progression

(Roy and Devarajan 2019).

Stage Serum Creatinine Urine Output

1.5-1.9 times baseline
OR
>0.3 mg/dL increase
2 2.0-2.9 times baseline <0.5 mL/kg/h for > 12 h
3.0 times baseline <0.3 mL/kg/h for > 24 h
OR OR
Increase in serum creatinine to >4.0 mg/dL

3 OR

<0.5 mL/kg/h for 6-12 h

Initiation of renal replacement therapy

OR

Anuria for > 12 h

In patients <18 years. Decrease in eGFR to <35 mL/min/1.73 m?

Tableau I. KDIGO-2012 AKI classification and criteria (Acosta-Ochoa, Bustamante-
Munguira et al. 2019).
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The incidence of AKI has been continuously increasing in recent years. For instance, its
incidence in admission patients went from 4.9% to 7.2% in the USA within the past 20 years
(Nash, Hafeez et al. 2002). In a previous report, the incidence of AKI could reach 25% and was
associated with a 28-90% rate of hospital mortality in the hospitalized population (Uchino,
Bellomo et al. 2006). The rise of incidence may be due to an increase in risk factors, such as
age, CKD development, existing chronic diseases such as diabetes, increased nephrotoxic
medication, cardiac surgery, also increased clinical practice related to renal transplants. A USA
report suggested that the incidence of dialysis-requiring AKI in hospitalized patients rose from
222 to 533 per million people from 2000 to 2009 (Hsu, McCulloch et al. 2013). These clinical
cohort studies show an increase in renal replacement therapy (RRT) requirements, mainly for
post-cardiac surgery and major vascular surgeries. The incidence of AKI in ICU was reported
as 2/3 by Hoste’s team (Hoste and Kellum 2006). Mortality among AKI patients in the ICU was
higher than 50% in a multicentric study (Uchino, Kellum et al. 2005).

There are three major categories of AKI etiology: prerenal, renal, and postrenal.

A decrease in renal blood pressure produces prerenal AKI without renal parenchymal injury.
The kidneys receive about 25% of the cardiac output. Hence, reductions in blood volume or
pressure can cause a crucial impact on renal dysfunction (Rewa and Bagshaw 2014). AKI could
be induced in the context of hypovolaemia/circulatory volume reduction, e.g., vomiting, burn
injury, hemorrhage, or hypotension. Additionally, AKI can occur in normal circulatory volume,
e.g., sepsis, cardiac failure. Prerenal AKI leads to the activation of compensatory mechanisms
such as vasoconstrictive responses and the reabsorption of sodium/chloride ions inducing

circulating volume conservation (Lameire, Van Biesen et al. 2005).

Renal AKI could be triggered by injuries directly targeting renal parenchyma. The most
common etiologies in this category are IRI and nephrotoxic medications/substances. In pediatric
cases, acute glomerulonephritis (GN), nephrotic syndrome, and sepsis are the most common
AKI etiologies. Other rare etiologies have been reported, such as purpura, disseminated
intravascular coagulation (DIC), systemic lupus erythematosus (SLE), or hemolytic uremic

syndrome, which induce coagulation in the microvasculature (Cao, Yi et al. 2013).
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Postrenal AKI is caused by any obstruction of urine outflow. Obstruction of the urinary tract is
common in aged men with prostatic problems, kidney stones, and abdominal cancer patients
(Bhandari, Johnston et al. 1995). Most postrenal causes can be amended by relieving the

obstruction, depending on the original disease (Lameire, Van Biesen et al. 2005).

AKI is characterized by a sudden decrease in renal function, with nitrogen waste product
accumulation. Symptoms include fatigue, nausea, vomiting, edema, impaired cognition, and
reduced urine output. Electrolyte (e.g., hyperkalemia) and acid-base (acidosis) disorders often
develop and represent criteria for RRT. Although this may be harder to appreciate from a clinical
standpoint, AKI plays a vital role in inflammation regulation and the development of

immunosuppression (Dirkes 2016).

Serum creatinine (Scr) and blood urea nitrogen (BUN) (Daniels and Bunchman) are recognized
as the most commonly used biochemical markers for evaluating renal function in clinical
settings. However, BUN can be influenced by nutritional status, medication utilization, muscle
mass, age, and fluid volume, making it a sub-optimal biomarker of renal function. On the other
hand, Scr does reflect renal function only if there is a greater than 50% decrease in GFR
reduction (Benoit, Ciccia et al. 2020). Therefore, there is an impending need to explore novel
sensitive biomarkers predicting early-stage renal dysfunction, even in mild renal damage. Most
of the currently investigated biomarkers specifically detect tubular damage in AKI. However,
candidate biomarkers predicting renal vascular injury and dysfunction should also be sought

since vascular injury is associated with long-term renal impairment.

1.3 Treatment and prognosis

When AKI supervenes, symptomatic and supportive treatments, including RRT, are undertaken
to restore renal function when possible. The prognosis is associated with the severity of the
underlying conditions leading to AKI and the comorbidity burden (Waikar, Liu et al. 2008). The
risk of developing CKD is higher in patients who have survived AKI than those in healthy
controls (Ishani, Xue et al. 2009, Lo, Go et al. 2009). In the absence of adequate preventive
measures and specific treatments, AKI's prognosis has improved little in recent decades. A better
understanding of the pathophysiological mechanisms is necessary to improve clinical outcomes

(Alge and Arthur 2015).
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For AKI patients in ICU, even a slight elevation of Scr is highly associated with a risk of death.
Besides the expected recognized clinical outcomes, AKI could also induce severe problems
which extend beyond ICU stays, such as immune disorder, infection, and rapid CKD
progression (Singbartl and Kellum 2012). Therefore, management of AKI patients in ICU is
crucial for patient survival. As the most common detrimental etiologies of these patients are
fluid volume reduction or hypoperfusion and acute tubular necrosis, intravascular fluid
evaluation and urinary analysis are considered as a management guide. Fluid volume expansion,
vasoconstrictors, diuretics, and renal replacement are also considered as the management

strategies (Yunos, Kim et al. 2011, Joannidis, Druml et al. 2017, Mohsenin 2017).

2. Pathophysiology of IRI-induced AKI

Among various etiologies, one of the most common cause of AKI is IRI which can be prompted
by various factors including: hypotension, surgeries involving clamping of the renal arteries or
supra-renal aorta, vasoconstrictive medications, renal artery thrombosis/embolism, trauma, etc.
A certain degree of renal IRI is always present in the context of kidney transplantation, as organ
retrieval and storage are associated with a disruption in oxygen and nutrient delivery. In the
setting of kidney transplantation, AKI manifests as delayed graft function (DGF), defined as a
need for RRT in the first week post-transplant or a slower decline in serum creatinine post-

transplant (Yarlagadda, Coca et al. 2009).

Due to the low oxygen supply and renal vascular architecture, the outer medulla is very sensitive
to the decrease in oxygen supply associated with renal ischemia (Karlberg, Norlen et al. 1983).
Reduction in nutrient and oxygen supply, in turn, damages the tubular epithelial compartment.
Also, immune cells are activated and cytokines are released, which further attacks tubular cells.
These responses trigger the interruption of glomerular filtration and tubular secretion, as tubular
epithelial cells (TECs) are damaged and sloughed in the renal tubules. Meanwhile, tissue repair
is activated in the kidney (Duann, Lianos et al. 2016). Mild AKI can recover without functional
loss; however, long-term progressive renal damage can develop if repair capacity is insufficient

(Weiss, Meersch et al. 2019).

Tissue homeostasis is essential to stabilize vital parameters and perform basic functions in the

initiation phase of AKI. Ischemia and reactive oxygen species (ROS) released by reperfusion
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lead to acute tissue insults. Following these insults, the body begins to restore a homeostatic
state. This process starts with removing damaged cells through interactions between cell death
and inflammation responses. More specifically, dying cells release signals that recruit immune
cells and trigger pro-inflammatory and anti-inflammatory responses. The pro-inflammatory
immune responses amplify tissue damage, creating a feedback loop that brings about the AKI
maintenance phase, which can last several days to several months, even once the initial cause
has disappeared (Bonventre 2007, Malek and Nematbakhsh 2015). Although the mechanisms
and role of tissue insults for each compartment are discussed separately in the following
chapters, it should be kept in mind that the pathophysiological process is composed of

networked interactions between these compartments.
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Figure 1. Corticomedullary oxygen gradient and medullary microvascular anatomy
(Bonventre and Yang 2011).
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2.1 Clinical phases

Clinically, AKI progression can be divided into four phases: initiation phase, extension phase,

maintenance phase, and recovery phase (Basile, Anderson et al. 2012).

The initiation phase develops as a quick response to renal blood supply interruption, with rapid
reduction in cytoplasmic ATP levels, leading to acute cellular injury. One of the critical targets
in the initiation phase is TECs. The ischemic insult causes structural and functional changes in
proximal TECs. Although the duration of ischemia is usually short, the dysfunction of TECs
and microvascular endothelial cells (ECs) can vary according to the length and severity of
ischemia. Both TECs and ECs keep on being injured even after reperfusion. Ischemia induces
chemokine and cytokine up-regulation, initiating inflammation activation. Microvascular
endothelium and smooth muscle cell damage in the initiation phase contribute to renal

microvascular changes post-AKI (Matthys, Patton et al. 1983, Kwon, Phillips et al. 2002).

The extension phase is characterized by secondary hypoxia and the inflammation cascade. These
alterations mainly occur at the renal cortico-medullary junction because of its sensitivity to
ischemia. During this extension phase, renal microvascular endothelial injury plays a
predominant role following the effect of ischemia on the tubular epithelial compartment, and
inflammation (Kelly, Baird et al. 2001). After tubular epithelial cell damage, microvascular
endothelial cell death, including programmed necrosis and apoptosis, are present at the cortico-
medullary junction (CMJ). These are characterized as endothelial integrity disruption and
endothelial permeability disorder, followed by microvascular collapse and microvascular
rarefaction (Horbelt, Lee et al. 2007). Microvascular structures in the CMJ section are
susceptible to ischemic stimuli due to a limited vascular network, which is then incapable of
supplying vital oxygen and nutrients to the renal parenchymal tissue. As progressive cell
damage at the CMJ is undergoing, a decline in GFR is further observed. In addition, the
inflammatory cascade can be accelerated by the continuous release of cytokines and chemokines
(Donnahoo, Meng et al. 1999). The inflammatory cascade activation is initiated 2 hours after
ischemia and achieves a peak of immune cell infiltration approximately 24 hours later

(Willinger, Schramek et al. 1992).

28



The maintenance phase is characterized by cellular recovery, including cell migration,
proliferation, and repair by various cell types. The goal of the maintenance phase is to get back
to the initial tubular integrity and function. GFR is usually stable at this point, while its decrease
reflects the severity of the primary insult. Proximal tubular epithelial cells and distal convoluted
tubular epithelial cells both contribute to tubular repair post-AKI. A fate-mapping tracing study
demonstrated that resident TECs are the primary source of tubular repair (Humphreys, Valerius
et al. 2008). No conclusive data showed that tubular progenitor cells located outside the nephron
mediate epithelial repair; however, the possibility of resident tubular progenitor cell repair
remains (Kumar 2018). Immune cells, such as macrophages and dendritic cells (DCs), also
present a tissue repair effect beyond their pro-inflammatory role by promoting cytokines
production such as IL-22 (Kulkarni, Hartter et al. 2014). In endothelial repair, PTCs connect the
efferent arterioles of the cortex and the descending and ascending vasa recta of the CMJ. The
endothelial repair post-AKI, including PTCs repair, is not well understood. Renal ECs display
a limited regeneration capacity. However, angiogenesis is important for tissue function
preservation and favors new capillary production and existing capillary intussusception after an
ischemic attack (Tanaka and Nangaku 2013, Schellinger, Cordasic et al. 2017). Nevertheless, it
is still unclear if PTCs are compromised in post-injury angiogenesis. Endothelial progenitor
cells (EPCs) were shown to support endothelial repair by neovascularization and re-
endothelization. Still, these processes have been demonstrated via a paracrine pathway but not
by ECs differentiation per se (Hristov, Erl et al. 2003, Asahara and Kawamoto 2004).
Myofibroblast differentiation in the renal interstitium is also involved in adaptive and
maladaptive repair, contributing to chronic transition by accumulating fibrotic tissue. These
alterations, including cell migration and proliferation, gradually lead to improvement in cellular

and compartment functions (Basile, Anderson et al. 2012).

In the recovery phase, tubular epithelial cell differentiation, the reestablishment of cellular and
tubular structure, and physiological function recover slowly (Nony and Schnellmann 2003). In
the microvascular compartment, vascular cell repair is relatively limited, although response
mechanisms can be activated (angiogenesis, myofibroblast differentiation, etc.). However,
incomplete recovery can lead to chronic renal damage progression by activating profibrotic

pathways such as transforming growth factor-f (TGF-), connective tissue growth factor
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(CTGF), Snail pathways, and collagen deposition implicated in AKI-CKD transition (Guzzi,
Cirillo et al. 2019).
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Figure 2. Pathophysiological phases of AKI (Basile, Anderson et al. 2012).

2.2 Cell death

Cell death can be classified into two broad, exclusive categories: non-programmed cell death
(NPCD) and programmed cell death (PCD) (Galluzzi, Bravo-San Pedro et al. 2015). NPCD is
triggered by severe stimuli, e.g., heat shock, exposure to cytotoxic agents, ischemia in multiple
organs (stroke and myocardial infarction), etc. Although it plays an essential role in tissue
damage, it is less interesting to investigate because it cannot be inhibited by pharmacological or
genetic approaches (Galluzzi, Vitale et al. 2012). PCD is regulated and executed by the cell’s
molecular machinery. There are several modes of PCD, depending on the different molecular
machinery involved. PCD includes apoptosis, necroptosis, pyroptosis, cornification, entosis,
mitotic catastrophe, netose, and parthanatos (Linkermann, Chen et al. 2014, Conrad, Angeli et

al. 2016).
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Figure 3. Schematic representation of the main signaling pathways of different cell death
modes, and the pathophysiological mechanisms activated by cell death modes in
acute kidney injury (Linkermann, Chen et al. 2014).

2.2.1 Apoptosis

Apoptosis (from the ancient Greek term "falling") is a process of programmed cell death that
occurs in multicellular organisms (Kerr, Wyllie et al. 1972). Apoptotic morphological changes
are characteristic, including budding of the cytoplasmic membrane, chromatin condensation,
and DNA fragmentation. The molecular mechanisms of apoptosis are very complex and

sophisticated.

2.2.1.1. Morphology of apoptosis

Apoptotic cells present a shrunken cytoskeleton, with laminin and actin cleavage. Cellular
nuclear condensation, DNA fragmentation, and membrane blebbing can be found due to
chromatin break. Apoptotic cells keep shrinking until they form a package for removal by
macrophages, as these phagocytic cells participate in apoptotic cell cleaning (Hassan, Watari et
al. 2014). Late stages of apoptosis also feature secretion of apoptotic bodies and smaller

exosome-like particles (Dieude, Bell et al. 2015).
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2.2.1.2. Markers of apoptosis

Apoptosis occurs in both physiological and pathophysiological circumstances. Markers and

regulators of apoptosis are investigated in various scenarios.

Caspase family proteins, such as caspase-3, caspase-6, and caspase-7, are considered as the
apoptotic key mediators and executors in multiple studies (Slee, Adrain et al. 2001, Homsi,
Janino et al. 2006, Sirois, Raymond et al. 2011, Chen, Engle et al. 2015). Several caspase
inhibitors, such as z-DEVD-fmk, Z-VAD-fimk, and their analogs are applied to probe apoptosis
induction (Bullok, Maxwell et al. 2007). Besides the caspase family, other regulated proteins
are also used for monitoring apoptosis development. Bcl-2 family is a crucial apoptotic
regulated protein, which is also associated with the autophagy pathway. Detection of Bcl-2
expression was used to predict anti-tumor response in patients (Ozretic, Alvir et al. 2018). Bcl-
2-associated X proteins (BAX)/Bcl-2 antagonist counterparts (BAK) function as pro-apoptosis
proteins in mitochondria and are used to monitor the intrinsic apoptotic pathway (Jezek, Chang

et al. 2019).

Anionic phospholipid phosphatidylserine (PS) is turned to the cellular surface following
caspase-3 activation during apoptosis, an almost universal phenomenon. Annexin V is used as
the most common imaging probe to detect exposed PS. However, limitations of using Annexin
V as a biomarker of apoptosis also exist. For instance, difficulty in distinguishing necrosis and
the imperfect pharmacokinetics of Annexin V protein are the two significant disadvantages (Niu
and Chen 2010). PS is also exposed on the surface of the cell membrane in the development of
necrosis secondary to apoptosis due to plasma membrane disruption, preventing Annexin V
staining from distinguishing apoptosis and necrosis (Niu and Chen 2010). Another disadvantage
of Annexin is the imperfect pharmacokinetics of radiolabelling, with a high background in the
abdominal area. Also, the binding of Annexin V with PE is a Ca2"-dependant mode. Therefore,
some novel imaging markers begin to attract the interest of investigators. For example,
positively charged bis (zin-dipicolulamine) (Zn-DPA) is a synthetic protein targeting PS, which
is translocated to the outer membrane leaflet during apoptosis. Zn-PDA binds to exposed PS on
the cell surfaces. This synthetic marker mimics the function of Annexin V, labeling apoptotic
cells by binding PS in a murine model (Kwong, Hoang et al. 2014). The C2A domain of
synaptotagmin [ also binds to PS in a calcium-dependent way (Wang, Fang et al. 2008),
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detecting PS on the cellular surface and detecting collapsed mitochondrial membrane potential.
In addition, 18F-fluorobenzyl triphenylphosphonium, a PET agent, was reported as a novel
marker of apoptosis. This new apoptotic marker was found to detect apoptosis by tracing
mitochondrial membrane collapse in H345 cells (Madar, Ravert et al. 2007). Hence, a variety

of novel biomarkers for apoptosis are currently being studied.

2.2.1.3 Molecular regulation
(1) Initiation of apoptosis

Many stimuli can trigger apoptosis. Two classical apoptosis pathways depend on the initiating

signals: the extrinsic pathway and the intrinsic pathway (Gastman 2001).

In the intrinsic pathway, apoptosis is triggered by intracellular stress, for example, DNA
damage, oxygenated free radicals, or cytosolic calcium overload. These signals lead to the
permeabilization of the mitochondrial outer membrane (MOMP), which is crucial to the
initiation of intrinsic pathway apoptosis. The MOMP is controlled by the Bcl-2 family, which
comprises several proteins that share the domain of Bcl-2 homology. The Bcl-2 family can be
divided into three subgroups: functionally and structurally distinct proteins composed only of
BH-3 domains (BCL-2 homology 3), anti-apoptotic guard proteins, and pro-apoptotic effector
proteins. Stimulated by intracellular stress, proteins composed only of BH-3 domains (e.g.,
PUMA, NOXA) are activated. This activation inhibits anti-apoptotic guardian proteins (Bcl-2),
resulting in the oligomerization of BAX and BAK. The mitochondrial transmembrane potential
is then deregulated, and mediators usually hidden in the mitochondria's intermembrane space

are released in the cytosol (Hassan, Watari et al. 2014, Galluzzi, Bravo-San Pedro et al. 2015).

The released mediators are divided into two groups according to their effect on cysteine-
aspartic-proteases (caspases) (MacPherson, Mills et al. 2019). The first group includes
cytochrome ¢, Smac/DIABLO, and the serine protease HtrA2/Omi. They result in the activation
of the caspase cascade for the execution of apoptosis. For example, the release of cytochrome ¢
leads to the assembly of the apoptosome, which is composed of cytochrome ¢, apoptotic protease
activating factor-1 (Apaf-1), and deoxyadenosine triphosphate (dATP), an activator complex
for caspase-9. The activated caspase-9 will then direct the cell towards the execution of

apoptosis by cleaving and activating effector caspases. The second group includes the apoptosis-
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inducing factor (Annaldas, Saifi et al. 2019) and endonuclease G, which can move in the nucleus

and cause DNA fragmentation in a caspase-independent way (Bonora, Wieckowski et al. 2015).

In the extrinsic pathway, apoptosis is initiated by the interaction between death receptors and
their ligands. Different death receptors and ligands have been identified, including tumor
necrosis factor-a (TNF-a)/TNF-Receptor 1, Fatty acid synthetase (Fas), Ligand/Fas-Receptor,
Apo3L/death receptor (DR) 3, Apo2L/DR4, and Apo2L./DRS. To illustrate their roles, we will
use the Fas signaling pathway example, which is one of the most understood. Following
activation of Fas and FasL, the death domain associates with Fas-associated protein with death
domain (FADD) and procaspase-8. The FLICE-like inhibitory protein (FLIPs) is an
enzymatically inactive counterpart. Its presence in high titer can inhibit apoptosis. The
formation of the above-mentioned complex leads to the auto-catalytic activation of procaspase-
8, which blocks the inhibitory role of FLIPs, then activates effector caspases (Zhang, Hartig et
al. 2005, Hassan, Watari et al. 2014).

There are "cross-talk" mechanisms between the extrinsic and intrinsic pathways of apoptosis.
Bid is a member of the Bcl-2 family. After its cleavage by activated caspase-8, truncated Bid
(tBid), Bid's C-terminal fragment, is released into the cytosol. The combination of tBid with the
mitochondrial outer membrane facilitates the recruitment of BAX, which then activates

apoptosis by the intrinsic route (Wang and Tjandra 2013).
(2) Execution of apoptosis

Caspases are a family of cysteine-aspartic proteases that play a crucial role in programmed cell
death and inflammation. They are produced in the form of pro-caspases, which are inactive
monomers. These monomers are composed of an N-terminal pro-domain, which contains an
aspartate site for (auto) proteolysis, a small subunit, and a large subunit. The length of the N-
terminal pro-domains varies depending on the function of the caspase. The effector caspases
(caspase-3, -6, -7) have short pro-domains, while the inflammatory initiation (caspase-1, -4, -5)
and initiating (caspase-8, -9, -10) caspases have long pro-domains, which contain a caspase
recruitment domain (CARD) or an effector of death domain (Cavaille-Coll, Bala et al. 2013).

Activation of caspases requires dimerization and often cleavage. Recruited by CARD or death
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effector domain, different adapter proteins can facilitate the dimerization and activation of

caspases (Gastman 2001, Slee, Adrain et al. 2001).

Caspase-3 is the most critical effector caspase. Activation of caspase-3 results in the
cleavage of various substrates, including proteins linked to actin microfilaments, the
caspase-activated DNase inhibitor (CADI), etc. Cleavage of these substrates ultimately results
in budding of the cytoplasmic membrane, chromatin condensation, and DNA fragmentation in

apoptotic cells (Slee, Adrain et al. 2001, Hassan, Watari et al. 2014).
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2.2.1.4 Apoptosis in AKI

Although tubular necrosis has long been recognized as a classic pathophysiological finding in
AKI, the extent of tubular cell necrosis observed on the kidney biopsy of patients with AKI is
not associated with subsequent estimated glomerular filtration rate (Waikar and McMahon
2018). The degree of tubular necrosis demonstrates no significant association with long-term
renal dysfunction. The poor correlation with renal function suggested alternative cell death

possibilities, including apoptosis and autophagic cell death.

In the microenvironment of AKI induced by ischemia, hypovolemia, hypotension, and renal
transplantation, apoptosis displays an important role. Both intrinsic and extrinsic pathways can
be initiated, especially in the tubular epithelial compartment. Proximal tubular epithelial cells
are sensitive to ischemic insult, undergoing multiple pathophysiological changes, involving cell
detachment from the basement membrane, cell death, cell dysfunction, responding to the lack

of blood supply, and reperfusion injury.

Many investigations proved that apoptosis contributes to ischemia-induced renal injury, with
apoptosis detection by various approaches, including Hoechst staining, caspase-3 activity,
apoptosis-inducing factor (Annaldas, Saifi et al.) or cytochrome C release, TUNEL, etc.

(Bonegio and Lieberthal 2002, Saikumar and Venkatachalam 2003).

2.2.2 Necroptosis

Necrosis is a form of cell death by autolysis. Previously, it was considered an "accidental" and
unscheduled cell death. The discovery of chemical inhibitors of necrosis and genetic evidence
that the existence of programmed necrosis or necroptosis, has challenged this dogma (Conrad,

Angeli et al. 2016).

2.2.2.1 Morphology of necroptosis

Necrosis is characterized by the breakdown of plasma membrane structure, accompanied by the
release of intercellular components. Cellular immunogenic proteins and organelles can be
released from the cytoplasm, such as interleukin-1 (IL-1), IL-33, high mobility group box-
1(HMGBJ1), and RNA, initiating immune cascade (Linkermann, Hackl et al. 2013). Research

work demonstrated that programmed necrosis also develops in AKI cases, which was previously
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mistakenly recognized as non-programmed necrosis, partly attributed to similar morphological
findings with non-programmed necrosis. Since programmed necrosis has been attracting the
attention of investigators in recent years, more and more investigations focusing on it were
reported in multiple scenarios. One of the most investigated types of programmed necrosis is

necroptosis.

2.2.2.2. Markers of necroptosis

Necroptosis is programmed necrosis induced by the TNF family, mediated by RIKP family
proteins. Receptor-interacting kinase 1 (RIPK1) is recruited in the cytoplasm and activated, it
then binds to RIPK3 and phosphorylates it. Once activated, RIPK3 phosphorylates mixed
lineage kinase domain-like protein (MLKL) to form a complex, triggering cells to undergo
necroptosis (Zhao, Jitkaew et al. 2012). Therefore, RIPK3 and MLKL are largely used as

markers of necroptosis.

2.2.2.3 Molecular regulation

Necroptosis is characterized by the activation of the RIPK1-RIPK3-MLKL axis. The RIPK1
pathway is the most elucidated, thanks to the availability of different inhibitors targeting these
key molecules. Necrostatin-1, an allosteric inhibitor of RIPK1, was the first inhibitor of
necroptosis to be discovered (Teng, Degterev et al. 2005, Linkermann, Hackl et al. 2013,
Linkermann, Chen et al. 2014).

Most of the stimuli involved in initiating the RIPK 1 pathway are not unique to necroptosis, as
they can also cause activation of apoptosis. As mentioned above, following TNF-receptor
(TNFR) activation, the formation of complex II could direct the cell to apoptosis. In cases
where caspase-8 is inhibited, or RIPK3 is overexpressed, the necrosome is formed by the
aggregation of RIPK1 and RIPK3 and then activates the MLKL by phosphorylation,
which directs the cell to necroptosis (Galluzzi, Pietrocola et al. 2014, Linkermann, Chen et al.
2014, Vanden Berghe, Linkermann et al. 2014). Besides the RIPK1-RIPK3-MLKL pathway,
the MPT pathway is recognized as another signal pathway of necroptosis. The MPT pathway
shares the same initiation stages as intrinsic apoptosis. It is known that the mitochondrial

permeability transition (MPT) pathway is regulated by cyclophilin D (CypD). Still, the
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mechanism of regulation of CypD on MPT has not yet been well described (Galluzzi, Kepp et
al. 2014).

2.2.3 Other forms of regulated cell deaths

Some other regulated cell death pathways have been reported, and some of those have also been

observed in the context of AKI.

2.2.3.1 Pyroptosis

Pyroptosis is a pro-inflammatory PCD characterized by the activation of caspase-1. In response
to stimuli, the NOD-like receptors (NLRs) or the cytosolic DNA sensor absent in melanoma 2
(AIM2) recruit the speck proteins associated with apoptosis containing a CARD, forming the
inflammasome, which is a supramolecular complex. The inflammasome induces the activation
of caspase-1 by dimerization and auto-proteolysis. Activated caspase-1 cleaves pro-IL-1p and
pro-IL-18, resulting in the maturation and secretion of IL-1p and IL-18 (Tonnus and
Linkermann 2019) (Aachoui, Sagulenko et al. 2013). It should be noted that activated caspase-
1 can induce apoptosis by activating caspase-7 (Seo, Choi et al. 2019).

2.2.3.2 Ferroptosis

Another form of regulated necrosis, ferroptosis, was identified by Stockwell’s team (Yagoda,

von Rechenberg et al. 2007), induced by a compound (erastin) in RAS-transformed cancer cells.

Ferroptosis is a necrotic, iron-dependent pathway where glutathione metabolism is involved. A
plasma membrane exchanger was found to fuel cells with cysteine, initiating glutathione
synthesis for ROS clearing action by glutathione peroxidase 4(GPX4) (Yang, SriRamaratnam
et al. 2014), which is an enzyme necessary for removing H>O» to prevent lysosomal membrane
permeabilization. In the condition of cellular stimuli, a decrease of GPX4 activity induces an

increasing level of H>O», further leading to lipid peroxidation following necrotic cell death.

The intervention of ferrostatin-1, a small molecule inhibiting ferroptosis, effectively prevents
necrotic cell death in renal tubular cell lines treated by iron and hydroxyquinoline, the stabilizer

of H>O; (Skouta, Dixon et al. 2014).
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2.2.3.3 Programmed necrosis regulated by MPT

The mitochondrion is a crucial cellular organelle for energy fueling and is also a research target
for the cell death mechanism (Tait and Green 2010). Mitochondrial outer membrane MOMP is
considered a critical point during apoptosis, and mitochondria can also trigger necrosis in the
form of MPT (Kim, He et al. 2003). CypD, a matrix protein, mediates the opening of the MPT
pore (MPTP). However, the mechanism of regulation of MPTP by CypD still needs to be
described. P53 was reported to be involved in this process, but its precise role is still unclear

(Karch and Molkentin 2012).

2.2.4 Autophagy

Autophagy was first discovered by De Duve in 1983 (de Duve 1983) and is generally considered
a pro-survival response to stress, in both physiological and pathological conditions. In
physiological conditions, autophagy activation was described in contexts of starvation, growth
factor depletion, hypoxia, etc. In pathological cases, it is commonly recognized that autophagy
activation is abnormal in aging, cancer, neurodegenerative diseases, liver disease, muscle
disease, infection, and cardiovascular disorders (Levine and Kroemer 2008, Kroemer 2015,
Klionsky, Abdelmohsen et al. 2016, Moulis and Vindis 2017, Kardideh, Samimi et al. 2019). It
is characterized by a degradation process triggered by the deprivation of nutrients and growth

factors. The process of autophagy includes initiation, elongation, and fusion with the lysosome.

There are at least three forms of autophagy: microautophagy, chaperone-mediated autophagy,
and macroautophagy. Most studies focus on macroautophagy, which is characterized by the
transport of cytoplasmic material in double-membrane vesicles (autophagosomes), which
associate with lysosomes for the degradation and recycling of their content. There are three
critical enzymes in the initiation of macroautophagy: phosphoinositide 3-kinase (PI3KCl1),
protein kinase B (PKB), and the target of rapamycin in mammals (mTOR). Also, autophagy-
related proteins (Atgs) are the leading players in the execution of autophagy. In the physiological
context, growth factors transmit proliferation signals through their membrane receptors, which
will activate the PI3KC1-PKB-mTOR chain. Once mTOR is activated, it inhibits Unc-51-like
kinases (ULK1/2) by phosphorylation. In the context of growth factor deprivation, inactivation
of mTOR results in the release of ULK 1/2, leading to the formation of phagophores by activating
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Beclinl and PI3KC3. The Atgl2-Atg5-Atgl6 complex is recruited for phagophore elongation.
The light chain 3 of protein Ia/Ib is associated with microtubules-associated protein 1A/1B light
chain 3 (LC3), which is lipidized on the autophagosome membrane, converting to LC3-II. This
lipidation form of LC3 (LC3-II) contributes to the autophagosome's closure, and the augmented
portion of LC3II indicates dynamic autophagosomal formation and enhanced autophagic flux.
The Atg7/8 are required for the recruitment of Atg5 and LC3. The last step of autophagy is the
fusion of the autophagosome with the lysosome, leading to the degradation of its internal content
by lysosomal enzymes. mTORs could also be directly inactivated by the lack of nutrients,

triggering the downstream process (Kroemer 2015, Klionsky, Abdelmohsen et al. 2016).
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2.2.4.1 Morphology of autophagy

Due to the complexity of detecting the autophagy flux, the traditional electron microscopy
method is still the gold standard for visualizing autophagy. Mammalian autophagy was first
reported in the 1950s. As characterized by its ultrastructural morphology, the autophagosome is
described as a double-membrane structure containing cytoplasmic material such as
mitochondrial and endoplasmic reticulum (ER) fragments (van der Vaart, Mari et al. 2008). The
autophagosome is usually an easily identified specific structure of autophagy. Another unique

characteristic is the formation of autophagolysosome by fusing autophagosome and lysosome.
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Autophagolysosome’s size differs due to the amount of internal undigested cytoplasmic contents

(Mizushima, Yoshimori et al. 2010).

Figure 6. Autophagosome and Autolysosome Morphology (Mizushima, Yoshimori et al.
2010).

2.2.4.2 Markers in autophagic flux monitoring

Various autophagy-related molecules and proteins have been proposed as monitoring markers.
Autophagy includes multiple steps and is a dynamic process with autophagosome formation and
autophagolysosome degradation peaking at different time points. For setting up an optimal
monitoring procedure, both dynamic changes of autophagosome and autophagolysosome should
be considered. No marker is sufficient to monitor autophagic flux because of the complicated
involvement of a series of regulators. However, here are a few candidates that have recently

been studied.

Atg8/LC3: In recent investigations, Atg8/LC3 is the most used autophagy detecting marker
since it is essential for autophagosome formation. However, another LC3 isoform, mammalian
Atg-8 like protein (GABARAPs), should be considered as well. Because monitoring the full
dynamic range of autophagy is complex, multiple markers should be used to monitor different

phases of autophagy (Klionsky, Abdelmohsen et al. 2016).
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Atg 9: Atg family proteins are closely associated with eukaryote autophagy flux, but only Atg9
is the integral membrane protein involved in autophagosome formation. Atg9 could be partially
visualized by colocalizing with green fluorescence protein (GFP) because it binds with LC3
puncta (Young, Chan et al. 2006). Atg9 in yeast can move between the phagophore assembly
site (PAS) and cytoplasm, functioning as the precursor of the phagophore (Mari, Griffith et al.
2010).

Atg5: Atg5/Atgl2/Atgl6 complex is an indispensable contributor to phagophore elongation
during the autophagic flux, and can also be applied as a marker for visualizing autophagy. These
three Atg proteins can be observed by fluorescence technique in the cytoplasm. (Mizushima,
Kuma et al. 2003). In physiological conditions, Atg5, Atgl2, and Atgl6 are diffusely located in
the cytoplasm, but in stress-induced autophagy, such as starvation or ischemia, apparently an
increased number of cells with a punctate form of Atg5, Atgl2, Atgl6 can be observed.
Additionally, upstream blocking of autophagosome forming leads to this Atg puncta decrease,
while downstream inhibition of autophagosome elongation results in Atg 5, Atg 12, Atg 16

puncta accumulation due to insufficient use (Atala 2012).

BECNI1: BECNI1 and PIL3C3/VSP34 are essential participants in autophagy activation and
initiation. Multiple researchers have used them to observe the autophagic flux (Cao and
Klionsky 2007, Yang and Klionsky 2010). BECN1 can be downregulated by anti-apoptosis-
associated protein BCL2 binding. In this case, autophagy is activated by BECN1, which is
cleaved from BCL2, through phosphorylating BECN1 by BH3 protein (a pro-apoptosis protein).
The association between BECN1 and BCL2 is complicated. BECN1-independent pathways
trigger some types of cellular autophagy, but BECNI1 cleaved by the caspase family could not
induce autophagy in some cell types (Kang, Zeh et al. 2011), indicating the complexity of
apoptosis and autophagy switch.

2.2.4.3 Autophagy-regulating molecules

Autophagy is a complicated process that multiple molecules can regulate. Two categories of
molecules can target autophagy: autophagic inhibitors and autophagic inducers.

Pharmacological blocking agents inhibit autophagic flux by targeting different steps.

(1) Autophagy inhibitors
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Bafilomycin A1, chloroquine, and ammonium chloride inhibit the fusion of the autophagosome
with lysosomes by increasing intracellular pH (Klionsky, Elazar et al. 2008). Bafilomycin Al is
an inhibitor of Na*/H*-ATPase, interrupting the proton gradient (Yoshimori, Yamamoto et al.
1991). Bafilomycin Al is a useful tool for in vitro research but rarely applied in in vivo
experiments because of the high cost and inadequacy of long-term study (Iwai-Kanai, Yuan et

al. 2008).

Chloroquine is the commonly used medication in animal models for blocking autophagic flux.
Chloroquine is an anti-inflammatory medication used in the treatment of malaria and
inflammatory diseases for decades. It is widely accepted as a potential intervention in the
autophagy process because of its low price and biological safety in vivo (Gurney, Huang et al.

2015).

Colchicine and vinblastine also inhibit the autophagosome-lysosome fusion step by
depolymerizing microtubules. Leupeptin, E64d, and pepstatin A are blockers that inhibit
lysosome hydrolases and proteases (Klionsky, Abdelmohsen et al. 2016).

However, these drugs mentioned above are not specific for regulating autophagy flux. Most of
them have multiple effects on cells, such as inflammatory regulation and cell proliferation. This
limitation makes the understanding of autophagy in certain conditions complicated.
Theoretically, combined with the transgenic method when possible is a better option for
autophagy research. Autophagy (Atg) protein depletion functions as a more specific tool for
autophagy regulation, but Atg proteins also present different autophagy-independent impacts,
e.g., endocytosis, cell death mediation, immunity (Kroemer and Levine 2008). Therefore,
targeting multiple Atg genes working at different phases of autophagy is recommended, which
truly represents the case of autophagy inhibition (Iwai-Kanai, Yuan et al. 2008, Mizushima,

Yoshimori et al. 2010, Moulis and Vindis 2017).
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Limitations/

Drugs Comments Administration Doses
Advantages
Syl i Most commonly used
Leupeptin threonine proteases Intraperitoneally 9-40 mg/kg MOy
e in vivo
inhibitor
E64d Cystein proteases Orally (food) Preferentially used
inhibitor in vitro
Pepstatin A Aspartyl proteases Intraperitoneally 20 mg/kg
inhibitor
Lysosomal protein Should or can be used
degradation blockage in combination
Bafilomycin A1 Na+/H+-ATPase Intraperitoneally 0.1-1mg/kg Costly and unsuitable
inhibitor in vivo
. . v Quite inexpensive and
Chloroquine Lysosomotropic Intraperitoneally 10-100 mg/kg suitable in vivo,
compounds most commonly used
Ammonium Orally
chloride (NH4CI) (drinking water) Less frequent
Autophagosome-lysosome
fusion blockage
Colchicine
Microtubules . Lack of specificity,
depolymerizing agents Intraperitoneally 04-2mg/kg clastogenic effects
Vinblastine

Autophagosome-lysosome
fusion blockage

Tableau II. Pharmacological inhibitors of autophagy (Moulis and Vindis 2017).

(2) Autophagy inducers

Several current approaches to induce autophagy such as caloric restriction and exercise can
improve health, and some nutrient factors like caffeine and vitamin D can also induce
autophagy. Some agents and medications presenting an induction of autophagy have been
considered as a clinical strategy for treatment of cancers, neurodegenerative disorders, diabetic

nephropathy, etc. (Sarkar 2013, Lonskaya, Hebron et al. 2014).

One of the most common approaches to autophagy induction is activating nutrient signaling
pathways. The common downstream target is the mechanistic target of Rapamycin (mTOR),
which is suppressive of autophagy in physiological conditions. In environmental stress, mTOR
could be inhibited by activating its inhibitors, such as Rapamycin, then initiating autophagy
pathway. However, Rapamycin has various functions, including immunosuppression, inhibiting
cellular proliferation, activating autophagy (Li, Kim et al. 2014). Rapamycin down-regulates

cell proliferation by inhibiting the mTOR signal. As Rapamycin possesses multiple action
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mechanisms, it is not a perfect autophagic inducer as it is not explicitly directed at autophagy

and can affect various responses and cellular metabolism.

In addition, resveratrol and spermidine are also being used as autophagy inducers in vivo.
Resveratrol has been demonstrated to regulate cardioprotection associated with wine intake and
functions as an autophagy inducer. Its role as an autophagy inducer is controlled by an NAD"-
dependent deacetylase sirtuinl (SIRT1) activation (Morselli, Maiuri et al. 2010). Also,
resveratrol has been observed as having an anti-cancer effect in various in vitro models by
inhibiting mTOR 1 complex activity (Tian, Song et al. 2019). However, the mechanism by
which resveratrol induces autophagy is not yet completely understood in certain cancer

scenarios, which still needs further illustration in the future.

Spermidine could reduce aged oxidative injury by autophagy activation. Recent data show that
spermidine is associated with cardioprotection in old mice by upregulating autophagy and

mitophagy in cardiocytes (Eisenberg, Abdellatif et al. 2016).

The lack of specific autophagy inducers makes the evaluation of autophagy intervention
challenging. Potential pharmaceutical autophagy inducers present multiple functions beyond
autophagic induction. Specific strategies cover tissue-specific gene therapy or drug-like
peptides. For gene therapy, Atg7 or beclinl displayed a protective effect in neurodegenerative
disorders, diabetes, and cystic fibrosis (Levine, Packer et al. 2015). Another possible option is
to increase autophagy substrate and upregulate lysosome activity (Randow and Youle 2014).

Still, a novel approach is needed to verify compound which better clear autophagy substrates.

2.2.4.4 Autophagy in AKI

AKI involves various insults, such as ischemia and nutrient and oxygen deprivation, triggering
autophagy activation. Generally, autophagy functions as a protective cell survival pathway by
degrading damaged organelles and cytoplasmic constituents (Mizushima and Komatsu 2011).
Therefore, enhancement of autophagy has been proposed as a potential therapeutic strategy for

rescuing AKI.

Autophagy has been demonstrated in vivo and in vitro in IRI models (Chien, Shyue et al. 2007,
Liu, Feng et al. 2012). Multiple investigations have reported on the effect of autophagy post-

IRI. The protective effect of autophagy post-IRI was found in conditional renal proximal tubular
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Atg5 or Atg7 knock-out (KO) mice (Jiang, Liu et al. 2010, Kimura, Takabatake et al. 2011).
Mice deficient in Atg5 in proximal and distal tubules exposed to IRI displayed greater tubular
injury and renal failure compared to WT animals. In comparison, the absence of Atg5 in distal
tubules was not associated with greater AKI severity after IRI (Chien, Shyue et al. 2007, Liu,
Feng et al. 2012).

Compared with the large body of literature on autophagy in renal tubular epithelial cells (Tian,
Wang et al. 2020) (Kaushal and Shah 2016), autophagy research on the endothelial compartment
is scarce. The contribution of endothelial autophagy in AKI is poorly understood, and the impact
of endothelial autophagy on microvascular dysfunction is unknown. Several reports recently
demonstrated that induction of autophagy in endothelial cells in the context of AKI might
regulate renal fibrosis post-IRI (Patschan, Schwarze et al. 2016). Nevertheless, the importance
of endothelial autophagy on molecular mechanisms of AKI and on AKI to CKD transition has
not been clarified. Also, current methods of activating autophagy by pharmacological inducers
have multiple limitations, as these inducers could also impact some cellular biological
metabolism. Therefore, the potential beneficial effects of inducing endothelial autophagy in AKI

need to be studied in greater detail.

2.2.5 Cell death pathways of importance in the present project

Based on the above-mentioned cell death pathways discovered in AKI, we could conclude that
cell death crosstalk post-AKI is a complex process, depending on injury severity, cell type,
regulation of specific mediators, and molecular switch among different cell response pathways.
However, tubular epithelial apoptosis and programmed necrosis have been highlighted in both
patient samples and animal models (Havasi and Borkan 2011). Therefore, my project aims to
observe these two programmed cell death pathways within the tubular epithelial and endothelial
microvascular compartments.

Although TECs injury was regarded as an essential feature of AKI in the past, renal
microvascular injury is attracting more attention due to the link with long-term renal dysfunction.
The molecular pathways mediating injury to microvascular ECs during AKI progression
remains unclear. Reports from several teams described the upregulation of caspase-3, a key

mediator of caspase-dependent apoptosis, in renal TECs and ECs in the short-term of AKI
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induced by IRI. Caspase-3 silencing by small interfering RNAs (siRNA) was shown in both
attenuation and aggravation of renal dysfunction (Yang, Hosgood et al. 2011, Yang, Zhao et al.
2014, Nydam, Plenter et al. 2018). Investigation of the endothelial cell response is another focus

in our study.

2.3 Tubular injury

IRI-induced AKI is a complex pathophysiological process, with injuries affecting multiple renal
compartments 1) tubular injury, 2) microvascular injury, 3) glomerular injury, 4) interstitial

inflammation. We will describe tissue injury beginning with tubular injury.

2.3.1 Pathophysiological manifestations of tubular injury

The two main functions of the renal tubules are absorption and secretion. In AKI induced by
IRI, the most vulnerable cells are the epithelial cells of the proximal tubules and the ascending
branches of Henle's loop (Sharfuddin and Molitoris 2011, Zuk and Bonventre 2016) due to the
high metabolic rate for performing active transport, and also due to a limited capacity for
anaerobic metabolism. Therefore, the alteration of these tubules is considered a critical
pathological characteristic (Bohle, Grund et al. 1977). The pathological manifestations vary
according to the severity and evolution of AKI, including loss of brush border, tubular dilation,
the formation of cylinders, tubular necrosis, and denudation of the basement membrane (Huen,

Huynh et al. 2015).

Programmed cell death pathways have been shown to play an essential role in tubular damage.
Several apoptotic and necroptotic regulators are overexpressed in the context of AKI, including
p53, caspase-3, and RIPK3 (Bonegio and Lieberthal 2002, Linkermann, Hackl et al. 2013,
Pavlosky, Lau et al. 2014, Chen, Fang et al. 2018). Multiple examples showed that inhibition of
PCD (apoptosis and necroptosis) could reduce the severity of AKI in the context of IRI. For
instance, the genetic deletion of TNF-a or TNFR2, which are involved in the induction of
apoptosis and necroptosis, reduced AKI severity induced by cisplatin (Ramesh and Reeves
2004). Conditional suppression of BAX in PTECs, an essential regulator in the intrinsic
apoptosis pathway and the MPT-mediated necroptosis pathway, improved renal dysfunction

caused by IRI (Wei, Dong et al. 2013). There is growing evidence suggesting a predominant
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role of necroptosis in tubular damage. Inhibition of the RIPK1-RIPK3 pathway, either by using
necrostatin, an inhibitor of RIPK1 or in mice genetically deficient of RIPK3, reduced renal
tubular lesions and early renal dysfunction in AKI models (Linkermann, Hackl et al. 2013, Chen,
Fang et al. 2018). In a murine IRI model followed by kidney transplantation, RIPK3 KO kidney
allografts showed improved renal function and prolonged survival after transplantation. In
contrast, genetic inhibition of caspase-8 by small hairpin RNA (shRNA) showed worsening of

necroptosis and renal dysfunction (Lau, Wang et al. 2013).

Autophagy also plays a vital role in tubular damage induced by IRI; Atg 5-deficient mice
demonstrate an increase in apoptosis in tubular cells and aggravated renal dysfunction,
indicating a protective effect of autophagy in tubular injury caused by IRI (Kimura, Takabatake
etal. 2011, Liu, Feng et al. 2012, Yoshii, Kuma et al. 2017).

Besides autophagy inhibitors, the impact of other pharmacological agents targeting PCD was
reported in animal AKI models. Pan-caspase inhibitor Z-VAD-fmk was used in cold
conservation in a murine renal transplant model. It decreased serum creatinine levels and
reduced tubular apoptosis (Nydam, Plenter et al. 2018). In a porcine kidney transplant model,
caspase-3 siRNA attenuated IR-induced renal damage and apoptosis (Yang, Hosgood et al.
2011). Intravenous administration of ISNP, a selectively trophic synthetic p53 siRNA
selectively trophic in the tubular compartment, was proven to prevent serum creatinine elevation

of IRI in a rat model (Powell, Tsapepas et al. 2013).

2.3.2 Biomarkers of tubular injury

Injured PTEC: release various molecules into the tubular lumen. Multiple biomarkers of tubular
injury have been reported, including lipocalin associated with neutrophils and gelatinase
(NGAL), kidney injury molecule-1 (KIM-1), tissue inhibitor of metalloproteinases-2 (TIMP-2),
insulin-like growth factor-binding protein 7(IGFBP7), Cystatin C, IL-18, high mobility group
box 1(HMGBI) (Waikar, Liu et al. 2008, Rabadi, Ghaly et al. 2012, Meersch, Schmidt et al.
2014, Obermuller, Geiger et al. 2014, Tian, Zhang et al. 2015, Schaub and Parikh 2016, Guan,
Chen et al. 2017, Luthra and Tyagi 2019, Zhang, Dong et al. 2019).

The NGAL protein belongs to the lipocalin family and is primarily expressed in tubular

epithelial cells. Investigations have reported that NGAL is secreted after renal ischemic insult
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or nephrotoxin. At the earliest, serum NGAL can be measured two hours after injury and it
reaches a peak at around six hours, and this peak is maintained for several days and then
gradually decreases. The promising predictive effect of NGAL in AKI and CKD, as well as in
other clinical cases, makes it a potential biomarker of detecting renal tubular injury in early

stages. Moreover, some clinical trials of NGAL have already started.

KIM-1 is a type I transmembrane glycoprotein that is undetectable in normal kidneys. Following
renal insults, it is rapidly overexpressed at the apical membrane of the PTECs in animals and
humans (Bonventre, Vaidya et al. 2010, Alge and Arthur 2015, Dong, Zhang et al. 2019). The
soluble form of human KIM-1 is detectable in the urine of patients with acute tubular necrosis

and can be used as a biomarker for tubular damage (Han, Bailly et al. 2002).

IL-18 is a pro-inflammatory cytokine of the IL-1 family of cytokines and is synthesized as an
inactive 23 kDa precursor by several cell types, including monocytes, macrophages, and PTECs.
It is transformed into its active form by caspase-1 and increased in the case of tubular
inflammation (Dinarello 1999), and IL-18 is overexpressed in AKI caused by IRI. In humans,
the urinary level of IL-18 increases 24 to 48 hours before the elevation of serum creatinine, and
its concentration correlates with the severity of AKI (Obermuller, Geiger et al. 2014, Alge and

Arthur 2015).

Cystatin C is a small molecular protein produced continuously by all nucleated cells. The level
of urinary cystatin C is increased in AKI models, including the injection of gentamicin or
cisplatin and IRI (Ferrannini, Vischini et al. 2008, Krawczeski, Vandevoorde et al. 2010, Ma,
Li et al. 2010, Wan, Wang et al. 2013, Pirgakis, Makris et al. 2014, Lagos-Arevalo, Palijan et
al. 2015, Saydam, Turkmen et al. 2018, Benoit, Ciccia et al. 2020). In humans, urinary and
plasmatic cystatin C levels are associated with a tubular injury prior to serum creatinine increase
in AKI, both in pediatric and adult patients (Koyner, Bennett et al. 2008, Togashi, Sakaguchi et
al. 2012, Park, Choi et al. 2013, Wan, Wang et al. 2013, Lagos-Arevalo, Palijan et al. 2015,
Benoit, Ciccia et al. 2020). These reports provide evidence that cystatin C could be considered
a potential biomarker for AKI. However, serum cystatin C was reported to poorly predict AKI
in critically ill children (Hamed, El-Sherbini et al. 2013). Therefore, further observation of

cystatin C in various clinical conditions is still in need.
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HMGBI1 behaves as damage-associated molecular pattern (DAMP) and pro-inflammatory
factor. It is widely expressed in almost all types of mammalian cells, which can be translocated
from the nucleus to the cytoplasm, then released to the extracellular matrix. HMGB1 binds to
immune cells receptors to promote the release of inflammatory factors, such as IL-6, tumor
necrosis factor alpha (TNF)-a. The inflammatory factors in turn further increase the extracellular
release of HGMBI, forming a circle of inflammation amplification (Rieckmann, Tuscano et al.
1997). Studies focusing on the HGMBI1 pathway in hypoxia models have also been published,
including the renal IRI model (Rabadi, Ghaly et al. 2012, Tian, Zhang et al. 2015, Zhang, Dong
et al. 2019). There is evidence that HMGBI is translocated and upregulated after hypoxia
treatment in a rat model (Zhang, Dong et al. 2019). Another report in a mice IRI model
demonstrated that HMGBI is released from TECs and ECs of PTC 1-hour post-ischemia, and
the release of HMGBI1 correlates with the duration of ischemia. Also, intraperitoneal
administration of a HMGBI1 neutralizing antibody prevented HGMBI release from ECs,
displaying ameliorated short-term and long-term renal function (Rabadi, Ghaly et al. 2012).

In summary, the tubular epithelial compartment is attacked by IR from the earliest stage.
Ischemic injury dysregulates absorption and secretion following TECs damage. Two major
programmed cell death pathways s in TECs, apoptosis and necroptosis are contributing to
tubular injury. Based on the specific absorption functions of different tubular segments, certain
proteins expressed within TECs are regarded as tubular injury markers, such as KIM-1, NGAL,
Cystatin-C, etc.

2.4 Microvascular injury

2.4.1 Microvascular anatomy

The renal microvasculature has a unique structure and is comprised of glomerular capillaries
and PTCs. The vasculature branches from the renal arteries into a series of large arteries,
supplying arteriolar blood to the superficial cortex via the interlobular arteries, and ends in a
network of afferent arterioles and glomerular capillaries. PTCs can have two origins, the
interlobular arteries and the afferent glomerular arterioles. Since 90% of blood flow is directed

to the superficial cortical area, there is a decreasing oxygenation gradient from the cortical
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region to the medullary zone. Due to these anatomical features, the CMJ is a more

vulnerable section in IRI (Zimmerhackl, Robertson et al. 1985, Sampaio and Aragao 1990).

In the context of IRI-induced AKI, renal microvascular damage usually has few remarkable
pathological features beyond microvascular congestion in CMJ, which is recognized by the
aggregation of erythrocytes, also referred to as rouleaux formation. Although damage to
tubular epithelial cells has been recognized for decades as playing a pivotal role in AKI, there
is a growing body of research that has shown that renal microvascular damage is a significant
factor in renal dysfunction (Basile, Donohoe et al. 2001, Basile 2004, Basile 2007, Sharfuddin
and Molitoris 2011).
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Figure 7. Different microvascular endothelial cells in the kidney (Jourde-Chiche,
Fakhouri et al. 2019).

2.4.2 Mechanism of microvascular injury

In a physiological context, ECs essentially form a continuous barrier across all the vessels of
organs. An intact endothelium is required for normal vascular tone regulation, platelet activity,
adhesion to leukocytes, and angiogenesis. In AKI cases caused by IRI, hypoxia and oxidative
stress cause changes in the glycocalyx, which leads to activation of ECs. The new markers
expressed on the surface of these activated ECs promote the recruitment and adhesion of

leukocytes and platelets, which leads to the deterioration of microcirculation and endothelial
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dysfunction, such as soluble thrombomodulin (sTB), VCAM-1, ICAM-1, E-selectin, Syndecan-
1, etc (Katayama, Nunomiya et al. 2017, Inkinen, Pettila et al. 2019, Ohnishi, Yasudo et al.
2019, Yu, McNeil et al. 2019, Zhang, Li et al. 2019).

The types of cell death involved in microvascular damage are unclear. A study has shown that
in an animal model of renal IRI, caspase-3 is activated in ECs, suggesting that apoptosis plays
arole in the death of ECs in this context (Horbelt, Lee et al. 2007). Our team has also described
a protective role for caspase-3 deficiency in microvascular injury post-IRI (Yang, Lan et al.

2018).

2.4.3 Impact of microvascular injury

In pathophysiological settings, including AKI, a series of microvascular endothelial injuries can
be triggered. Endothelial dysfunction is defined by decreased synthesis; the release of nitric
oxide (NO) derived from the endothelium. It can influence vasoconstriction, endothelial
permeability, coagulation, and inflammatory responses (Brodsky, Yamamoto et al. 2002,

Yamamoto, Tada et al. 2002).

Vasoconstriction is the crucial feature of endothelial dysfunction in AKI. Several studies have
shown an essential role in reducing renal blood flow in AKI, and certain inhibitors that target
these pathways improve AKI (Basile and Yoder 2014). Nitric oxide synthases (NOS) are a
family of oxidoreductases responsible for producing NO, which is a potent vasodilator in
mammals (Weiner, Knowles et al. 1994)). eNOS is a type of NOS produced by ECs. The
absence of eNOS exacerbates renal dysfunction in an animal model of endotoxin-induced AKI
(Wang, Mitra et al. 2004). Administration of NO or its precursor (L-arginine) improves renal
function in animal models of IRI-induced AKI (Popolo, Adesso et al. 2014). The mechanisms
involved in altered eNOS activity are still unclear, probably associated with endothelial damage
or free radical activity. The administration of an agent increasing free radicals resulted in

decreased renal blood flow (Harris, Ju et al. 2001).

An intact endothelium is essential for maintaining normal microvascular permeability. Another
crucial functional change in endothelial dysfunction is the increase of microvascular endothelial
permeability or microvascular leakage. The mechanisms involved in increased permeability

have not been fully elucidated; most mechanistic studies are based on in vitro systems which
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have shown that increased permeability is induced by the alteration of the cytoskeleton,
dissociation of cell-endothelial junctions, and increased endothelium-leukocyte interactions

(Kwon, Phillips et al. 2002, Sutton, Mang et al. 2003, Verma and Molitoris 2015).

Activation of coagulation is a crucial step for microcirculatory dysfunction. Under physiological
conditions, ECs inhibit coagulation by regulating a series of cytokines, including protein C,
thrombomodulin, specific proteoglycans, and the tissue plasminogen activator (tPA).
Thrombomodulin is a thrombin co-factor that reduces blood clotting by converting thrombin to
an anticoagulant enzyme. Endothelial insults induce a decrease of thrombin-thrombomodulin
complex and reduce the level of activated protein C, leading to the local generation of thrombin.

It is this loop that causes a pro-coagulant response (Sadler 1997).

In summary, in the context of IRI-induced AKI, microvascular damage causes endothelial
dysfunction, which contributes to renal dysfunction in several ways: 1. increased
vasoconstriction, which can affect post-IRI perfusion; 2. increased permeability and
coagulation, which can also alter the post-IRI perfusion by exacerbating the aggregation of
erythrocytes in the microcirculation; 3. the increase in permeability and adhesion molecules

which worsens inflammatory response (Kinsey, Li et al. 2008, Meng 2019).

2.5 Inflammation

Inflammation is a complex response to an apparent detrimental pathogen that contributes to
tissue injury and promotes tissue repair. Excessive inflammation can trigger an autoimmune
response, tissue fibrogenesis, and long-term damage. Cytokines released locally and recruitment
of leukocytes in situ are characteristic of early inflammation occurring in the initiation phase of

AKI (Rabb, Griffin et al. 2016).

Inflammation in various cell types (epithelial cells, ECs, inflammatory cells) can be elicited
through the innate and adaptive immune systems (Kurts, Panzer et al. 2013). The innate immune
system defends the body against pathogens as an early phenomenon, performed by several
families of membrane or cytoplasm receptors sensitive to pathogen-released signals. Blocking
innate immune system receptors, such as TLR2, can prevent AKI progression in animal models.

Clinical studies using TLR2 blocking agents have also been launched in humans in the USA
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and Europe, intending to prevent reperfusion injury post renal transplant and other clinical
conditions (Shigeoka, Holscher et al. 2007, Reilly, Miller et al. 2013). In this phase I clinical
study, OPN-305 (a humanized IgG4 monoclonal TLR2 antibody) and placebo were
administrated randomly to healthy males. TLR2 blocking on monocytes was found from 14 days
to later than 90 days post TLR2 stimulation, accompanied by inhibition of interleukin-6

production.

Various immune cells are involved in AKI and some of them are harmful, including neutrophils,
monocytes/macrophages, dendritic cells (DCs), NKT cells, NK cells, and B cells. Other immune
cells seem to play a protective role, such as Tregs. Macrophages play entirely different roles
according to cell subtypes. M1 macrophages exert a pro-inflammatory role, contributing to
tissue damage in the early stage. M2 macrophages function as anti-inflammatory players post-
ischemic AKI and improve renal tissue regeneration in the recovery phase (Jang and Rabb

2015).

An increase in the number of neutrophils in the kidney has been observed in early-stage animal
models of IRI (Bonventre 2007). Two important causes of this accumulation of leukocytes are
the obstruction of the renal microcirculation and participation of adhesion molecules, including
the selectin molecules and the intercellular adhesion molecule-1 (ICAM-1). Ischemic insults
have been shown to increase the expression of P-selection and E-selectin on the surface of ECs.
Also, inhibition of E-selectin and ICAM-1 by different experimental approaches in animal
models of IRI-induced AKI reduced leukocyte infiltration and attenuated renal dysfunction
(Cotran and Mayadas-Norton 1998, Okugawa, Miki et al. 2010, Barber, Grigg et al. 2018, Hu,
Liu et al. 2018, Parodis, Gokaraju et al. 2020). In the late phase of AKI, macrophages and T

lymphocytes are the predominant immune cells, while neutrophils are less common.

2.6 Repair and regeneration post-IRI

2.6.1 Tubular epithelial cell repair and regeneration

Following cell death of TECs and immune responses secondary to IRI, damaged tubules begin

to regenerate. New cells migrate, proliferate, and differentiate in the damaged regions by
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reconstituting a functional tubular epithelium. Studies have identified three possible sources for

these cells:

2.6.1.1 Dedifferentiation of damaged TECs

Although an essential role for stem cells from bone marrow was put forward some years ago,
several studies have demonstrated the predominant role of epithelial cells in repopulating
tubules (Ferenbach and Bonventre 2015). This contribution of epithelial cells in tubular repair
in the context of renal IRI is confirmed by genetic fate-mapping techniques, which demonstrate
that the majority of regenerated TECs originate from resident tubules (Humphreys 2018). Using
genetic line analysis, another study confirmed the dedifferentiation of TECs and their role in

post-IRI tubular regeneration (Polichnowski, Griffin et al. 2020).

2.6.1.2 Stem cells from the bone marrow

The first evidence comes from a clinical study that examined male transplant patients who
received kidneys from female donors. In those who recovered from acute tubular necrosis, TECs
that had Y chromosomes were found (Jiang, Jahagirdar et al. 2002). This finding was then
confirmed in an IRI animal model, where female mice transplanted with hematopoietic stem

cells from male mice had TECs derived from males post-IRI (Lin, Cordes et al. 2003).

However, several published articles (Duffield, Park et al. 2005, Lin, Moran et al. 2005, Togel,
Hu et al. 2005) have concluded that the source of repaired tubular cells was primarily from the
endogenous renal population, not from bone marrow, which suggested renal tubular
regeneration did not benefit from the proliferation of bone marrow-derived cells. Therefore, the

contribution of bone marrow stem cells in tubular repair is still a controversial subject.

2.6.1.3 Renal or progenitor stem cells

Numerous studies have demonstrated the existence of renal progenitor cells, but their role in IRI

is still debated (Becherucci, Mazzinghi et al. 2009, Kitamura, Nakano et al. 2018).

Failure of tubular regeneration leads to tubular atrophy, which is one of the key pathological

features of CKD. There is growing evidence suggesting that hypoxia caused by microvascular
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depletion is the driving force for impaired tubular regeneration and post-IRI fibrosis (Tanaka,

Tanaka et al. 2014, Venkatachalam, Weinberg et al. 2015).
2.6.2 Endothelial repair and regeneration

2.6.2.1 Limited endothelial repair

In contrast to tubular epithelial cells, the repair and regeneration capacity of endothelial cells
are limited. In the context of renal damage, ECs detach into the circulation, but the proliferation
and migration of resident and neighboring endothelial cells are not sufficient to restore the
microvascular endothelium. Therefore, endothelial progenitor cells (EPCs) are an essential cell
source for the repair process. One study proved that the EPC level in the serum is associated
with vascular dysfunction (Bakogiannis, Tousoulis et al. 2012). EPCs enhanced by
erythropoietin (Finn, Fernandezrepollet et al.) prior to and during ischemia displayed a
protective role on renal function in an animal model of renal IRI, with less of an increase in
serum creatinine and a reduction in tubular necrosis. However, in this study, the direct impact
of EPCs on the vascular compartment was not reported (Cakiroglu, Enders-Comberg et al. 2016)
(Li, Black et al. 2012).

2.6.2.2 Angiogenesis

Angiogenesis is another repair pathway contributing to restoring the integrity of the
microvascular endothelium. Angiogenesis is mainly regulated by vascular endothelial growth
factor A (VEGF-A). VEGF is primarily distributed in podocytes and thick ascending limbs, also
in proximal and distal tubular epithelial cells (Tanaka, Tanaka et al. 2015). VEGF expression
was decreased in a model of obstructive nephropathy (Burt, Forbes et al. 2007). The VEGF
pathway is also altered in ischemic injury, and VEGF administration results in preserving the
microvasculature. It is commonly recognized that VEGF receptors (VEGFR) located on ECs
can be classified as VEGFR1, which has an anti-angiogenic role, and VEGFR2, which has a
pro-angiogenic role. The relative importance of these two types of VEGFR determines the
angiogenic fate of ECs (Mayer 2011). In a rat renal IRI model, VEGF mRNA and protein
expression were down-regulated post bilateral 45-minute ischemia (Basile, Fredrich et al. 2008).

These results demonstrated the association between the VEGF pathway and renal
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revascularization post-IRI. The VEGF transcription and expression level down-regulation
suggest a pro-angiogenic role of the microvasculature. VEGF is crucial to preserve
microvasculature. However, overexpression of VEGF displays a detrimental effect in a murine
transgenic model; increased VEGF level suggests renal fibrotic progression (Hakroush, Moeller

et al. 2009).

Besides the VEGF pathway, hypoxia-inducible factor (Molnar, Kumpers et al.) is another
regulator in the condition of hypoxia. This transcriptional factor consists of two subunits, HIF-
o and HIF-f3. HIF-a. expression is highly associated with oxygen pressure and has two active forms,
HIF-1a and HIF-2a, functioning as an adaptor of hypoxia. HIF-1a is mainly expressed in TECs while
HIF-2a in ECs and fibroblasts. In hypoxia conditions, initiating angiogenesis by HIF activation is a
promising strategy; HIF accumulation was shown to form new vasculature in an animal study (Leite de

Oliveira, Deschoemaeker et al. 2012).

2.6.3 Microvascular rarefaction

The renal microvasculature is composed of the glomerular capillaries and PTCs. The
progression of AKI to CKD is associated with a progressive loss of PTCs, and PTC damage also
influences the long-term post-IRI outcome (Basile, Donohoe et al. 2001, Basile, Fredrich et al.
2004). Clinical and animal studies demonstrate that in other kidney diseases, including
glomerulonephritis and obstructive nephropathy, there is also an inverse correlation between
microvascular density and the severity of fibrosis (Ohashi, Kitamura et al. 2000, Ohashi,
Shimizu et al. 2002). Together, these results strongly suggest that the depletion of PTCs plays a

central role in fibrotic progression and renal dysfunction.

In addition to cell death of ECs, loss of pericytes and altered angiogenesis also contribute to
microvascular rarefaction. Pericytes are located on the abluminal side of PTCs. After ischemia,
pericytes detach from the endothelium and facilitate renal fibrogenesis. The loss of endothelium-
pericytes intense contact contributes to endothelial instability, which further induces
haemorrhage, permeability augmentation, or microvascular rarefaction (Kida and Duffield

2011).

Microvascular rarefaction, especially PTC rarefaction, can occur subsequent to IR-induced AKI.

In pathophysiological conditions, including IRI, aging, angiotensin-II infusion,
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glomerulonephritis, etc., PTC rarefaction is presented as an irreversible renal capillary loss
observed in the renal biopsies. In humans, PTCs are injured, and their density is decreased in
association with renal interstitial fibrosis (Choi, Chakraborty et al. 2000). PTC rarefaction and
renal endothelial dysfunction result in chronic renal interstitial hypoxia, which leads to
hypertrophied remaining nephrons. These atrophic renal areas further exacerbate the
hypoxic insult. Chronic hypoxia partly induced by PTC rarefaction is recognized as a

pivotal contributor to renal fibrogenesis (Basile 2004).

After pericyte detachment from capillaries, pericytes are activated and contribute to fibrosis by
dedifferentiating into myofibroblasts. However, the injured endothelium is now devoid of close
contact with pericytes, and the crosstalk between endothelial cells and pericytes vital for vessel
stability is lost. In other organs, the endothelium lacking pericytes is unstable, prone to
aneurysm, hemorrhage, or drop-out (rarefaction). In recent studies, Lin’s team has shown that
blockade of VEGFR 2 on ECs following renal injury abrogated pericyte detachment, attenuating
both PTCs loss and fibrosis during progressive renal injury induced by unilateral ureteral
obstruction (UUO) or IRI, suggesting a crosstalk between pericyte damage and capillary loss,
as well as fibrosis (Lin, Chang et al. 2011).

The association between loss of PTCs and renal fibrosis post-IRI has been reported in numerous
studies (Basile 2004, Basile 2007, Horbelt, Lee et al. 2007, Polichnowski 2018, Basile 2019,
Menshikh, Scarfe et al. 2019). In this context, three possible significant mechanisms of PTC
rarefaction are prone to induce renal fibrosis: secondary hypoxia following PTCs loss triggers
fibrogenesis; pathophysiological changes in the renal medulla exacerbate sodium ion-sensitive
hypertension; differentiation of myofibroblasts further accentuates interstitial fibrosis (Basile

and Yoder 2014).

Microvascular rarefaction post-IRI was considered a permanent loss due to the limited capacity
of proliferation and regeneration (Basile, Friedrich et al. 2011). However, recent investigations
of the delayed contralateral nephrectomy (DN) IRI model demonstrated a recovery of capillary
density in the long-term by presenting CD31 positive vessels in murine renal tissue (Menshikh,
Scarfe et al. 2019). This DN-IRI model is not commonly used as an experimental model due to
its repeated invasive operations, making it cost and resources consuming. However, its

advantage is to increase the animal survival rate due to the compensated function of the delayed
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removed kidney. The DN-IRI model has been performed both in mice and rat models (Finn
1980) and was shown to facilitate renal function and renal tissue repair post-IRI. Reports have
demonstrated that nephrectomy contributes to functional nephrons recruitment, which would
have become atrophic (Finn, Fernandezrepollet et al. 1984, Fu, Tang et al. 2018, Wei, Wang et
al. 2019). The protective role of the DN-IRI model is probably mediated by an increase in GFR
and functional nephrons. Nevertheless, it is still not clear whether PTC rarefaction works as the

cause or the result.

2.6.4 Renal fibrosis post-AKI

Fibrosis is defined by the aberrant and excessive deposition of extracellular matrix
proteins (ECM), which leads to changes in tissue architecture and function loss in fibrotic
regions. Regardless of the etiology, renal fibrosis is a common pathological CKD feature
(Babickova, Klinkhammer et al. 2017). It is associated with end-stage renal failure, and effective
preventive strategies for fibrosis are crucial to prevent irreversible loss of renal function (Leung,
Tonelli et al. 2013, Prakoura, Hadchouel et al. 2019). As mentioned above, tissue insults induce
an inflammatory response, which causes an increase in both pro-inflammatory cytokines and
profibrotic cytokines. The latter inevitably leads to activation of cells producing ECM, which is
undoubtedly a significant renal fibrogenesis event (Strutz and Muller 2006). Fibrosis is a series
of complicated processes, some critical procedures and signal pathways involved in fibrosis are

described in the following pages.

2.6.4.1 Myofibroblast differentiation

It is generally accepted that myofibroblasts are the primary cell type responsible for synthesizing
and accumulating extracellular matrix leading to renal fibrosis. Several different sources, with
other mechanisms, have been proposed as contributors to the myofibroblast pool during the

renal fibrosis process (Strutz and Zeisberg 2006).

(1) Origins of myofibroblasts

Resident fibroblasts: Fibroblasts are spindle-shaped mesenchymal cells that play a crucial role
in the homeostasis of the ECM. They are the first identified source and are still considered the

most important source of myofibroblasts (Meng 2019, Yuan, Tan et al. 2019). Interstitial
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fibroblasts are characterized by the production of fibronectin. When activated by profibrotic
stimuli, fibroblasts differentiate into proto-myofibroblasts by expressing fibronectin containing
an additional domain A (ED-A fibronectin), filamentous actin, and focal adhesions. This
transition is reversible. Proto-myofibroblasts can then differentiate into myofibroblasts,
characterized by the expression of smooth muscle actin a (a-SMA). a-SMA is a reliable
marker for differentiation into myofibroblasts (Li, Yu et al. 2019, Wang, Li et al. 2019,
Yuan, Tan et al. 2019).

Pericytes: Pericytes are cells that surround and stabilize ECs within capillaries. Following tissue
insults, pericytes detach from the endothelium, undergo migration and proliferation, and
differentiate into myofibroblasts. By using genetic mapping techniques in a mouse model of
IRI-induced renal fibrosis, pericytes/perivascular fibroblasts have been identified as the
dominant source of myofibroblasts (Humphreys, Lin et al. 2010, Kida and Duffield 2011, Piera-
Velazquez, Li et al. 2011, Chang, Chou et al. 2012).

Circulating fibrocytes: Circulating fibrocytes are a subpopulation of monocytes derived from
the bone marrow; they express the hematopoietic cell marker CD45 and have specific fibroblast
characteristics, e.g., the spindle shape, the production capacity of type I collagen. An animal
model of renal fibrosis induced by IRI where rats were transplanted with marked bone marrow
cells demonstrated that bone marrow cells contribute to 30% of the myofibroblast population,

indicating an essential role in fibrocytes (Broekema, Harmsen et al. 2007).

(2) Mechanisms implicated in myofibroblast differentiation

TGF-B/CTGF axis: TGF-B is one of the primary mediators in inducing myofibroblast
differentiation. During stimulation with TGF-B, fibroblasts are activated and undergo a
phenotypic transition to a myofibroblast phenotype. Several pathways are involved in this
differentiation induced by TGF-B, in particular the Smad3, FAK, JNK, TAK, and PI3-
kinase/Akt pathways (Xu, Lamouille et al. 2009, Dobaczewski, Bujak et al. 2010).

CTGF is another potent inducer of differentiation into myofibroblasts. CTGF expression is
activated downstream of the TGF-f signaling pathway, amplifying the TGF- pathway by
positive feedback (Cheng, Thuillier et al. 2006, Wang, Chen et al. 2019, Yin and Liu 2019). Our
team demonstrated that CTGF could induce differentiation into myofibroblasts in a TGF-f
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independent way (Laplante, Sirois et al. 2010, Bernard, Dieude et al. 2014). In a clinical study
and an animal model of allogenic renal transplantation, the presence of high levels of urinary
CTGEF correlated with the development of interstitial fibrosis (Yue, Xia et al. 2010, Kuypers,
Metalidis et al. 2012).

ROS: Reactive oxygen species (ROS) are oxygenated chemical species such as oxygen anions,
free radicals, and H>O». There are two primary sources of ROS production in cells: mitochondria
(which generate ROS as a by-product of respiration) and nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase (Scherz-Shouval and Elazar 2011, Rahal, Kumar et al. 2014).
NADPH oxidases are the primary source of ROS, which promotes fibrotic processes. The
signaling pathways involved in ROS-induced differentiation into myofibroblasts are not yet
fully understood. NOX enzymes in the NADPH family have been suggested to induce
differentiation into myofibroblasts via the MEK-ERK1/2 pathway (Barnes and Gorin 2011).

Autophagy-mTORC?2: The autophagy pathway is a pro-survival stress response. Studies have
shown that autophagy plays an important role in the fibrotic process by using multiple
experimental approaches. Induction of autophagy has been shown to promote the survival of
synovial fibroblasts (Shin, Han et al. 2010). In a clinical study, autophagy was associated with
the differentiation into myofibroblasts in the oral mucosa (Vescarelli, Pilloni et al. 2017). In
liver fibrosis models, a decrease in autophagy has been shown to reduce the differentiation of
liver stellate cells into myofibroblasts, leading to a reduction in fibrosis (Hernandez-Gea,
Ghiassi-Nejad et al. 2012). However, it is interesting to note that it has also been reported that
the inhibition of autophagy accentuates fibrosis instead of reducing fibrosis in specific
experimental approaches; for example, autophagy deficiency increased cardiac interstitial
fibrosis in a study using a murine model of cardiomyopathy (Tannous, Zhu et al. 2008); and
another publication demonstrated the inhibition of autophagy promoted myofibroblast
differentiation in an in vitro COPD model (Fujita, Araya et al. 2015). It has been proposed that
autophagy in different cell types could have different impacts on the fibrotic process. Based on

these studies, autophagy is suggested vital to myofibroblasts differentiation in various cell types.

mTOR is a serine/threonine kinase that controls many cellular processes. Two kinds of mTOR
complex are structurally and functionally distinct: mTOR complex 1 (mTORC1) and mTOR
complex 2 (mTORC2). mTORCI1 is composed of the protein associated with the regulation of
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mTOR, Raptor (protein associated with regulation of mTOR), the mammalian lethal with Sec
13 protein 8/G-protein B-protein subunit-like (mLST8/GBL), the substrate 40 kDa of Akt/PKB
(PRAS40), and the DEP-domain-containing mTOR interacting (Deptor) protein. MTORC?2 is
composed of the rapamycin-insensitive companion of mTOR (Rictor), mammalian stress-
activated protein kinase-interacting protein 1 (mSIN1), the protein observed with Rictorl/2
(Protor1/2), mLST8/GBL, and Deptor (Huang and Fingar 2014). The specific ablation of Rictor
in fibroblasts leads to a decrease in fibrosis and the level of a-SMA in a mouse model of
unilateral ureteral obstruction, suggesting an essential role of mMTORC?2 in the differentiation
into myofibroblasts (Li, Tan et al. 2015). Using an in vitro fibroblast system, our team also
demonstrated that autophagy could activate differentiation of fibroblasts into myofibroblasts in

a mTORC2-dependent manner (Bernard, Dieude et al. 2014).

Senescence: Cellular senescence or biological aging is the deterioration of cellular function,
involving an increased death rate or damaged function of proliferation and differentiation,
including remodeling of chromatin, autophagy activation, and proinflammatory protein
secretion (Waters, Blokland et al. 2018). The link between cell senescence and differentiation
into myofibroblasts has been found in specific contexts. It has been demonstrated in a murine
model of skin wound closure that senescent fibroblasts appear early in the wound. Senescent
fibroblasts accelerate the closing by inducing differentiation into myofibroblasts via the
secretion of platelet-derived growth factor AA (PDGF-AA) (Demaria, Ohtani et al. 2014). Our
team also reported autophagy activation by inhibiting mTOR2 fueled senescence and

myofibroblast differentiation in vitro human fibroblasts (Bernard, Yang et al. 2020).

2.6.4.2 Other cellular pathways contributing to fibrosis

(1) Epithelial-mesenchymal transition (EMT)

EMT is a cellular process characterized by the loss of cell polarity and the change in cell form
from cuboid to fibroblastoid, by under-regulation of epithelial markers and over-regulation of
mesenchymal markers (Luo, Cai et al. 2019, Hu, Zhang et al. 2020). The function of EMT in
kidney fibrosis is still in debate. Multiple investigations reporting mesenchymal markers after
tubular epithelial cells are damaged or exposed to cytokine in vitro, but in vivo studies suggest

the presence of EMT in the kidney fibrotic process is limited (Iwano, Plieth et al. 2002). One
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study using Cre/Lox technique for genetic labeling did not find evidence for the migration of
epithelial cells outside of the tubular basement membrane into the interstitial space in a murine
Unilateral Ureteral Obstruction (UUO) model, which did not support EMT as contributing to
fibrosis (Humphreys, Lin et al. 2010).

When fluorescence labeling and genetic crossing were used to trace the origin of myofibroblasts,
no evidence of epithelial cell origin was found. Moreover, pericytes work as precursors of

myofibroblasts (Humphreys, Lin et al. 2010).

(2) Endothelial-mesenchymal transition (EndoMT)

EndoMT is considered a unique form of EMT where ECs are induced to switch to a
mesenchymal cell phenotype. EndoMT has been observed in renal dysfunction caused by
multiple etiologies, including IRI, UUO, and streptozotocin-induced diabetic kidney disease
(DKD) (Li, Qu et al. 2009). One study investigated EndoMT in three different murine renal
fibrosis models, UUO, streptozotocin induction, and Alport renal disease. This study showed
that up to 50% of fibroblasts had the endothelial marker CD31 and the myofibroblast marker a-
SMA. Cell tracing observations on Tie-2/Cre mice also suggested an endothelial source of

myofibroblasts (Zeisberg, Potenta et al. 2008).

In the context of IRI-induced AKI, using genetic mapping techniques, a study showed that a
population of myofibroblasts is of endothelial origin (Basile, Friedrich et al. 2011). EndoMT
contributes to renal dysfunction in patients post sepsis-induced AKI (Stasi, Intini et al. 2017),
and could be induced by renal IRI and antibody-mediated rejection (ABMR) in the transplant
setting (Xu-Dubois, Peltier et al. 2016). Although EndoMT has been shown to be involved in
animal organ fibrosis progression, the extensive contribution of EndoMT has not yet been
thoroughly investigated and remains a controversial topic. One study labeled fibroblast using a
murine collagen-GFP fused model, but most fibroblasts originated from resident fibroblast cells,

not from ECs or epithelial cells (Moore-Morris, Guimaraes-Camboa et al. 2014).

EndoMT is regulated by TGF-B, AKT, and mTOR pathways, causing the loss of ECs markers
and the acquisition of myofibroblast features, such as a-SMA N-cadherin (Dejana, Hirschi et al.
2017). TGF-B receptor endothelial conditional knock-out heterozygous mice show increased

angiogenic capacity after UUO (Xavier, Vasko et al. 2015).
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Pericytes:

In a fate-tracing study of myofibroblasts post-UUO and IRI, no evidence of tubular epithelial
origin was found. Still, a-SMA positive myofibroblasts with pericyte markers PDGF receptor 3
(PDGFRp) and CD73 were documented (Humphreys, Lin et al. 2010). Other investigators
reported that a population of PDGFRJ positive cells were characterized as mesenchymal-like
cells and contributed to renal fibrogenesis. Simultaneously, a deficiency in zinc-finger
transcription factor GL11+ on pericytes attenuated renal fibrosis induced by UUO (Kramann,
Schneider et al. 2015). Although pericyte to mesenchymal transition is documented in kidney
disease, pericytes are not considered significant renal fibrosis drivers because only a small

amount of myofibroblasts originate from NG2 positive pericytes (LeBleu, Taduri et al. 2013).

While EMT does not seem to play a significant role in renal fibrosis, tubular epithelial cells
could upregulate profibrotic factors, which can, in turn, affect pericytes. Hedgehog signal is
regulated by tubular epithelial cells, while Hedgehog receptor patched 1 (PTCH1) and effector
GLIT and GLI2 are expressed on pericytes (Fabian, Penchev et al. 2012). Also, tubular epithelial
cells express Wnt signal factor Wntl, promoting pericyte to mesenchymal transition by

mediating the Wnt—Pcatenin signal (Xiao, Zhou et al. 2016).

In addition to transitioning to myofibroblasts, pericytes can detach from endothelial cells in
AKI, disrupting the microvascular structure and facilitating capillary loss and secondary tubular

hypoxia, which in turn promote fibrosis (Schrimpf, Teebken et al. 2014).
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Figure 8.  Sources of renal myofibroblasts (Mack and Yanagita 2015).
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In summary, tubular epithelial cells present an adequate capacity for regeneration and repair,
while repair and regenerative capacities in the microvascular endothelial compartment are much
more limited. Therefore, microvascular rarefaction is a crucial characteristic of microvascular
loss, and some other mechanisms beyond tissue repair are involved in renal microvascular
preservation or revascularization, such as angiogenesis. Renal fibrosis develops as an
irreversible form of tissue scar formation secondary to incomplete renal tissue repair, with the
feature of myofibroblasts dedifferentiation and renal structural disorder. Some other signals also
contribute to renal fibrosis progression, e.g., EndMT, EndoMT, and pericyte-myofibroblast

differentiation.

2.7 Chronic kidney disease (CKD) and AKI-CKD transition

2.7.1 Definition of CKD

CKD is now recognized as a severe clinical event. CKD incidence among patients over 65 years
old is around 10% in the USA. This population of patients has excessively high morbidity,
mortality, and a strong tendency for end-stage renal disease (ESRD) progression. Therefore, the
management of CKD is critical due to the severe clinical outcome and economic burden of

ESRD (Kalamas and Niemann 2013).

CKD is defined according to the level of renal dysfunction, usually diagnosed by the 2002
National Kidney Foundation Kidney Disease Outcomes Quality Initiative guidelines (NKF
KDOQI). This criterion includes five stages classified according to the glomerular filtration rate

(GFR) and related symptoms, such as proteinuria, and abnormal renal biopsy.

National Kidney Foundation K/DOQI: stages of chronic kidney disease (CKD)

GFR

Stage of CKD Description (mL/min/1.73 m?)
| Kidney damage with normal or increased GFR >90 mL/min

(eg, early diabetic nephropathy)
Il Kidney damage with mildly reduced GFR 60-89
1] Moderately reduced GFR 30-59
v Severely reduced GFR 15-29
Vv End-stage renal disease <15 or need for dialysis

Tableau III.  Definition and classification of CKD (Kalamas and Niemann 2013).
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2.7.2 AKI to CKD transition

AKI and CKD were considered two independent clinical events, attributed to the concept that
the kidney has enough repair capacity for full functional recovery. However, renal recovery post
AKI has now been recognized as more insufficient than assumed. A transition from AKI to CKD
develops in many cases of AKI (Maekawa and Inagi 2019). The precise mechanism of AKI-
CKD transition is still not well understood, however, multiple alterations were involved in the
progression to CDK, e.g., chronic hypoxia leading to further tubulointerstitial fibrosis,
microvascular loss, microvascular dysfunction. In regard to molecular and cellular alteration,
ER stress and tubular phenotype changes (tubular cell senescence) and tubular inflammation
were also observed by different investigations (Ferenbach and Bonventre 2015, Sturmlechner,
Durik et al. 2017).

Effective prevention of AKI-CKD transition is crucial for maintaining renal function.
Observation targeting ER stress and mitochondrial stress demonstrated that these stresses
promoted CKD transition through activation of tubular cell senescence and initiation of
inflammation (Zhang, Sha et al. 2018). Another study focusing on cGAS-STING and SASP
pathways displayed a potential contribution to AKI-CKD transition of tubular senescence and
inflammation. However, investigating the molecular mechanism of CKD transition still needs
to be further explored (Maekawa and Inagi 2019).

In brief, mounting evidence suggests insufficient renal functional recovery post-AKI explaining
to some degree the trend toward AKI-CKD transition and the importance of preventing CKD

development.

3. Characteristics of multiple rodent AKI-CKD models

IRI induced by renal artery clamping is the most commonly used and best characterized AKI
experimental animal model. It was developed in a number of species, including murine and
porcine models (Yang, Hosgood et al. 2011, de Braganca, Volpini et al. 2016, Perry, Huang et
al. 2016, Black, Lever et al. 2018, Kitamura, Nakano et al. 2018, Dong, Zhang et al. 2019). The
IRI model is relevant to clinical situations such as vascular occlusion, hypotension, dehydration,
and, most importantly, renal transplantation. The renal ischemic insult contains an ischemic

phase and a reperfusion phase, initiating a cluster of cell responses that induce tubular epithelial
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damage, inflammation, and microvascular dysfunction. Renal dysfunction continues to develop
several weeks to months after IRI in rodent models, enabling possible research strategies
focused on the characterization of AKI-CKD transition. Generally, animal IRI models of AKI-
CKD transition include bilateral IRI, unilateral IRI, unilateral IRI plus nephrectomy, and
multiple IRI.

3.1 bilateral IRI (bIRI)

bIRI is performed by clamping the renal artery of both kidneys. Basile’s team used bIRI rat
model for 60 minutes to investigate long-term damage post-AKI. It was found that abnormal
tubular morphology was present at four weeks post-operation. However, interstitial fibrosis
developed at 40 weeks involving TGF-1 up-regulation and capillary loss in the outer medulla
(Basile, Donohoe et al. 2001). This study demonstrated that severe IRI could induce long-term
fibrosis with loss of peritubular capillaries. Other bIRI models with different clamping times

were also performed.

In addition to clamping time, the ischemic temperature is another important factor regulating
the severity of ischemic damage. Based on the literature and our preliminary work,
homeothermic monitoring and rectal probing during manipulation are required (Wei and Dong
2012, Marschner, Schafer et al. 2016). Different IRI severity can be induced by modifying
temperatures and ischemia times, providing various damage scenarios for generating moderate

AKI or severe AKI followed by progressive CKD transition.

bIRI is a model of hemodynamics similar to patient, however, there are also apparent
disadvantages. The optimal surgery condition should be tested; if the injury is too severe, the
animal cannot survive in the long-term; if too mild, renal dysfunction recovers to normal

quickly, which stops CKD development.

3.2 unilateral IRI (ulRI)

ulRI is performed by clamping only one renal artery while the contralateral kidney is kept intact.
Some studies induced ulRI by clamping the renal artery for 30 minutes at 37°C (Skrypnyk,
Harris et al. 2013, Ehling, Babickova et al. 2016, Chen, Fang et al. 2018, Yang, Lan et al. 2018,
Dong, Zhang et al. 2019, Menshikh, Scarfe et al. 2019). One study observed epigenetic
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alternations of several genes post IR and lipopolysaccharide (LPS) insults. As a result, TNF and
NGAL were transcriptionally upregulated in both models, and KIM-1 was overexpressed in the
IRI model (Zager, Johnson et al. 2011). Another investigation performing clamping for 45
minutes also found abnormalities of tubular epithelial morphology, inflammation, and renal
fibrosis at ten weeks post-ischemia (Lech, Grobmayr et al. 2014). These investigations
confirmed that ulRI is a useful model to study chronic renal damage due to the high survival
rate. However, this is also a disadvantage since the intact contralateral kidney's compensation
role makes it challenging to monitor renal dysfunction at different stages, which implies that
this model is a good choice to study long-term histological findings post-IRI but not to assess

its renal functional consequences (decreased estimated GFR).

3.3 unilateral IRI plus nephrectomy (ulRIx)

The ulRIx model is similar to that of the ulRI but involves contralateral nephrectomy, therefore
avoiding the compensatory role of the contralateral kidney. One research work inducing IRI in
rats by 60-minute unilateral renal artery occlusion plus nephrectomy found that renal function
was better preserved if the contralateral kidney was excised before ischemia (Finn,
Fernandezrepollet et al. 1984), but this study doesnot apply to the AKI-CKD transition. Another
study using delayed nephrectomy demonstrated that the nephrectomy group displayed reduced
fibrosis in the long term (Yang, Besschetnova et al. 2010). Also, an observation comparing
moderate and severe ulRIx models, by simultaneously performing nephrectomy simultaneously
in a moderate model for 26 minutes of ischemia in a moderate model and eight days delayed
nephrectomy for 30 minutes in a severe model, respectively (Skrypnyk, Harris et al. 2013).
These works suggested that the ulRIx model could induce chronic kidney damage with a
stable survival rate and ameliorate progressive renal injury. However, delayed nephrectomy
is beneficial for animal survival, especially in severe models, which does not perfectly mimic

real-life situations in the clinic.

3.4 multiple IRI

Multiple IRI is usually used to induce renal fibrosis. Firstly, Zager and his colleagues

demonstrated that repeated bIRI in a rat model did not result in a more significant loss of GFR
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and had a protective role in renal function, with no further elevation of serum creatinine and
BUN after 6 days (Zager, Baltes et al. 1984). Similar clinical research is called “preconditioning
intervention,” which has suggested better preservation of renal function through preconditioning
treatment (Yeh, Hsu et al. 2010, Ferreyra, Vargas et al. 2013, Zhou, Liu et al. 2020). Further
investigations are required to understand this multiple IRT model better. The influence of
ischemic times, the interval time of subsequent ischemic injury, and other factors require in-

depth study.

In short, all these models present development of CKD transition post-AKI to some degree,
demonstrated by the serum and urine parameters test conforming with the definition of AKI. At
the same time, renal progressive damage and fibrosis could be found in the long term attributed
to incomplete repair. Among these IRl murine models, ulRIx was chosen for the animal model
in our study due to its similar scenario with the clinical renal replacement procedures. In addition,
as it differs from ulRI, ulRIx can avoid contralateral renal function compensation after

nephrectomy.
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Figure 9. Comparison of multiple animal IRI models (Fu, Tang et al. 2018).
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Rationale and hypothesis

Rationale

IRI is one of the most common causes of AKI and a significant risk factor for CKD. Renal
transplant is inevitably associated with IRI, which can lead to AKI in the immediate post-
transplant period resulting in delayed graft function (DGF). In turn, DGF is highly associated
with poor kidney graft function and survival. It is now generally accepted that tubular and
microvascular insults are two critically important features of IRI-induced AKI. Programmed
cell death plays a predominant role in tubular epithelial cell damage and endothelial damage.
Tubular epithelial injury was considered the primary cellular target in the past, however,
mounting evidence has identified microvascular injury as a pivotal contributor to progressive
renal damage and renal fibrosis. Therefore, this study focuses more on endothelial dysfunction
in IRI cases. In our previous work and reports from other teams, apoptosis was found as an
essential endothelial cell death pathway in the scenario of serum starvation in vitro and clinical
kidney transplant (Cailhier, Laplante et al. 2006, Laplante, Sirois et al. 2010, Yang, Hosgood et
al. 2011, Yang, Zhao et al. 2014, Dieude, Bell et al. 2015, Cardinal, Dieude et al. 2018).
Activation of caspase-3, a crucial mediator in apoptosis, has been reported in tubular epithelial
cells and ECs in the context of AKI. The relative importance of caspase-3 activation in tubular
and microvascular insults induced by IRI and the functional effects of the damage to these

compartments remain unclear.

Microvascular endothelial injury releases a series of signals that trigger microvascular
permeability disorders and subsequent microvascular rarefaction, which further induces long-
term renal dysfunction and interstitial fibrosis. Whether caspase-3 contributes to microvascular

dysfunction and microvascular rarefaction post-IRI remains uncertain at present.

Hypothesis

1. Apoptosis is the predominant mode of endothelial cell death in the context of AKI induced
by IRI. Caspase-3 deficiency has a protective effect against microvascular dysfunction post mild

and severe IRI.
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2. Caspase-3 deficiency prevents renal microvascular rarefaction, renal fibrogenesis, and long-

term renal dysfunction post-IRI.

Objectives

1. To define the effect of caspase-3 in renal microvascular dysfunction after mild and severe
renal IRI.
2. To define the molecular mechanism of microvascular endothelial protection associated

with caspase-3 inhibition.

3. To investigate the interplay between endothelial cell death and microvascular rarefaction,

and also renal fibrosis in the long term.

Methods

1. Invitro experiments: human tubular epithelial cells (K2 cells) and human umbilical vascular
cells (HUVECs) were exposed to mild hypoxia-reoxygenation (mimicking mild AKI in

Vivo).

2. In vivo experiments: unilateral renal artery clamping plus contralateral nephrectomy (30
minutes and 60 minutes) were performed in wild-type mice (C57BL/6) and caspase-3 KO
mice. Mice were sacrificed at 1, 2, 3, 7, and 21 days post-IRI. BUN and serum creatinine
were tested to monitor renal function, histological evaluation was performed to evaluate
tubular and endothelial dysfunction, and microvascular rarefaction and fibrosis in the long
term. Micro-Computed Tomography (microCT) and intra-vital imaging were used for

assessing renal microvascular permeability and renal microvascular density.
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Abstract

Ischemia-reperfusion injury (IRI) is a major risk factor of chronic renal failure. Here, we
characterize the different modes of programmed cell death in the tubular and microvascular
compartments during the various stages of IRI-induced acute kidney injury (AKI) and their
relative importance on renal fibrogenesis. Unilateral renal artery clamping for 30 minutes with
contralateral nephrectomy was performed in wild-type mice (C57BL/6) or caspase-37- mice. In
the early stage of AKI, caspase-37- mice showed aggravated tubular epithelial cell (TEC) injury
with higher urine cystatin C levels, tubular injury scores, and serum creatinine levels compared
with the wild type. Electron microscopy, Receptor-interacting serine/threonine-protein kinase
3(RIPK3) immunohistochemistry and phosphorylated RIPK3 levels demonstrated enhanced
TEC necroptosis in caspase-37-mice. In contrast, microvascular congestion and activation were
reduced in the early and extension phases of AKI in caspase-37 mice. In the long term,
microvascular rarefaction was reduced in caspase-3”- mice. This was associated with reduced
renal fibrosis, decreased expression of a-smooth muscle actin and reduced collagen deposition
within peritubular capillaries. Preservation of the peritubular microvasculature in caspase-37"
mice led to reduced tubular ischemia, with lower hypoxia-inducible factor 1 a (HIFla)

expression and ameliorated tubular injury scores 3 weeks after IRI.

Collectively, these results establish the pivotal importance of caspase-3 in regulating
microvascular apoptosis and fibrosis after IRI. These findings also demonstrate the predominant
role of microvascular over tubular injury as driver of progressive renal damage and fibrosis after

IRI.
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Introduction

Acute kidney injury (AKI) is a major risk factor of progressive renal insufficiency. More than
20% of hospitalized adults worldwide experience some level of AKI'-* prompted most
commonly by ischemia-reperfusion injury (IRI) and sepsis.* The severity and number of AKI
episodes in various patient cohorts predict progressive long-term renal dysfunction.® > This
association holds true whether or not patients presented renal conditions prior to AKI.® Also, in
renal transplant patients, AKI at the time of transplantation portends reduced renal allograft
survival, independently from the risk of rejection.’

Programmed death of tubular epithelial cells is a classical hallmark of AKI.* Apoptotic renal
tubular cells, as assessed either through TUNEL staining, immunohistochemistry for the effector
caspase-3, or electron microscopy, have been highlighted in animal models of AKI and human
renal biopsy samples.®!? The presence of renal tubular cells with a morphology suggestive of
necrosis is also a classical finding in AKI.!>!* Although both apoptotic and necrotic tubular
epithelial cells are present in the acute phase of AKI, mounting evidence suggests a predominant
role for regulated necrosis, or necroptosis, in acute renal dysfunction. Receptor-interacting
serine/threonine-protein kinases 1 and 3 (RIPK1 and RIPK3) and mixed lineage kinase domain—
like protein (MLKL) regulate necroptosis in various cell types, including renal tubular cells.!®
Inhibition of RIPK3 activation, either through the use of the RIPK1 inhibitor necrostatin or in
mice genetically deficient for RIPK3, reduces early renal tubular injury and renal dysfunction
in models of IRI or cisplatin-induced AKI.'® 7 In murine models of IRI followed by renal
transplantation, RIPK3”" kidney allografts showed improved renal function and longer survival

post transplantation.'?
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Although tubular epithelial cell injury has been recognized for decades as an important
characteristic of AKI, renal microvascular injury is now appreciated as an important contributor
to renal dysfunction.* %! In the early phase of AKI, endothelial activation, dysfunction, and
apoptosis promote inflammatory leukocyte trafficking, complement activation, and thrombosis.
The reduced blood flow and vascular congestion that ensue contribute to the extension phase of
AKI, producing further epithelial injury. In the long term, loss of peritubular capillaries (PTC)
lead to chronic hypoxia, which translates into increased expression of hypoxia inducible factor
1 o (HIF-1a) within tubular epithelial cells, renal fibrosis, and progressive loss of renal
function.* 2% In transplanted kidneys, the magnitude of microvascular involution during the
first 3 months following transplantation is a major predictor of long-term renal allograft
function.’

The molecular pathways and programs that control renal microvascular cell death and involution
during the various stages of AKI remain debated. Upregulation of caspase-3, the main effector
of apoptosis, has been described in both renal tubular and microvascular endothelial cells in the
early stages of IRI-induced AKI.?? 25 Caspase-3 inactivation with siRNAs prior to IRI yielded
contradictory results in different animal models, with both cases of ameliorated and deteriorated
renal dysfunction observed following IR1.?°?” In addition, the relative importance of caspase-3
in the regulation of different modes of cell death within renal tubular and microvascular
compartments throughout the early, extension, and pro-fibrotic phases of AKI remains to be
characterized.

Here, we used caspase-37- mice to delineate the mechanisms of tubular and microvascular
damage throughout the various phases of IRI-induced AKI. We report that early tubular injury

and renal dysfunction are increased in caspase-3”- mice, whereas microvascular integrity is
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ameliorated throughout the various phases. In the long term, caspase-37 mice show reduced
microvascular drop-out, decreased tubular ischemia, and reduced interstitial fibrosis,

establishing a major role for caspase-3 activation in microvascular rarefaction and renal fibrosis.

Results

Caspase-3 deficiency aggravates early tubular epithelial injury following ischemia-
reperfusion

Renal artery clamping for 30 minutes followed by contralateral nephrectomy is a classical model
of IRI. Unexpectedly, caspase-37- mice showed accentuated renal dysfunction following renal
artery clamping (Figure 1). Serum creatinine levels were significantly higher in caspase-3”"mice
at day 1 post IRI, and rapidly returned to levels comparable to wild-type mice thereafter (Figure
1A). Renal tubular injury scores were significantly higher at 1 and 2 days post IRI in caspase-3-
" mice (Figure 1B, 1C), suggesting accentuation of tubular injury. Urinary cystatin C was also
increased in caspase-37- mice at day 1 post-IRI (Figure 1C and Supplementary Figure 1).
Immunostaining for KIM-1 also showed significantly increased levels at day 1 post—IRI
(Figure 1 D) providing further evidence of enhanced epithelial injury in the absence of caspase-
3. Immunostaining for activated caspase-3 was unsurprisingly present in wild-type mice after
IRI but not in caspase-3 deficient mice (Supplementary Figure 2). In wild-type mice, the
increase in the number of caspase-3 positive cells was not statistically significant when
compared to baseline in the first week after IRI (Supplementary Figure 2). Furthermore, influx
of CD45+ leukocytes was also higher in caspase-3”- mice at 1 day post IRI, demonstrating

enhanced inflammation in association with increased tubular injury (Supplementary Figure 1b).
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Interestingly, influx of CD45+ leukocytes at 2, 3 and 7 days post-IRI were not different between
caspase-3”" mice and wild-type controls.

We then investigated the morphological characteristics of tubular cell death at day 1 post IRI.
Light microscopy revealed severe features of acute tubular necrosis in caspase-37- mice,
particularly renal tubule denudation, tubular dilation caused by tubular cell flattening, and
extensive cast formation (Figure 1B). Renal tubular epithelial cell swelling and sloughing were
common, suggesting extensive necrotic cell death, whereas nuclear condensation typical of

apoptosis was typically absent in caspase-37- mice (Figure 1B).

78



60+
A Serum creatinine levels === KO
- WT
g o *
=]
13
3
g
© *
g
o
pre 1d 2d 3d 7d
wT n=6 n=7 n=8 n=8 n=9
KO n=3 n=6 n=8 n=6 n=11
B HE staining

C Tubular injury score

3.5 *%k%
3.0 *% -

-a= KO
- WT

2.5+
2.04
1.54
1.0

tubular injury score

0.5+
0.0

urinary cystatin C(ug/ml)

T T T T
pre 1d 2d 3d 7d L L)
wT n=4 n=7 n=8 n=8 n=11

KO n=3 n=5 n=8 n=6 n=11 WI  n=3

D KIM-1IHC

ns *

KIM-1 positive tubules
percentage

WTpre KOpre WT1d KO1d

n=4 n=3 n=7 n=8

Figure 1: Casp 3 y agg IRI-ind tubular injury.

79



Electron microscopy confirmed these findings and highlighted the presence of severely
damaged tubules containing remnants of tubular epithelial cells detached from the basement
membrane in caspase-37- mice at 1 day post IRI. Tubular epithelial cells were swollen with
degenerative damages in mitochondria, showing intense vacuolization and membrane rupture
that are both consistent with necrosis (Figure 2A). In caspase-37- mice, there were few, if any,
tubular epithelial cells showing ultrastructural features of apoptotic cell death, such as chromatin
condensation and fragmentation. In wild-type mice, tubular epithelial cell injury was less
prominent and characterized mainly by loss of brush borders and microvilli and basolateral
infoldings in the proximal tubules (Figure 2A). These findings suggested enhanced necrosis in
tubular epithelial cells of caspase-37- mice. To evaluate whether markers of necroptosis, a
genetically regulated form of necrosis, were enhanced in caspase-3”- mice, we performed RIPK3
immunostaining in kidney sections at 1 day post IRI. Indeed, RIPK3 immunostaining was found
to be enhanced in damaged tubules, consistent with accentuation of tubular necroptosis in
caspase-37~ mice following IRI (Figure 2B). We also assessed levels of phosphorylated RIPK3
in whole kidney extracts and found significantly increased pRIPK3 levels in caspase-37- mice.
We also evaluated whether injection of the pan-caspase inhibitor ZVAD-FMK would accentuate
AKI in wild-type and caspase-3”7- mice. ZVAD-FMK significantly increased serum creatinine
levels at day 1 post-IRI in caspase-37- mice but not in wild-type controls (Supplementary Figure
3), suggesting that caspases other than caspase-3 may contribute to the response to IRI in
caspase-3 deficient animals. Collectively, these results demonstrate that caspase-3 deficiency
increases the propensity to tubular injury in the early stage of IRI-induced AKI by enhancing

the activation of the necroptotic response.
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Caspase-3 deficiency attenuates microvascular injury and preserves microvascular
integrity

We then evaluated whether microvascular endothelial cells were similarly affected by caspase-
3 deficiency. Intriguingly, rouleaux formation, a read-out of microvascular congestion, tended
to be attenuated in caspase-37 mice at days 1 and 2, but was significantly reduced at day 3
(Figure 3A). CD34, a marker of endothelial progenitor cells,?® was significantly higher 1 day
post IRI (Supplementary Figure 4A). There was no difference at baseline in the number of bone
marrow CD34+/CD45+ bone marrow cells in caspase-37- and wild-type mice (Supplementary
Figure 4B). As evidence of better preservation of microvascular integrity in caspase-3”" mice
during the extension phase of AKI, staining of mouse endothelial cell antigen (MECA-32), a
marker of microvascular endothelial cells,”® was found to be significantly increased within
peritubular capillaries in caspase-3- mice compared to wild-type mice at day 3 post IRI (Figure
3B). Electron microscopy results were also consistent with this observation. Wild-type mice
showed widespread signs of peritubular microvascular damage with reduced endothelial
fenestration, and irregularities in the endothelium and basement membrane at day 3 post IRI
(Figure 3C). In contrast, these changes were uncommon in caspase-3”- mice, where fenestration
of peritubular endothelial cells was preserved (Figure 3C). Collectively, these results suggest
that caspase-3 deficiency aggravates tubular injury while concomitantly preserving the integrity

of the microvasculature.
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To further assess this finding, we evaluated kinetics and modes of cell death in human
endothelial and renal tubular epithelial cells exposed to oxygen and nutrient deprivation in vitro.
Exposure to hypoxia and serum deprivation for 4 hours followed by reoxygenation led to a
significant increase in apoptosis in endothelial cells but not in epithelial cells (Figure 8). Only
after 24 hours of hypoxia and serum starvation did we find a similar level of apoptosis in renal
epithelial cells. However, this was associated with a concomitant and significant increase in the
number of necrotic cells (Figure 8C). Silencing caspase-3 in endothelial cells significantly
reduced the number of apoptotic cells without increasing necrosis. In epithelial cells however,
caspase-3 silencing did not impact levels of apoptosis but significantly increased the number of
necrotic cells. Collectively, these results confirm that different types of death programs and
different kinetics of cell death are activated in endothelial and renal tubular epithelial cells upon

oxygen and serum deprivation.

Caspase-3 deficiency attenuates activation of fibrogenic pathways post IRI

Previously, we showed that caspase-3 activation within apoptotic endothelial cells leads to the
release of the fibrogenic mediator connective tissue growth factor (CTGF).3° Higher circulating
levels of CTGF predict renal fibrosis and reduced renal allograft function in renal transplant
patients.’!> 32 Consistent with reduced vascular cell damage in caspase-3”- mice, we found a
surge in circulating CTGF levels at day 2 post-IRI whereas CTGF remained stable in caspase-
37~ mice (Figure 4A). Microvascular injury and dysfunction is known to lead to increased a-
smooth muscle actin (a-SMA) expression.*? a-SMA upregulation increased steadily in the first
week post-IRI in wild-type mice whereas caspase-37- mice showed a slower increase with

significantly less peritubular a-SMA staining at day 3 post-IRI (Figure 4B). Collectively, these
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results confirm better preservation of microvascular integrity in the early and extension stages
of AKI in caspase-3”" mice.

During the extension and repair phases of AKI, microvascular rarefaction plays a key role in
renal fibrogenesis, at least in part through induction of renal tubular ischemia associated with
HIF-1a overexpression and activation of downstream fibrogenic pathways.* 3433 The molecular
mechanisms controlling microvascular rarefaction remain ill-defined. We therefore evaluated
the impact of caspase-3 invalidation on microvascular rarefaction and fibrogenesis. Collagen
deposition, as evaluated with Sirius Red staining, was significantly lower in caspase-3~~ mice at
day 7 post IRI compared with wild-type mice. In the latter, intense Sirius Red staining was
present within peritubular spaces, whereas glomerular and macrovascular compartments were

largely negative (Figure 4C).
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Electron microscopy also highlighted preservation of microvascular integrity in caspase-3"
mice (Figure 6). In wild-type mice, peritubular capillaries showed characteristic apoptotic
ultrastructural changes within peritubular capillaries, such as chromatin condensation and
formation of apoptotic bodies (Figure 6). These changes were absent in caspase-3”" mice. In
addition, aSMA staining within peritubular capillaries was significantly reduced in caspase-3"
mice, consistent with better microvascular homeostasis and reduced fibrogenesis (Figure 5B).
a-SMA levels in whole kidney extracts were also evaluated by western blotting and confirmed
reduced 0-SMA levels in caspase-37- mice (Figure 5C and Supplementary Figure 5B). We also
evaluated whether increased a-SMA staining was present specifically in peritubular capillaries
or whether other components of the vascular compartment, such as glomeruli, were affected.
Peritubular 0-SMA staining increased over time in wild-type mice whereas caspase-37- mice
showed a slower increase in a-SMA levels with significantly lower levels at day 21 post-IRI
compared to wild-type mice. The kinetics of glomerular a-SMA staining were however similar
at all time points in caspase-37- mice and wild-type controls. This suggested a major role for
caspase-3 within peritubular capillaries but not in glomeruli. In support of this conclusion, Sirius
Red staining was also significantly reduced within peritubular capillaries in caspase-37- mice,
indicating reduced collagen deposition (Figure 5D). Collectively, these results demonstrate a
sustained advantage for caspase-37- mice in preserving the integrity of the peritubular capillary
network and reducing fibrosis after IRI, and highlight a novel role for caspase-3 in the regulation

of microvascular rarefaction.
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Microvascular drop-out can lead to a state of tubular ischemia characterized by HIF-la
overexpression, which in turn favors tubular atrophy and renal dysfunction.* We found that
expression of tubular HIF-1a was significantly reduced in caspase-3”- mice at 21 days post IRI
(Figure 7A,B and Supplementary Figure 6A). Western blots for HIF-1a in whole kidney extracts
confirmed significantly reduced HIF-1a levels in caspase-37- mice at day 21 post-IRI (Figure
7B). Immunostaining for activated caspase-3 showed that the number of caspase-3 positive cells
was maximal at day 21 post-IRI in wild-type mice, suggesting persistent cell death over time
(Supplementary Figure 2). Tubular injury scores rose steadily after IRI in wild-mice whereas
caspase-37- mice showed a sharper decline after the initial surge with significantly lower levels
at day post-IRI compared to wild-type mice (Supplementary Figure 6B). Serum creatinine levels
were not different in wild-type and caspase-3"- mice at day 21 post-IRI highlighting the known
lack of sensitivity of creatinine as a biomarker of renal fibrosis.!* Collectively, these results
suggest that preservation of microvascular integrity in caspase-3—deficient mice with lower
levels of tubular ischemia in the long term benefits tubular homeostasis and prevents peritubular

fibrosis (Figure 9).
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Discussion

IRI is one of the most common causes of AKI and a major risk factor for chronic renal failure.
In this study, we identified caspase-3 as a central regulator of peritubular capillary injury and
microvascular rarefaction and fibrosis post IRI.

Intriguingly, our results showed a deleterious impact of caspase-3 invalidation on renal function
and tubular epithelial cell injury in the early stage of AKI. Caspase-3"- mice displayed enhanced
tubular injury scores, increased urinary cystatin C, increased KIM-1 levels, and deteriorated
serum creatinine at 1 day post IRI. We demonstrated that, by electron microscopy RIPK3
staining and evaluation of phosphorylated RIPK3 levels, that absence of caspase-3 redirects
tubular cell death towards necroptosis. These results are consistent with mounting evidence
highlighting a major role for necroptosis as the predominant type of renal tubular demise in the
early stage of AKI.!3 153637 Our results also highlight that failure to activate tubular apoptosis
upon IRI favors RIPK3 activation and leads to accentuated renal dysfunction in the early stage
of AKI.

However, the present results are in stark contrast with a previous report by Zhang et al describing
a protective role for small interfering RNA (siRNA) targeting caspase-3 when infused
intravenously prior to renal IR1.?> One major difference between the two studies is the method
of caspase-3 invalidation. It is possible that intravenous infusion of caspase-3 siRNA prior to
IRI in the study by Zhang could have led to preferential caspase-3 silencing within the
vasculature. The relative levels of caspase-3 silencing in renal tubules compared with the
microvasculature were not addressed in the study by Zhang. Nonetheless, this prompted us to

evaluate the relative contributions of caspase-3 in both cellular compartments in our system.
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In the early stage of AKI, caspase-3”7" mice showed enhanced tubular injury, yet reduced
microvascular damage as demonstrated by rouleaux formation, staining for CD34, and MECA-
32 and electron microscopy. Collectively, our results highlight different modes of regulated cell
death in renal tubules compared with peritubular capillaries after IRI. Whereas necroptotic
pathways have been shown to play a predominant role in regulated epithelial cell death post
IRI,'® 36 our results show that microvascular endothelial cell injury occurs through apoptosis
and is under the control of caspase-3. Necroptosis does not represent a major default death
pathway for vascular cells, since the absence of caspase-3 does not enhance mode of cell death
within the vascular compartment after IRI and does not favor the development of necrotic cell
death upon exposure to oxygen and serum deprivation in vitro. This highlights the complexity
and potential cross-talk between various modes of cell death. For example, caspase-3 is a classic
effector of apoptosis but in certain condition can also trigger necrosis by cleaving the gasdermin
GSDME.?® Also, caspases are increasingly appreciated as regulators of multiple functions in
addition to cell death, such as cellular remodeling, stem cell fate determination, spermatogenesis,
and erythroid differentiation.’® In the present study, we demonstrated reduced endothelial
peritubular cell death in caspase-3 deficient mice. However, this does not exclude the potential
contribution of other caspase-3 dependent pathways in the preservation of peritubular capillary
density. Whether absence of caspase-3 could favor progenitor cell trafficking and microvascular
repair is a possibility that will be addressed in future studies.

Another important finding that stems from this study is the different impact of tubular versus
endothelial cell death on progressive renal dysfunction. Progression from AKI to chronic kidney
disease (CKD) is a common clinical event. Large cohort studies have highlighted the robust

predictive impact of AKI on risk of chronic renal failure.® Although the precise cellular
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mechanisms explaining the major role of AKI in progressive renal failure are still debated, most
clinical studies have identified diabetes, hypertension, severity of AKI, and preexisting CKD as
predictors of CKD. Notably, these predictors are all major cardiovascular risk factors,
suggesting a relationship between vascular vulnerability and progressive renal dysfunction post
IRI. The present results now provide molecular and cellular insights into the pathways
controlling microvascular injury and the major role of caspase-3 dependent microvascular injury
in long-term renal dysfunction after IRI. The presence of increased tubular damage concomitant
with microvascular protection early after IRI in caspase-3”- mice allowed us to discriminate the
relative importance of both cell compartments in progressive renal dysfunction. Early
accentuation of renal tubular injury did not portend negative long-term renal outcomes in
caspase-3 ”~ mice. Preservation of microvascular integrity was present both in the early and late
phases of AKI in caspase-3 - mice. This translated into reduced levels of fibrogenic markers,
such as circulating CTGF levels, renal a-SMA expression, and collagen deposition. In late
stages, better preservation of microvascular integrity protected tubules from ischemia, with
reduced HIF-1a expression, reduced apoptosis and tubular injury scores. These results are in
keeping with recent elegant studies demonstrating a pivotal role for peritubular capillary damage
in progressive renal fibrosis and dysfunction.?®-*° In various experimental models, including IRI,
progressive renal disease was associated with the development abnormal ultrastructural findings
in peritubular capillaries such as widening of the subendothelial space, reduced numbers of
fenestration and increased thickness of the basement membrane. Increased microvascular
permeability was also described. These results and the present work suggest that upon renal
injury the peritubular microvasculature undergoes significant ultrastructural and functional
29,40

changes of importance in the development of fibrosis.
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Collectively, our results provide novel insights into the molecular mechanisms controlling
microvascular drop-out, and identify caspase-3 as a novel and pivotal upstream regulator of
microvascular rarefaction and renal fibrogenesis after IRI. They also demonstrate a predominant
role for microvascular versus epithelial injury in regulating the development of fibrosis

following renal IRI.

Concise methods

Animals and Surgical Procedures:

6-to-8-week—old female C57BL/6 mice were purchased from Charles River Laboratories
(Wilmington, MA, USA). CASP3-deficient mice on C57BL/6 congenic background, aged 6 to
8 weeks, were derived from breeding pairs of heterozygous CASP3-deficient (B6.129S1-
C3t™!F¥/J) mice obtained from Jackson Laboratory (JAX stock #006233, Bar Harbor, Me).
Generation of these mice was previously described*'. These homozygotes mice are viable, reach
adulthood, and show a variety of hyperplasias and disorganized cell deployment in the brain .
They are also congenitally deaf 43 and have cataracts at the anterior lens pole 4. All mice were
kept in 12-hour light/dark cycles, with normal food provided ad libitum. All mice were kept in
12-hour light/dark cycles, with normal food provided ad libitum. IRI was performed as
described previously.* Briefly, 2% isoflurane inhalation was used as anesthesia, and mice were

then fixed on a heating blanket (37 “C). After opening the abdominal cavity via midline incision,

a micro-aneurysm clip was placed on the left renal pedicle. Complete ischemia was indicated
by color change of the kidney from red to dark purple. After 30 minutes, the micro-aneurysm
clip was released, and the right kidney was removed. Mice were sacrificed at day 1, 2, 3, 7, or

21 post surgery; the left kidneys, sera, and urine were collected. All the animal experimental
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protocols were reviewed and approved by the Centre hospitalier de 1’Université de Montréal

(CRCHUM) Comité Institutionnel de Protection des Animaux (CIPA).

Flow cytometry

Mouse bone marrow was collected on WT(C57BL/6) and Caspase 37~ mice as described. Single-
cells suspensions were then immediately stained for flow cytometry*®. All of the experiments
were performed on BD LSRII flow cytometer (Becton Dickinson, San Jose, CA, USA). Viable
cells were gated using Live/dead Fixable aqua dead cell stain kit (Aquavid) (Molecular probes,
Eugene, OR, USA), CD34+ CD45+ progenitor cells were determined by using anti-mouse
CD34-BV421 (BD Bioscience, San Jose, CA, USA) and anti-mouse CD45-APC (BD
Bioscience, San Jose, CA, USA). All data were analyzed with FlowJo software 10.0 (Ashland,
OR, USA). Results were expressed as the percentage of CD34+CD45+ cells among viable bone

marrow cells.

Biochemical Evaluation of Renal Function
Serum Creatinine:
Serum creatinine levels were determined using Vitro CREA Slides and Vitro Chemistry

Products (Vitro 250/350 Chemistry System; Ortho Clinical Diagnostics; Raritan, NJ, USA).

Histopathological Examination
Tubular Injury Score:
Tubular injury score was estimated in hematoxylin and eosin (H&E)—stained renal tissue, as

described previously.*” Renal tubular damage was graded on six levels based on the loss of brush
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border, tubular dilation, cast formation, tubular necrosis, and neutrophil infiltration. Ten high-
power fields (200X) were chosen randomly, five of them were taken in the renal cortex and five
at the cortico-medullary junction, and each field was scored from 0 to 5 (0: normal; 1: mild
injury, involvement of 0%-10%; 2: moderate injury, involvement of 11%-25%; 3: severe injury,
involvement of 26%-49%; 4: high severe injury, involvement of 50%-75%; 5: extensive injury,
involvement of >75%). All assessments were done by two investigators blinded to experimental
conditions.

Peritubular Capillary Vascular Congestion:

On H&E-stained sections, numbers of aggregated erythrocytes inside peritubular capillaries
were counted in ten randomly chosen high-power fields by two investigators blinded to

experimental conditions.

Immunohistochemistry

Ischemic kidneys were retrieved without perfusion pre-surgery or at days 1, 2, 3, 7, and 21 post-
surgery, fixed in 10% formalin, embedded in paraffin, and subsequently cut into 4-um slices.
Immunohistochemistry staining was performed on paraffin-embedded slices as described
previously.(40) The antibodies used in this study were KIM-1 (1/8; R&D systems; Minneapolis,
USA), RIPK3 (1/500; Abcam; Toronto, Canada), MECA-32 (1/20; Biolegend; San Diego,
USA), HIF-1a (1/500; Abcam; Toronto, Canada), a-SMA (1/500; clone 1A4; Dako), CD45
(1/60,BD Bioscience, San Jose, CA, USA), CD34 (pre-diluated, Dako QBend10 IR632)
VCAM-1 (1/200; Abcam; Toronto, Canada) and caspase-3 (1/50; Biocare Medical; Pacheco,
USA). For all immunohistochemistry stainings, 5 randomly chosen high power fields

(magnification 200X) were captured using the Leica DM4000B microscope (Leica
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Microsystems; Germany) per mice. Quantifications were done by two investigators blinded to

experimental conditions.

Sirius Red Staining:

Sirius Red staining was carried out using the Picro Sirius Red Stain Kit (Abcam; Toronto,
Canada) according to the manufacturer ‘s instructions.

5 randomly chosen high power fields (magnification 200X) were captured using the Leica
DM4000B microscope (Leica Microsystems; Germany) per mice. Quantification was

performed with ImageJ (NIH; USA) by two investigators blinded to experimental conditions.

Electron Microscopy Examination

Renal tissue was cut into small pieces that were fixed with 3% glutaraldehyde, post-fixed with
1% osmium tetroxide, and incubated consecutively in an ascending acetone series (50%, 70%,
and 90%), with a final incubation in 100% ethanol for hydration. After incubation in acetone,
the tissue was embedded in Epon. 1-nm sections were cut and stained using uranyl acetate and
lead citrate. Electron microscopy images were taken with the Phillips EM208 electron

microscope.

Enzyme-Linked Immunosorbent Assay

Serum levels of connective tissue growth factor (CTGF) and urinary levels of cystatin C were
determined using the following commercial enzyme-linked immunosorbent assay (ELISA) kits
according to the manufacturer’s instructions: mouse CTGF (Elabscience; E-EL-M0340;

Bethesda, USA), and mouse Cystatin C (Abcam; ab201280; Toronto, Canada).
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Cell culture and small interfering RNAs

Human umbilical vascular endothelial cells (HUVEC, cat# 200p-05n) were purchased from Cell
application Inc (San Diego, US) and then were grown in endothelial cell basal medium (Lonza,
CC-3121, Basel, Switzerland) and used at passages three through four. PT-2 tubular epithelial
cells (TECs) (kind gift of A Jevnikar) is a human renal tubular cell line isolated and cloned from
centrifuged urine, which was obtained from a transplant recipient undergoing acute rejection .43
Morphologically, PT-2 cells have a typical proximal tubular cell-like shape. They are y GTP+,
cytokeratin+ vimentint+ with high alkaline phosphatase activity, which are characteristic of
epithelialcells. However, the expression of E-cadherin and aminopeptidase N (CD13) in PT-2
cells are low.*8

PT-2 cells were cultured in a medium that is constituted with following products [Dulbecco's
modified Eagle's medium (DMEM): Hams F12] (50:50) (Invitrogen-Gibco, Carlsbad, CA,
USA), 5% fetal bovine serum (Invitrogen, Waltham, USA), hormone mix [5 pg/mL insulin, 1.25
ng/mL prostaglandin E1, 34 pg/mL triiodothyronine, 5 pg/mL transferrin, 1.73 ng/mL sodium
selenite and 18 ng/mL of hydrocortisone] and 25 ng/mL epidermal growth factor.

For hypoxia-reoxygenation treatment, HUVECs and PT-2 cells were grown in normal medium
till 90% confluence, then exposed to serum-free (SS) medium (RPMI, Gibco, Carlsbad, CA,
USA) in a hypoxia incubator (5% Oz, 5% CO2, 90% N>), for 4 hours or 24 hours, respectively.
The cells were then changed with normal medium and incubate in normal oxygen incubator (21%
02, 5% CO2, 74% N2) for one hour.

For Caspase-3 silencing, HUVECs and PT-2 cells grown in normal conditions were transfected
with siCaspase-3 (Dharmacon, L-004307-00-0005), or siControl (Dharmacon, D-001810-03).

We used the MATra si Reagent (iba Solutions for Life Sciences, Goettingen, Germany)
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according to the manufacturer’s guidelines. The final concentrations of siRNAs were 12nM for

HUVECs and 18nM for PT-2 cells.

Fluorescence microscopy to quantify the cells with chromatin condensation and cell

membrane permeabilization

Epifluorescence microscopy was performed using unfixed/unpermeabilized adherent cells.
Cells were stained with Hoechst 33342 (2'-(4-ethoxyphenyl)-5-(4-methyl-1-piperazinyl)-2.5"-bi-
1H-benzimidazole) (Ho, Sigma Aldrich,ON,CA) and propidium iodide (PI, Invitrogen,

Waltham, USA), as has been previously described.*

Immunoblotting

Homogenized renal tissue and cell lysate were separated onto 12 or 15% SDS-PAGE gels,
transferred onto nitrocellulose or polyvinylidene difluoride (for pro-caspase-3 detection)
membranes then probed by the following antibodies: Anti-RIP3 (phospho S227) (Abcam;
Toronto, Canada), HIF-1a (Abcam; Toronto, Canada), a-SMA (clone 1A4; Dako), pro-Caspase

3 (Invitrogen, Waltham, USA).

Statistics
All data were expressed as means + standard error of the mean (SEM). Comparisons between
groups were conducted with the unpaired Student’s #-test using Prism 5 (GraphPad Software

Inc.), where P < 0.05 was considered significant for all tests.
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Figure legends

Figure 1: Caspase-3 deficiency aggravates IRI-induced tubular injury. A) Serum creatinine
levels in wild-type (WT) and caspase-3-/- (KO) mice at baseline (pre op), and 1, 2, 3, and 7 days
post IRI. B) Representative hematoxylin and eosin (H&E)—stained renal sections from WT and
KO mice at 1, 2, 3 and 7 days post IRI (magnification 200X). C) Left panel: Mean tubular injury
scores of ten randomly chosen high-power fields (magnification 200X) in mice kidney sections
post IRI. Right Panel: Urinary levels of cystatin C in WT and KO mice at baseline (pre op) and
1, 2, 3 or 7 days post-IRI. D) Left panels: representative Kidney Injury Molecule 1(KIM-1)
immunohistochemistry in renal cortical sections from WT and KO at day 1 post-IRI
(magnification 200X). Right panel: quantification of KIM-1 immunohistochemistry—stained
murine renal cortical sections at baseline (pre op) and 1 day post IRI. All bar scales =50um.
Values are mean + SEM.*P < 0.05, compared between WT and KO at the same time-point.
Figure 2: Caspase-3 deficiency increases IRI-induced necroptosis in tubular cells. A)
Representative electron microscopy showing renal tubules from wild-type (left) and caspase-3-
/- (right) mice that underwent IRI and were sacrificed 1 day post IRI (magnification 1000X).
Bar scales =10um. Tubules from KO mice show severe necrotic changes with loss or tubular
cell membrane integrity and widespread accumulation of cellular debris within tubules. B) Left
panels: representative RIPK3 immunohistochemistry in renal cortical sections from wild-type
(WT) and caspase-3-/- (KO) mice that underwent IRI and were sacrificed 1 day post IRI
(magnification 200X). Right panel: quantification of RIPK3 immunohistochemistry—stained
murine renal cortical sections at baseline (pre-op) and 1 day post IRI, bar scales =50um. C) Left
panels: representative western blot (WB) of phosphorylated RIPK3(pRIPK3) in renal tissue

from WT and KO mice that underwent IRI and were sacrificed 1 day post IRI Right panel:
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quantification of pRIPK3 WB at day 1 post IRI. Values are mean = SEM.*P < (0.05, compared
between WT and KO at the same time point.

Figure 3: Caspase-3 deficiency attenuates IRI-induced microvascular injury. A) Left panel:
quantification of rouleaux formation in H&E-stained kidney sections at baseline (pre-op) and
from mice that underwent IRI and were sacrificed at 1, 2, 3, or 7 days post IRI. Right panel:
representative H&E-stained murine renal cortical sections at 3 days post IRI (magnification
400X), bar scale=20um. B): Left panel: representative images of MECA-32
immunohistochemistry in renal cortical sections from wild-type and caspase-3-/- mice that
underwent IRI and were sacrificed 3 days post IRI (magnification 200X). Right panel:
quantification of MECA-32 in murine renal cortical medullary junction sections at baseline (pre-
op)and 1, 2, 3, or 7 days post IRI, bar scale=50um. C) Representative electron microscopy
images of renal endothelial cells in wild-type (left panel) and caspase-3-/- (right panel) mice
that underwent IRI and were sacrificed 3 days post IRI. Loss of endothelial fenestration is found
in WT mice (arrow) whereas KO show preserved fenestrae (magnification 10000X), bar scales
=500nm. Values are mean £ SEM.*P < 0.05, compared between WT and KO at the same time
point.

Figure 4: Caspase-3 deficiency attenuates IRI-induced upregulation of pro-fibrotic
markers. A) Serum levels of CTGF in wild-type (WT) and caspase-3-/- (KO) mice that
underwent IRI and were sacrificed at 1,2,3 or 7 days post IRI. B) Left panel: quantification of
a-SMA immunohistochemistry in renal cortical sections from wild-type and caspase-3-/- mice
at baseline (pre) or at 1, 2, 3, or 7 days post IRI (magnification 200X). Right panel:
representative a-SMA staining in murine renal cortical sections at day 3 after surgery. bar

scale=50um. C) Left panels: representative images of Sirius Red staining in renal cortical
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medullary junction sections from wild-type (upper panel) and caspase-3-/- (lower panel) mice
that underwent IRI and were sacrificed 7 days post IRI (magnification 200X). Right panel:
quantification of Sirius Red staining in murine renal cortical medullary junction sections at
baseline and 1, 2, 3, or 7 days post IRI. Bar scale =50pum. Values are mean + SEM.*P < (.05,
compared between WT and KO at the same time point.

Figure 5: Caspase-3 deficiency attenuates IRI-induced microvascular rarefaction and
fibrosis. A) Left panels: representative images of MECA-32 immunohistochemistry in cortical
medullary junction sections from wild-type and caspase-3-/- mice that underwent IRI and were
sacrificed 21 days post IRI (magnification 200X). Right panel: quantification of MECA-32
staining in murine renal cortical sections at 21 days post IRI. Bar scale= 50um. B) Left panels:
representative image of a-SMA immunohistochemistry of renal cortical sections from wild-type
and caspase-3-/- mice that underwent IRI and were sacrificed 21 days post IRI (N = 10 per group;
magnification 200X and 400X). Right panels: quantification of a-SMA staining in PTC in
murine renal cortical sections at 21 days post IRI. Bar scale =50um. C) Left panels:
representative western blot of a-SMA from wild-type and caspase-3-/- mice that underwent IRI
and were sacrificed 21 day post IRI. Right panel: quantification of a-SMA WB at 21 day post
IRI. D) Left panels: representative image of Sirius Red staining of renal cortical medullary
junction sections from wild-type and caspase-3-/- mice that underwent IRI and were sacrificed
21 days post IRI (magnification 200X). Right panels: quantification of Sirius Red staining of
murine renal cortical medullary junction sections at 21 days post IRI. Bar scale =50um. Values
are mean = SEM.*P <0.05, ***p<0.001, compared between WT and KO at the same time point.
Figure 6: Caspase-3 deficiency prevents IRI-induced long term endothelial cell death. A)

representative electronic microscopic images of endothelial cell apoptotic death from wild-type
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and caspase-3-/- mice that underwent IRI and were sacrificed 21 days post IRI. Bar
scale=500nm. Red arrows indicate apoptotic bodies and blue arrows indicate exosome-like
membrane vesicles, (magnification 10000X). B) quantification of apoptotic cells in wild-type
and caspase-3-/- mice that underwent IRI and were sacrificed 21 days post IRI. Values are mean
+ SEM.*P < 0.05, compared between WT and KO at the same time point.

Figure 7: Caspase-3 deficiency prevents IRI-induced long-term tubular injury. A) Left
panel: representative images of HIF-1a staining in murine renal cortical sections 21 days after
surgery. Right panel: quantification of HIF-1a immunohistochemistry in renal cortical sections
from wild-type and caspase-3-/- mice at baseline and 21 days post IRI; magnification 200X). B)
Left panels: representative WB images of HIF-1a in renal tissue 21 days post IRI. Right panel:
quantification of HIF-1ao WB detection at 21 day post IRI. C) Representative H&E-stained
murine renal cortical sections 21d post IRI (magnification 200X). D) Mean tubular injury scores
of ten randomly chosen high-power fields in wild-type and caspase-3-/- mice that underwent
IRI and were sacrificed at 21d post IRI. E) Serum creatinine levels in wild-type and caspase-3-
/- mice that underwent IRI and were sacrificed at 21 days post IRI. All bar scales =50pum. Values
are mean = SEM.*P < 0.05, compared between WT and KO at the same time point.

Figure 8: Knock-down of caspase-3 decreases apoptosis in endothelial cells but increases
necrosis in tubular epithelial cells. A) Left panel: representative images of Ho-PI staining in
Human Umbilical Vein Endothelial Cells (HUVECs) exposed to hypoxia (5% O.) for 4 hours
followed by reoxygenation for 1 hour in serum free medium. Right panels: representative
images of western blot (upper panel) and quantification (lower panel) for pro-caspase-3 in
HUVEC:s transfected with siRNA ctrl or caspase-3 (N=3 independent experiments). B) Left

panel: representative images of HO-PI staining of Human Renal Proximal Tubular Epithelial
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Cells (PT-2) exposed to hypoxia (5% O>) for 4 or 24 hours followed by reoxygenation for 1
hour in serum free medium. Right panels: representative images of western blot (upper panel)
and quantification (lower panel) for pro-caspase-3 in PT-2 cells transfected with siRNA ctrl or
caspase-3 (N=3 independent experiments). C) Left panel: quantification of apoptotic death in
HUVEC and PT-2 cells exposed to hypoxia-reoxygenation in serum free medium. Right panel:
quantification of necrotic death in HUVEC and PT-2 cells exposed to hypoxia-reoxygenation
in serum free medium. Values are mean £ SEM.*P < 0.05.

Figure 9: Schematic representation of the impact of caspase-3 deficiency on microvascular
rarefaction and renal dysfunction post IRI. Caspase-3 is a pivotal regulator of peritubular
capillary rarefaction and renal dysfunction. Early tubular injury and renal dysfunction are
increased in caspase-3-/- mice, whereas microvascular integrity is ameliorated throughout the
various phases. In the long term, caspase-3-/- mice show reduced microvascular drop-out,

decreased tubular injury, and reduced interstitial fibrosis.

Supplementary figure legends

Supplementary Figure 1a: Caspase-3 deficiency aggravates IRI-induced tubular injury. A)
Representative H&E—stained murine renal cortical sections at baseline (N > 3 per group;
magnification 200X). Bar scale =50um. B) Urinary levels of cystatin C in wild-type and
caspase-3-/- mice at baseline and at days 1,2,3,7 or 21 post IRI. C) Representative KIM-1
immunohistochemistry in renal cortical sections from wild-type and caspase-3-/- mice at
baseline (N > 3 per group; magnification 200X). Bar scale=50um Values are mean = SEM.*P

< 0.05 compared between WT and KO at the same time point.

113



Supplementary Figure 1b: D) Left panels: representative images of CDA45
immunohistochemistry in renal cortical sections from wild-type and caspase-3-/- days 1 and 7
post IRI Bar scale=50pm (magnification 200X). Right panels: quantification of CD45 in murine
renal cortical sections at baseline and 1, 2, 3, 7 or 21 days post IRI. E) Left panel: representative
images of vascular cell adhesion molecule-1 (VCAM-1) immunohistochemistry in renal cortical
sections from wild-type and caspase-3-/- mice at baseline and 3 or 21 days post IRI. Bar
scale=50pum (magnification 200X). Right panels: quantification of VCAM-1
immunohistochemistry Values are mean + SEM.*P < 0.05, compared between WT and KO at
the same time point.

Supplementary Figure 2: Caspase-3 activation post IRI. Upper panels: representative images
of activated caspase-3 immunohistochemistry in renal cortical sections from wild-type and
caspase-3-/- mice at baseline and 1,2,3,7 or 21 days after IRI (magnification 200X). Bar
scale=50pm. Lower panel: quantification of activated caspase-3 staining in murine renal cortical
sections from wild-type and caspase-3-/- mice at baseline and 1,2,3,7 or 21 days post IRI. Values
are mean = SEM. ***p<(0.001, compared between baseline (pre) and other time points.
Supplementary Figure 3: Pan-caspase inhibition further aggravates IRI-induced renal
dysfunction. Serum creatinine levels in wild-type and caspase-3-/- mice treated with the pan-
caspase inhibitor Z-VAD-FMK or vehicle (DMSO) and sacrificed 1 day post IRI or sham
treatment. Values are mean + SEM.*P < 0.05.

Supplementary Figure 4: A) Left panel: representative images of CD34
immunohistochemistry in renal cortical sections from wild-type and caspase-3-/- mice at day 1
post IRI (magnification 200X). Right panels: quantification of CD34 in murine renal cortical

sections at 1, 2, 3 or 7 days post IRI. Bar scale=50um B) Left panel: quantification of
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CD34+/CD45+ bone marrow derived cells in wild-type and caspase-3-/- mice at baseline. Right
panels: representative FACs scatter plots for CD34+/CD45+ bone marrow derived cells. C)
Representative image of MECA-32 immunohistochemistry in renal cortical sections from wild-
type and caspase-3-/- mice at baseline (magnification 200X). Values are mean = SEM.*P <
0.05, compared between WT and KO at the same time point.

Supplementary Figure 5: Caspase-3 deficiency attenuates IRI-induced microvascular
rarefaction. A) Quantification of MECA-32 staining in murine renal cortical sections from
wild-type and caspase-3-/- mice at baseline and 1,2,3,7 or 21 days post IRI. B) Quantification
of a-SMA staining in PTC in murine renal cortical sections from wild-type and caspase-3-/-
mice at baseline and at 1,2,3,7 or 21 days post IRI . C) Upper panel: representative images of
glomerular a-SMA staining in wild-type and caspase-3-/- at baseline and 1,2,3,7 or 21 days after
IRI (magnification 200X). Bar scale=50um. Lower panel: Quantification of glomerular a-SMA
staining in murine renal cortical sections from wild-type and caspase-3-/- mice at baseline and
1,2,3,7 or 21 days post IRI. Values are mean + SEM.*P < 0.05, compared between WT and KO
at the same time point.

Supplementary Figure 6: A) Representative image of HIF-1a staining in murine renal cortical
sections from wild-type and caspase-3-/- mice that were sacrificed pre-operation (N > 3 per
group; magnification 200X). Bar scale=50um B) Serum creatinine levels in wild-type and
caspase-3-/- mice at baseline or at 1,2,3,7 or 21 days post IRI or sham treatment. C) Mean
tubular injury scores of ten randomly chosen high-power fields in H&E-stained renal cortical
sections from wild-type and caspase-3-/- mice at baseline and at 1,2,3,7 or 21 days post IRI. D)

Quantification of rouleaux formation in H&E-stained renal cortical sections from wild-type and

115



caspase-3-/- mice at baseline and at 1,2,3,7 or 21 days post IRI. Values are mean + SEM.*P <
0.05, compared between WT and KO at the same time point.

Supplementary Figure 7: Caspase-3 deficiency increases IRI-induced necroptosis in
tubular cells. A) Representative H&E-stained murine renal cortical sections 1 day post IRI in
wild-type and caspase-3-/- mice (magnification 400X). Bar scale =50um B) Representative
RIPK3 immunohistochemistry in renal cortical sections from wild-type and caspase-3-/- mice
at baseline (magnification 200X).

Supplementary Figure 8: A) Representative a-SMA immunohistochemistry in murine renal
cortical sections at baseline (N > 3 per group). Bar scale=50um B) Left panel: representative
western blot images of a-SMA 3 days post IRI (N > 6 per group). Right panel: quantification a-
SMA western blot 3 days post IRI. C) Representative images of Sirius Red staining at renal
cortical medullary junction sections from wild-type and caspase-3-/- mice at baseline (N > 3 per
group; magnification 200X). Bar scale=50um Values are mean + SEM.*P < 0.05, compared

between WT and KO at the same time point.
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Abstract

Ischemia-reperfusion injury (IRI) is a major risk factor for chronic renal failure. Caspase-3, an
effector responsible for apoptosis execution, is activated within peritubular capillary (PTC) in
the early stage of IRI-induced acute kidney injury (AKI). Recently, we showed that caspase-3-
dependent microvascular rarefaction plays a key role in fibrosis development after mild renal
IRI. Here, we further characterize the role of caspase-3 in microvascular dysfunction and
progressive renal failure in both mild and severe AKI, by performing unilateral renal artery
clamping for 30/60 minutes with contralateral nephrectomy in wild-type (C57BL/6) or caspase-
3-/- mice. In both forms of AKI, caspase-3-/- mice showed better long-term outcomes in spite
of worse initial tubular injury. After 3 weeks, they showed reduced PTC injury, decreased PTC
collagen deposition and a-SMA expression, and lower tubular injury scores when compared to
wild-type animals. Caspase-3-/- mice with severe IRI also showed better preservation of long-
term renal function. Intra-vital imaging and micro-computed tomography (microCT) revealed
preserved PTC permeability and better terminal capillary density in caspase-3-/- mice.
Collectively, these results demonstrate the pivotal importance of caspase-3 in regulating long-
term renal function after IRI and establish the predominant role of PTC dysfunction as a major

contributor to progressive renal dysfunction.

Introduction

Acute kidney injury (AKI) is one of the most powerful predictors of progressive renal failure in
both native and transplanted kidneys (1). More than 20% of hospitalized adults worldwide
experience some level of AKI (2-4) prompted most commonly by ischemia-reperfusion injury
(IRI) and sepsis (5). IRI is an integral component of kidney transplantation and AKI occurs in
20%-50% of transplantations from deceased donors in the immediate postoperative period (6-
8). The severity and number of AKI episodes in various patient cohorts predicts progressive
long-term renal dysfunction and risk of end-stage renal failure (4, 9-12),. Long referred to as
acute tubular necrosis, AKI is classically considered a disease of tubular epithelial cells.
Increased cell death of tubular epithelial cells, in the form of apoptosis and necroptosis, is indeed

an important characteristic of AKI and tends to occur predominantly at the cortico-medullary
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junction where blood and oxygen supply is limited (13). However, microvascular injury has
emerged in the past decade as a major and previously underappreciated factor regulating
progressive renal dysfunction after AKI (5, 14-16). Loss of peritubular capillaries (PTC) favors
chronic hypoxia leading to overexpression of hypoxia-inducible factor-1 a (HIF-1a) and
fibrogenic factors which in turn favor myofibroblast differentiation and fibrosis (5, 15, 17-20).
In transplanted kidneys, the magnitude of microvascular involution during the first 3 months
following transplantation is a major negative predictor of long-term renal allograft function (21).
Studies using in vivo imaging and electron microscopy demonstrated a tight correlation between
PTC dysfunction/rarefaction and renal fibrosis in murine models of AKI and in human kidney

biopsy samples (22-24).

Caspase-3 is an effector caspase responsible for the induction of apoptosis. Caspase-3 activation
is present within PTC in the early stage of IRI-induced AKI (17, 25). Our group recently showed
that caspase-3 dependent microvascular involution plays a predominant role in regulating the
transition from AKI to fibrosis after mild renal IRI (26). Upon renal artery clamping, caspase-
3-/- mice show early increases in tubular epithelial cell injury translating into more severe early
renal dysfunction than wild-type controls. Incapacity to mount an apoptotic response in caspase-
3 deficient mice redirects tubular epithelial cell death towards necroptosis, a more severe and
inflammatory type of cell death. Yet, in spite of increased early tubular cell death and acute
renal dysfunction, PTC are largely protected from IRI-induced cell death. Inhibition of PTC
apoptosis does not fuel other forms of regulated cell death but rather prevents microvascular
rarefaction and long-term renal fibrosis. There is no impact of caspase-3 deficiency on long-
term renal function. These results confirm a predominant role for microvascular injury over

early epithelial injury as a driver of renal fibrosis after IRI.

Renal fibrosis is classically considered a surrogate marker of progressive renal failure. Yet,
recent data suggest that progressive renal dysfunction after AKI is not always correlated with
renal fibrosis (24). Having identified a predominant role for caspase-3-dependent microvascular
injury in renal fibrogenesis after mild IRI, we now aim at evaluating the impact of caspase-3 on
microvascular function and integrity, fibrogenesis and renal function after severe IRI. In the
present study, we compare early and late microvascular and tubular abnormalities in caspase-3

deficient mice exposed to mild and severe forms of IRI. Our goal is to assess whether caspase-
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3 deficiency preserves microvascular integrity and function even in severe forms of AKI or

rather increases PTC injury, as was the case for renal epithelial cells in mild forms of AKI.

Materiel and Methods
Animal and Surgical Procedures

We used 6-8 weeks old female C57BL/6 mice from Charles River Laboratories (Wilmington,
MA,USA). CASP3-deficient (caspase-3-/-) mice on a C57BL/6 congenic background, aged 6—
8 weeks, were derived from breeding pairs of heterozygous CASP3-deficient (B6.129S1-
C3tm1Flv/J) mice obtained from Jackson Laboratory (stock #006233; Bar Harbor, ME). The
generation of these mice was previously described (26). These homozygote mice were viable,
reached adulthood, and showed a variety of hyperplasias and disorganized cell deployment in
the brain. All mice were kept in 12-hour light/dark cycles, with normal food provided ad libitum.
IRI by unilateral renal artery clamping plus contralateral nephrectomy was performed as
described previously (26). Detailed surgical procedures can be found in Supplemental Material.
Animals were divided into mild AKI (IR30m) and severe AKI (IR60m) and were sub-grouped
into pre-operation, SHAM, 1 day, 2 days, 7 days, and 21 days post-operation groups. A
maximum of 10 mice per sub-group were used. The number of mice per experiment is described
in figure legends. Carprofen was injected subcutaneously daily until day 3 post-op. Mice with
significant body weight loss were also injected with 0.5 mL saline + 0.3 mL 2,5% dextrose.
Mice were euthanized by neck dislocation, after performing cardiac puncture under 2%
isoflurane inhalation at baseline or on days 1, 2, 7, or 21 post-surgery and the left kidney, serum,

and urine were collected.
Renal Function Biochemical Evaluation

Serum creatinine levels were determined using Vitro CREA slides and Vitro chemistry products
(Vitro 250/350 Chemistry System; Ortho Clinical Diagnostics, Raritan, NJ), as described in our
previous work (26, 27).

Renal Histopathological Examination

Tubular Injury Score
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Tubular injury score was evaluated in murine renal tissue stained with haematoxylin and eosin
(HE), as described previously (26). Ten high-power magnification fields (200X) were randomly
chosen; five from the renal cortex and five from the cortico-medullary junction. Based on the
percentage of affected tubules, the tubular injury score was classified as 0-5 (0: normal; 1: mild
injury, involvement of 0%—-10%; 2: moderate injury, involvement of 11%-25%,; 3: severe
injury, involvement of 26%-49%; 4: high severe injury, involvement of 50%—75%; 5: extensive
injury, involvement of 75%). The criteria for tubular injury involved: brush border loss, tubular
dilation, cast formation, tubular necrosis, as well as neutrophil infiltration. All assessments were

done by two investigators blinded to experimental conditions (28).
Peritubular Capillary Vascular Congestion

Rouleaux formation, a read-out of peritubular capillary microvascular congestion, was
estimated by counting accumulated erythrocytes inside peritubular capillaries (PTC) on HE-
stained slides. Ten randomly chosen high magnification fields were counted per mouse by two

investigators blinded to experimental conditions.
Immunohistochemistry

Mice were sacrificed at different time points (baseline, days 1, 2, 7 and 21). Kidneys were
collected and fixed in 10% formalin, embedded in paraffin, and subsequently cut into 4-um
slices. Immunohistochemistry staining was performed on paraffin-embedded tissue as described
previously (26). The antibodies used in this study were mouse endothelial cell antigen (MECA-
32; 1:20; 120501; Biolegend, San Diego, CA, USA), HIF-1a (1:200; ab2185; Abcam,
Cambridge, MA, USA), a-smooth muscle actin (a-SMA; 1:200, clone 1A4; Dako, Santa Clara,
CA,USA). Stained slides were scanned (original magnification 200X) using an Olympus VS110
slide scanner and randomly chosen fields were evaluated. Quantification of MECA-32 staining
in PTC were assessed by evaluating the ratio of positive PTC/ tubule number in five high-power
magnification fields (200X) in cortical-medullary junction, and MECA-32 in glomeruli was
quantified by accounting positive glomerulus in cortex in five high-power magnification fields
(100X). Quantification of a-SMA staining in PTC were assessed by accounting positive PTC in
ten high-power magnification fields (200X); a-SMA staining in glomeruli was performed in

five high-power magnification fields (100X). All assessments were done by two independent
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investigators blinded to experimental conditions. a-SMA staining in renal macrovessels was

assessed using Visiomorph TM VIS Histoinformatics Software (Olympus) in the whole kidney.
Sirius Red Staining

Sirius Red staining was performed using Picro-Sirius Red Staining Kit (ab150681, Abcam,
Cambridge, MA, USA) according to the manufacturer’s instructions. All slides were scanned
using an Olympus VS110 slide scanner microscope. Five randomly chosen high-power fields at
the cortical-medullary junction (magnification 200X) were taken. Sirius red positive area within
PTC and glomeruli were evaluated with Image] (National Institutes of Health) by two

independent investigators blinded to experimental conditions.
Silver staining

Silver staining was done according to Jones' Methenamine Silver Stain (JMS) - Staining
protocol (29). Stained slides were scanned using an Olympus VS110 slide scanner microscope.
Five randomly chosen high-power fields in the renal cortical section (magnification 200X) were
taken, and glomerulosclerosis scores were evaluated by two independent investigators blinded
to experimental conditions. Based on involved glomerular percentage, glomerulosclerosis score
was classified as 0-3 (0: no glomerulopathy-double contours affecting <10% peripheral capillary
loop in the most severe attacked glomerulus. 1: double contours affecting up to 25% peripheral
capillary loop in most affected non-sclerotic glomeruli. 2: double contours affecting up to 50%
peripheral capillary loop in most affected non-sclerotic glomeruli. 3: double contours affecting

>50% peripheral capillary loop in most affected non-sclerotic glomeruli) (30).
Electron Microscopy

Fresh murine renal tissue was fixed with 3% glutaraldehyde, post-fixed with 1% osmium
tetroxide and embedded in Epon according to routine techniques. Ultrathin renal slices were
obtained using an ultra-microtome (Leica Biosystems RM2245, Buffalo Grove, IL, USA) and
mounted on naked nickel grids. Slices were stained with aqueous uranyl acetate and lead citrate
as previously reported (31). Examination was performed using a Zeiss Axio Imager.Al
transmission electron microscope and electron micrographs were captured using a AxioCam,
Zeiss digital camera. Images of renal peritubular capillaries were taken randomly in the cortex

and cortico-medullary junction by two blinded investigators.
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Ex-vivo renal microvasculacular microCT imaging

5 mL silicone rubber radiopaque contrast agent Microfil (Flow Tech Inc. Carver, MA, USA)
was pump-perfused (0.5ml/min, catheter length: 12cm) via a left ventricle 23G catheter to allow
3D visualization of the renal microvasculature. The kidney was collected following
polymerization for 4-6 hours at 4 °C and fixed in 1.5 mL tube for subsequent scan procedure

(32, 33).

Ex-vivo micro-Computed Tomography (microCT) manipulation was performed using a high-
resolution SkyScan 1176 scanner (SkyScan, Kontich, Belgium). The fixed kidney was
positioned and scanned 360° around the vertical axis with a rotating speed of 0.3°, at a resolution
of 9 um. Vascular volume was assessed following volume rendering and 3D reconstruction

analysis (22). Terminal capillaries were counted using Imaris 9.2 software (Oxford Instruments
plc).
Evans Blue ex-vivo extravasation test

Evans Blue (E2129, Sigma Aldrich, Burlington, MA, USA) (5mg/kg) was dissolved in D-PBS
I1X (1 g/l glucose, 36 mg/L sodium pyruvate with calcium and magnesium) and injected
intravenously via the tail vein. After 30 min of circulation, mice were perfused with 20 mL of
0,9% NaCl via the left ventricle to remove all the blood in the circulation. The ischemic kidney
was collected, dried, weighed, and put in 100% formamide (4ml/g) at 56°C for 24h. Extracted
Evans Blue was measured by spectrophotometry at 620 nm and expressed as mg/g bodyweight
(34, 35).

Intra-vital mice kidney imaging

Intra-vital images were acquired using an Olympus FV1000 upright microscope (Olympus,
Japan). At 21 days post-ischemia-reperfusion, mice were anesthetized with 2% isoflurane and
1% oxygen over all the surgery procedure and imaging session. Then mice were placed on a
37°C heated carpet with the right jugular vein catheterized for the administration of reagents.
The kidney was exposed by dorsal incision and positioned on a special stage (36). After
preparation procedure, mice were maintained under a 32°C environment and were monitored
using Mouse Ox apparatus (Flow Tech Inc). All images were acquired using a XLUM Plan FL

N 20x/1.00 Water objective. Ultrasound gel was used to establish the immersion between the
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objective and the coverslip (#1.5, 0.17 mm) as it has the same refractive index as water. 2000
kDa Alexa Fluor 488nm conjugated dextran (FD 2000S, Sigma Aldrich, Burlington, MA, USA)
(0.25 mg/kg) and Evans Blue (1 mg/kg) were injected via a jugular catheter. Live imaging was
taken at pre-injection and 15 minutes post-injection. For excitation, 405 nm, 488 nm and 635
nm lasers were used for autofluorescence (AF), Dextran 488 and Evans Blue, respectively. For
detection, photomultiplier tubes (PMT) detectors were set as follow: a first SDM490 was
positioned in front of the first PMT associated with a BA 430-470 for AF detection; then a
SDM560 was positioned in front of the second PMT associated with a BA 505-605 for Dextran
488 detection; and finally, a BA 655-755 filter was positioned in front of the third detector for

Evans Blue detection. All channels were acquired simultaneously. Images were acquired in a

640x640 pixel format at zoom 3 (pixel resolution of 331nm) at 4 us/pixel speed at different time
points after Evans Blue injection: prior to injection, 30 sec, 3 min, 5 min, 10 min and15 min
post-injection. For live videos, the frame interval between each image was 2.4 seconds. During
live acquisition, the sample was scanned in x and y at zoom 1X until a region of interest was
observed during or after Evans Blue injection. The zoom was then adapted to Zoom 3X to focus
on this specific region of the kidney. For some interesting time-points/localizations, z-stack
were acquired as followed: Zoom 3X, step size 2 um, Z volume between 22 pm up to 44 pm
depth. Images were acquired using the Olympus Fluoview software (v4.2.3.6, Olympus, Japan).

Final images are 12 bits. Image analysis was performed using FIJI software (NIH, open source).

Quantification of microvascular permeability was assessed by measuring the number of Evans
Blue leaking points per field. Capillary perfusion was evaluated by quantification of perfused
versus non-perfused capillaries in each field. A capillary branch was defined as one segment
between two nearby endpoints. Perfused capillaries with circulation were defined as
yellow/green fluorescence in the lumen, and visible red blood cell circulation; non-perfused
capillaries were defined as red fluorescence in the lumen (34). Perfused capillaries without
circulation were defined as yellow/green fluorescence in the lumen but without cellular

circulation.

Statistics
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All data were expressed as means += SEM. Biological and histological data were compared using
unpaired z-test. Statistical analyses were performed using Prism 8 (Prism-GraphPad software,

Inc). P values of 0.05 or less were considered significant.
Study approval

All animal experimental protocols (document number for animal use approval: 4114057MJHs
and IP18047MJHs) were reviewed and approved by the Centre hospitalier de I’Université de

Montréal - Comité Institutionnel de Protection des Animaux.

Results
Caspase-3 deficiency preserves long-term renal function after severe AKI.

We showed previously that caspase-3 deficiency prevents microvascular rarefaction and long-
term renal fibrosis after mild renal IRI despite early accentuation of tubular injury (26). We now
compare the impact of caspase-3 deficiency in severe vs mild forms of IRI-induced AKI. Severe
AKI was induced by clamping the renal artery for 60 minutes and mild AKI with renal artery
clamping for 30 minutes. Both interventions were followed by contralateral nephrectomy.
Serum creatinine levels were significantly higher in severe AKI compared to mild AKI, both in
wild-type and caspase-3-/- mice at all time points (Fig. 1A). In caspase-3-/- mice, creatinine
levels were significantly higher at day 1 and 2 post-IRI in mild AKI compared with wild-type
controls (Fig. 1B). In the severe AKI groups, there was no difference in serum creatinine levels
between caspase-3-/- mice and wild-type controls during the first-week post-IRI. At day 21 post-
IRI, serum creatinine failed to go back to baseline in both wild-type and caspase-3-/- mice with
severe AKI (Fig. 1A). Serum creatinine levels were statistically lower in caspase-3-/- mice with
severe AKI compared with wild-type controls with severe AKI but there was no significant
difference in mild AKI. Caspase-3-/- mice showed higher tubular injury scores than wild-type
controls in both mild and severe AKI at day 1 post-IRI. These results are in line with our
previous findings showing redirection towards tubular necroptosis in caspase-3-/- mice in the
early phase of AKI (26). On day 21 post-IRI, tubular injury scores were significantly better in
caspase3-/- mice compared to wild-type controls in both severe and mild AKI (Fig. 1B).

Collectively, these results demonstrate that the severity of IRI predicts long-term renal
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dysfunction while early tubular injury does not predict long-term tubular integrity and level of
renal dysfunction (Fig. 1B, Fig. S1A).
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Figure 1: Caspase-3 deficient mice show reduced long-term tubular and microvascular injury after renal IRl and better-preserved renal function after severe IRI.
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Caspase-3 deficiency improves long-term renal microvascular integrity and rarefaction

after mild and severe forms of IRI-induced AKI.

Microvascular rarefaction is increasingly recognized as an important determinant of progressive
renal failure after AKI (24, 37, 38). Therefore, we turned to evaluating the impact of caspase-3
on microvascular integrity in mild and severe forms of AKI (37). Rouleaux formation, a read-
out of microvascular congestion, increased in the early phase of AKI in wild-type mice
submitted to 30 min of artery clamping and increased further on the long term, suggesting
sustained and progressive abnormalities in microvascular circulation (Fig. 1C). Caspase-37"
mice showed significantly lower rouleaux levels both in the early (day 1) and chronic (day 21)
phases of mild AKI (Fig. 1C, Fig. S1B). Intriguingly, severe AKI was associated with lower
levels of rouleaux formation in wild-type and caspase-37-mice compared to mild AKI. Rouleaux
formation at day 21 was significantly lower in caspase-3~~mice with severe AKI compared with
wild-type mice. These results suggest better preservation of microvascular circulation in
caspase-37 mice, both in mild and severe forms of AKI. The lower levels of rouleaux formation
with severe AKI were surprising and raised the possibility of enhanced microvascular
rarefaction with severe AKI, preventing microvascular circulation and hence rouleaux
formation. To test this possibility, we used immunostaining of murine endothelial cell antigen-
32 (MECA-32), a marker of microvascular endothelial cells (34). On day 21 post-IRI, MECA-
32 staining in cortico-medullary PTC was significantly reduced in wild-type mice exposed to
mild AKI compared to sham-treated animals. MECA-32 was further reduced in wild-type mice
exposed to severe AKI compared to sham. In both forms of AKI, caspase-37- mice showed

significantly higher PTC MECA-32 staining than wild-type counterparts. (Fig. 2A, Fig. S2).
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Figure 2: Caspase-3 deficiency preserves the integrity of peritubular capillaries post-IRI.



Electron microscopy also revealed the preservation of microvascular integrity in caspase-37
mice. Features of endothelial apoptosis, such as nuclear condensation, apoptotic bodies,
apoptotic exosome-like vesicles, were found within PTC in wild-type but not in the caspase-37"
mice (Fig. 3A-F). Rouleaux formation was also observed in PTC of wild-type mice, consistent
with results on HE-stained tissue (Fig.1C). Wild-type mice also showed reduced endothelial
fenestration and basement membrane irregularities at 21 d post-IRI (Fig. 3A-C). These features
were limited in caspase-37-mice, where microvascular integrity was better preserved. (Fig. 3D-
F). Caspase-3 immunohistochemistry staining revealed the presence of several positive
endothelial-like cells within PTC in wild-type mice at 21 days post severe IRI (Fig. S3) unlike
caspase-37- mice. Collectively, these results showed enhanced microvascular rarefaction with
more severe forms of AKI and better PTC preservation in caspase-3 deficient mice. We also
evaluated whether microvascular compartments other than PTC show differences in MECA-32
staining post-AKI. Glomerular MECA-32 staining was not modulated by AKI in wild-type or
caspase-37 mice (Fig. 2B). In line with this result, glomerulosclerosis was not modulated post-
AKI (Fig. S4). To further confirm these results, we assessed microvascular rarefaction with
contrast-enhanced microCT. Total blood vessel volume decreased at day 21 post-IRI in mild
and severe AKI when compared to baseline. There was however no significant difference
between wild-type and caspase-37- mice (Fig. 4). However, significant differences were noted
when considering terminal capillary volume. In wild-type mice, the number of terminal
capillaries was lower than baseline in mild AKI and there was a further significant reduction in
severe AKI. Caspase-37-mice showed significantly higher terminal capillary numbers than wild-
type counterparts after mild and severe AKI (Fig. 4C). Collectively, these results demonstrate
the importance of caspase-3 in controlling microvascular rarefaction in both mild and severe

forms of AKI.
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Figure 3: Caspase-3 deficiency prevents endothelial apoptosis post severe IRI.
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Figure 4: Caspase-3 deficiency prevents microvascular rarefaction of terminal capillary in mild and severe forms of IRI.
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Caspase-3 deficiency prevents endothelial permeability disorder after mild and severe

AKI.

Abnormal microvascular permeability is another feature of AKI to CKD transition and is
thought to contribute to the development of a hypoxic microenvironment that fuels fibrogenesis,
tubular injury and renal failure (37). We evaluated endothelial permeability post-IRI with intra-
vital imaging using intra-vital confocal microscopy. Mice were injected with fluorescein
isothiocyanate—labeled high molecular weight (2000 kDa) dextran to delineate the vasculature
and with red fluorescent Evans Blue to detect extravasation. At day 21 post-IRI, wild-type mice
with mild AKI showed abnormal PTC permeability with significantly increased global kidney
Evans Blue extravasation compared with sham-treated mice (Fig. 5D). Caspase-37- mice with
mild AKI showed reduced Evans Blue extravasation when compared to wild-type controls.
There was however no difference between wild-type and Caspase-37- mice with severe AKI.
We went on to characterize microscopic differences. Wild-type mice exposed to mild AKI
showed areas of extravasation, the number of which was further enhanced in wild-type mice
exposed to severe AKI. These extravasation areas were characterized by the presence of
extravascular Evans Blue but not 2000 kDa dextran. We observed the appearance of Evans Blue
within the peritubular or tubular lumen shortly after I.V. administration suggesting respectively
PTC and glomerular membrane dysfunction after IRI (video 5-8). In both mild and severe AKI,
caspase-37" mice showed significantly reduced length of non-perfused PTC when compared to
wild-type mice (Fig. 5A, B, Video 1, 2, Fig. S5). The ratio of perfused capillaries decreased in
wild-type mice exposed to mild AKI when compared to baseline and the decrease was further
enhanced in wild-type mice exposed to severe AKI (Fig. 5C). Caspase-37- kidneys showed a
higher number of perfused capillaries in mild and severe AKI as compared to wild-type kidneys
(Fig. 5C, Video 3, Video 4, Fig. S6, Video 9). Prevention of PTC rarefaction leading to
preservation of tubule perfusion was also reflected by lower expression of tubular HIF-1a in
caspase-37 mice at 21 days post-IRI both in the cortex and cortico-medullary junction (Fig. S7).
Collectively, these results demonstrate that AKI of increasing severity leads to enhanced
permeability disturbances and that caspase-3 controls microvascular integrity and permeability

after mild and severe AKI.
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Figure 5: Caspase-3 deficient mice show reduced long-term endothelial permeability disturbances after mild and severe IRI.
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Caspase-3 deficiency prevents renal fibrogenesis after AKI.

Progressive renal failure is classically accompanied by fibrosis characterized by increased
collagen deposition and interstitial myofibroblast differentiation. Renal microvascular
disturbances are frequently associated with renal fibrogenesis although recent data suggest that
this association may not always hold true (24). Staining with Sirius red, a marker of collagen I
and III, revealed a significant increase in peritubular collagen deposition at day 21 post-IRI in
wild-type mice exposed to mild and severe AKI. Caspase-3 deficient mice showed reduced
collagen deposition as compared with wild-type controls in both mild and severe forms of AKI
(Fig. 6A). Increased collagen deposition with AKI was not present in all microvascular
compartments as Sirius red staining in glomeruli was not modulated by AKI in wild-type or
caspase-37 mice at day 21 post-IRI (Fig. 6B). Electron microscopy confirmed the accumulation
of collagen within the peritubular basement membrane in wild-type mice (Fig. 6C).
Myofibroblast differentiation, as evaluated with alpha-smooth muscle actin (a-SMA) staining,
was assessed in PTC and glomeruli. On day 21 post-IRI, wild-type mice showed increased
peritubular a-SMA staining in both forms of AKI. In both mild and severe forms of AKI,
caspase-37" mice demonstrated less myofibroblast differentiation within renal PTC (Fig. 7A, B).
However, there was no difference in a-SMA staining within glomeruli or macrovessels between
wild-type or caspase-3 deficient mice (Fig. 7C, D). Collectively, these results highlight the
association between PTC abnormalities and fibrogenesis and confirm the protective role of

caspase-3 deficiency in preventing peritubular fibrosis.
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Figure 7: Caspase-3 deficient mice show reduced long-term renal fibrosis after mild and severe IRI.
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Discussion

Microvascular rarefaction is increasingly appreciated as an important predictor of AKI to CKD
transition following ischemia-reperfusion injury. Here we show that caspase-3 is a pivotal
regulator of peritubular microvascular integrity and long-term dysfunction after IRI. The
severity of acute IRI correlates in the long term with the severity of microvascular rarefaction,
fibrosis, and loss of renal function. Severe AKI also leads to greater long-term perturbation of
renal microvascular permeability (Fig. 8). We identify caspase-3 as a pivotal factor controlling
microvascular homeostasis and renal function post-IRI. These results extend our previous
observations pointing to an important role for caspase-3 in the regulation of microvascular
rarefaction following mild IRI. In this study, we show that in mild and severe forms of AKI,
caspase-3 control not only the number of surviving peritubular capillaries but also impacts their
permeability and overall tubule-interstitial oxygenation. The beneficial impact of caspase-3
deficiency on long-term renal outcomes is present despite the early deterioration of epithelial
injury, both in mild and severe forms of AKI, confirming the predominant role of microvascular

injury over early epithelial damage in regulating AKI to CKD transition.
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Figure 8: Impact of caspase-3 on microvascular endothelial injury and renal fibrosis and dysfunction post IRI.
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A number of different murine IRI models (39-42) are available to investigate the
pathophysiology of AKI-to-CKD transition. However, severe forms of AKI are less commonly
investigated given the difficulty of ensuring animal survival in the long term (43, 44). Head-to-
head comparisons of microvascular abnormalities after mild and severe IRI are therefore still
lacking. Yet severe AKI is an important cause of progressive renal dysfunction in patients (45)
and efforts are needed to better understand the mechanisms contributing to progressive renal
failure in this context. In this study, we used unilateral renal artery clamping for 30 and 60
minutes along with contralateral nephrectomy, as means of comparing mild and severe forms of
IRI on AKI-to-CKD transition. As expected, severe AKI led to higher serum creatinine levels
at all time points when compared to mild AKI. Intriguingly, indices of microvascular congestion
2 days and 3 weeks after IRI were significantly less important in severe AKI compared to mild
AKI. This finding led us to consider the possibility that severe IRI aggravates microvascular
drop-out. In that case, congestion indices would be reduced not because of better microvascular
integrity but rather by the disappearance of the microvascular network. Our results largely
support this assumption. Immunohistochemistry for MECA-32, electron microscopy and in vivo
imaging with 3D integral renal vasculature visualization confirmed enhanced and accelerated
microvascular rarefaction with increased severity of IRI. Caspase-3 deficiency led to better
preservation of the renal peritubular microvasculature both in mild and severe forms of AKI.
3D reconstructed kidney from microCT imaging showed enhanced reduction of terminal
capillary volume with increasing severity of IRI and preservation of capillary volume in
caspase-3 deficient animals. Microvascular analysis along with endothelial staining confirmed
PTC rarefaction but showed no difference in glomerular histology in both forms of AKI. These
findings are in line with observations showing little ultrastructural alterations of glomerular

endothelial membranes following renal ischemia-reperfusion injury (46, 47).

Our results also point to caspase-3 as a pivotal regulator of PTC injury and dysfunction. IRI
triggers breaks of intercellular adhesions leading to increased PTC permeability exemplified by
leakiness of the contrast agent (48). Enhanced permeability likely represents a compensation
mechanism aimed at preserving tissue perfusion after ischemia. However, in the long-term,
leakiness leads to interstitial edema, capillary compression, and further perturbations in

perfusion and oxygenation (49). Using intra-vital kidney imaging, we found abnormal PTC
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leakiness with mild IRI and further enhanced permeability abnormalities with severe IRI.
Enhanced capillary rarefaction with severe IRI was associated with more severe permeability
disturbances and higher tubular expression of HIF-la. Conversely, caspase-3 deficiency
protected against permeability disturbances and microvascular drop-out and was associated with
lower HIF-1a tubular levels. These results are in line with previous findings suggesting a major
role for microvascular injury in fueling tubular ischemia that can, in turn, contribute to CKD
transition (50). Microvascular permeability disturbances similar to the ones we described after
severe IRI injury have been reported in association with a number of animal models of renal
dysfunction such as ureteral obstruction and Col4a3-deficient mice, and in patient biopsy
samples with progressive renal failure due to glomerulonephritis and interstitial nephritis (34).
These similarities raise the possibility that microvascular rarefaction and permeability
disturbances represent a common pathway of transition toward progressive loss of renal

function, irrespective of the initial cause of renal dysfunction.

Renal fibrosis is a classical hallmark of progressive renal failure. The present work highlights a
close association between the severity of microvascular disturbances, level of peritubular
fibrosis, and loss of renal function. There was however no correlation between indices of early
tubular injury and long-term renal fibrosis or renal function. In caspase-3 deficient mice, early
renal dysfunction and tubular injury scores were worse than wild-type controls in both forms of
IRI. Yet caspase-3 deficient mice showed lower renal fibrosis and reduced dysfunction in the
long term. Collectively, our results point to the importance of turning our attention to markers
of microvascular injury as potential predictors of AKI to CKD transition. Currently, AKI
severity is evaluated with clinical criteria, such as an increase in serum creatinine, decreased
urine output, and the need for renal replacement therapy. Most biomarkers of AKI, such as
cystatin C, kidney-injury-molecule-1 (KIM-1), and neutrophil gelatinase-associated lipocalin
(NGAL) monitor levels of tubular injury (51, 52). However, the present results and an increasing
body of literature suggest that early tubular injury is unlikely to predict transition to CKD if not
associated with concomitant microvascular injury and PTC drop-out (53, 54). There is an urgent
need for biomarkers that could allow a reliable and non-invasive assessment of the degree of
PTC damage following IRI. Several new candidates are emerging and should be the scope of

future studies. Our group showed that endothelial cells release apoptotic exosome-like
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membrane vesicles which can be tracked in circulation following ischemia-reperfusion
episodes, including renal IRI (55). Several endothelial associated proteins and molecules have
been considered as potential biomarker candidates at an early stage, such as E-selectin, P-
selectin, vascular endothelial growth factor (VEGF), glycocalyx, endothelin-1, angiopoietins,
intercellular adhesion molecule (ICAM), vascular cell adhesion molecule (VCAM) (56-62). It
will be crucial to assess the capacity of these biomarkers and others to predict AKI to CKD
transition and long-term renal outcomes after IRI. As acute microvascular dysfunction following
IRI has been documented in lungs, liver and intestine (63-66), better means of assessing
microvascular damage could prove useful in delineating the relationship between microvascular

drop-out and fibrosis in a number of conditions.

Our results also point to caspase-3 as a potential target of intervention for the prevention of CKD
transition following AKI. Caspase-3 inhibitors and siRNA have been tested on early renal
outcomes in a number of IRI animal models with somewhat conflicting results (67-70). Caspase-
3 siRNA intervention also displayed a protective role on renal function in a porcine kidney
autotransplant model (70). Although caspase inhibition has yet to be tested in human renal IRI,
a pan-caspase inhibitor has been evaluated in clinical trials in the context of liver transplantation
(NCT00080236), IDNN-6556 (pan-caspase inhibitor) administration in cold perfusate protected
liver damage against IRI initiated apoptosis (71). But, to our knowledge, only early time points
were assessed. Further clinical studies addressing the use of caspase inhibition in the prevention
of progressive renal dysfunction after IRI are still lacking. Our current results point to the need
to address this question in future clinical studies that will look into acute and long-term

consequences of renal IRI in patients.

In conclusion, the severity of PTC disturbances after IRI is a major predictor of AKI to CKD
transition. Caspase-3 is an important mediator in AKI, due to its crucial regulatory effect on
apoptosis and its downstream consequence on microvascular function and rarefaction,
fibrogenesis, and renal function post-IRI. These results open new directions for defining
predictors of AKI to CKD transition and identify caspase-3 as a novel target of intervention for

preserving long-term renal function.
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Figure legends

Figure 1: Caspase-3 deficient mice show reduced long-term tubular and microvascular
injury after renal IRI and better-preserved renal function after severe IRI. (A) Serum
creatinine levels in wild-type and caspase-37- (KO) mice at baseline (pre-operation), and 1, 2, 7
and 21 days post 30 min and 60 min IRI. (B) Left panel: Representative haematoxylin and eosin
(H&E) stained renal sections showing tubular injury from wild-type and caspase-3”" mice at 21
days post 60 min IRI. Black arrow: polynuclear neutrophil; green arrow: cast formation; blue
arrow: tubular dilation (magnification 200X and 400X). Right panel: Mean tubular injury scores
of ten randomly chosen high-power fields in mice renal cortical sections at pre-operation and
post-IRI at 1,2, 7 and 21 days from wild-type and caspase-3~" mice that underwent 30 min and
60 min IRI. (C) Left panel: Representative H& E-stained murine renal sections showing rouleaux
formation at 21 days post 60 min IRI (magnification 200X and 400 X). Red arrow: rouleaux
formation (vascular congestion). Right panel: Quantification of rouleaux formation in H&E-
stained renal cortical sections at pre-operation and post-IRI at 1, 2, 7 and 21 days from wild-
type and caspase-37- mice that underwent 30 min and 60 min IRI. Scale bar = 50 um
(magnification 200X), scale bar = 100 pm (magnification 400X). Values are mean = SEM. * P

< 0.05 between group.

Figure 2: Caspase-3 deficiency preserves the integrity of peritubular capillaries post-IRI.
(A) Upper panel: Representative images of MECA-32 immunohistochemistry in the whole
kidney and renal cortical-medullary junction from wild-type and caspase-37- mice that
underwent 60 min IRI and were sacrificed 21 days post-IRI or sham-operation (magnification
200X). Lower panel: Quantification of MECA-32 positive peritubular capillary (PTC) in murine
renal cortical-medullary junction sections at 21 days post 30 min and 60 min IRI or sham group.
(B) Left panel: Representative images of MECA-32 immunohistochemistry staining within
glomeruli from wild-type and caspase-37- mice that underwent 60 min IRI and were sacrificed
21 days post-IRI or sham-operation (magnification 200X). Right panel: Quantification of
MECA-32 positive glomeruli in murine renal sections at 21 days post 30 min and 60 min IRI or
sham group. Scale bar = 50 um. Values are mean + SEM.* P < (.05 between group. # P < 0.05
compared to WT or KO SHAM.
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Figure 3: Caspase-3 deficiency prevents endothelial apoptosis after severe IRI. (A-C):
Representative electron micrographs of PTC from wild-type mice that underwent 60 min
IRI and sacrificed 21 days post-IRI. (D-F): Representative EM images of PTC from caspase-
37 mice that underwent 60 min IRI and sacrificed 21 days post-IRI. Blue arrow: apoptotic
bodies; red arrow: apoptotic exosome-like vesicles; yellow arrow: nuclear condensation; black

arrow: capillary endothelium fenestration; scale bar = 2 pum.

Figure 4: Caspase-3 deficiency prevents microvascular rarefaction of peritubular
capillaries in mild and severe forms of IRI. (A) Representative microCT 3D reconstruction
images of whole renal microvasculature from wild-type and caspase-3”- mice that underwent 30
min and 60 min IRI and were sacrificed at 21 days post-IRI or pre-operation. Terminal
capillaries in the kidney are labeled as green dots, scale bar = 1000 um. (B) Quantification of
total renal blood vessel volume from wild-type and caspase-3~- mice at 21 days post 30 min and
60 min IRI or sham-operation. (C) Quantification of renal terminal capillary number from wild-
type and caspase-37- mice at 21 days post 30 min and 60 min IRI or sham-operation. Values are

mean £ SEM. * P < 0.05 between group. # P < 0.05 compared to WT or KO SHAM.

Figure 5: Caspase-3 deficient mice show reduced long-term endothelial permeability
disturbances after mild and severe IRI. (A) Representative intra-vital live images showing
renal microvascular endothelial permeability and perfusion from wild-type and caspase-37- mice
that underwent 30 min and 60 min IRI and were sacrificed 21 days post-IRI. Green channel:
fluorescein isothiocyanate-labeled dextran (2000 kDa); red channel: Evans Blue dye; white
arrow: peritubular capillary (PTC) permeability depicted by Evans Blue leaking, scale bar = 50
um. (B) Quantification of the length of non-perfused renal PTC from wild-type and caspase-3-
"~mice at 21 days post 30 min and 60 min IRI. (C) Quantification of renal PTC perfusion ratio
from wild-type and caspase-37- mice at 21 days post 30 min and 60 min IRI. (D) Left panel:
Representative images of a retrieved ischemic kidney after Evans Blue perfusion from wild-
type and caspase-37- mice that underwent 60 min IRI and were sacrificed 21 days post-IRI.
Right panel: Quantification of renal ex vivo Evans Blue extravasation volume from wild-type
and caspase-3"" mice at 21 days post 30 min and 60 min IRI or sham-operation. Values are mean

+ SEM. * P < (.05 between group. # P < 0.05 compared to WT or KO SHAM.
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Figure 6: Caspase-3 deficiency attenuates long-term collagen deposition in peritubular
capillary after mild and severe IRI. (A) Left panel: Representative images of Sirius Red
staining within peritubular capillary (PTC) in renal cortical-medullary junction sections from
wild-type and caspase-37- mice that underwent 60 min IRI and were sacrificed 21 days post-IRI,
or sham-operation. Arrowheads show collagen deposition in PTC (magnification 200X), scale
bar = 50 um. Right panel: Quantification of Sirius Red positive area within PTC in murine renal
cortical-medullary junction sections at pre-operation, sham-operation, and 21 days post 30 min
and 60 min IRI. (B) Left panel: Representative Sirius Red positive glomeruli in renal cortical
section from wild-type and caspase-37- mice that underwent 60 min IRI and were sacrificed 21
days post-IRI, or sham-operation (magnification 200X), scale bar = 50 um. Right panel:
Quantification of Sirius Red positive glomeruli in renal cortical section from wild-type and
caspase-3”" mice at pre-operation, sham-operation and 21 days post 30 min and 60 min IRI. (C)
Representative electron micrographs of collagen deposition in PTC from wild-type and caspase-
37~ mice that underwent 60 min IRI and were sacrificed 21 days post-IRI (magnification 3200X),
arrowhead: collagen deposition in PTC, scale bar = 2 pm. Values are mean + SEM.* P < (.05

between group. # P < 0.05 compared to WT or KO SHAM.

Figure 7: Caspase-3 deficient mice show reduced long-term renal fibrosis after mild and
severe IRI. (A) Upper panel: Representative a-SMA immunohistochemistry staining in whole
murine kidney section 21 days after 60 min IRI. Middle panel: Representative a-SMA
immunohistochemistry staining within peritubular capillary (PTC) in renal cortical section at
day 21 after 60 min IRI (magnification 200X), scale bar = 50 um. Lower panel: Representative
a-SMA immunohistochemistry staining within glomeruli in renal cortical section at day 21 after
60 min IRI (magnification 200X), scale bar = 50 um. (B) Quantification of a-SMA positive PTC
in renal cortical sections from wild-type and caspase-3”- mice at 21 days post 30 min and 60
min IRI. (C) Quantification of a-SMA positive glomeruli in renal cortical sections from wild-
type and caspase-37 mice at 21 days post 30 min and 60 min IRI. (D) Quantification of a-SMA
positive cells in macrovessels in renal sections from wild-type and caspase-37- mice at 21 days
post 30 min and 60 min IRI. Values are mean = SEM. * P < 0.05 between group. # P < 0.05
compared to WT or KO SHAM.
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Figure 8 : Impact of caspase-3 on microvascular endothelial injury and renal fibrosis and

dysfunction post-IRI. Microvascular injury induced by renal IRI increases distrubances in
microvascular permeability and microvascular rarefaction. It promotes secondary tubular injury,
collagen deposition and myofibroblast differentiation, which result in long-term renal
dysfunction and renal interstitial fibrosis. Caspase-3 is a pivotal regulator of renal dysfunction

as its deficiency largely prevents the above pathophysiological changes.

Supplementary Figure legends

Supplementary Figure 1: Caspase-3 deficiency ameliorates long-term renal tubular injury
and microvascular injury after mild IRI. (A) Tubular injury in representative renal sections
from wild-type and caspase-3"- mice at day 21 post 30 min of IRI and stained with haematoxylin
and eosin (H&E). (magnifications 200X and 400X). (B) Representative H&E-stained renal
sections showing rouleaux formation at day 21 post 30 min of IRI (magnifications 200X and

400X). Scale bar = 50 um (magnification 200X), scale bar = 100 um (magnification 400X).

Supplementary Figure 2: Description of multiple morphologies in MECA-32
immunohistochemistry staining in peritubular capillaries (PTCs). Upper panel:
Representative images of MECA-32 immunohistochemistry (magnification 200X), scale bar =
50 um. Lower panel: a: Capillary lumen is clearly stained; b: Capillary lumen is weakly stained;
c: Capillary lumen is weakly stained, but the structural outline is visible; d: Smaller positive
capillary; e: Capillary lumen is invisible, but the longitudinal axis is visible; f: Capillary lumen

is visible, with cellular circulation inside.

Supplementary Figure 3: Caspase-3 deficiency prevents endothelial apoptosis post severe
IRI. (A) Representative images of caspase-3 immunohistochemistry from wild-type and
caspase-37 mice that underwent 60 min IRI (magnification 200X). Arrow: caspase-3 positive
endothelial-like cells. (B) Quantification of caspase-3 positive endothelial-like cells in PTC
from wild-type mice and caspase-3”- mice at 21 days post 60 min IRI. Scale bar = 50 um. Values

are mean = SEM.* P < 0.05.
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Supplementary Figure 4: Caspase-3 deficiency does not modulate long term renal
glomerulosclerosis post severe IRI. (A) Representative photos of silver-stained renal sections
showing glomerulosclerosis at day 21 post 60 min of IRI (magnification 200X). (B)
Quantification of glomerulosclerosis in murine renal glomeruli at day 21 post 60 min of IRI,

scale bar = 50 um. Values are mean £ SEM.* P <0.05.

Supplementary Figure 5: Intra-vital images of renal capillary perfusion in sham-operated
mice. (A) Upper panel: intra-vital images of peritubular capillaries prior to Evans Blue injection
and 30 seconds, 5 minutes, and 15 minutes post-injection in sham-operated WT mice. (B) Lower
panel: intra-vital images of peritubular capillaries prior to Evans Blue injection and 30 seconds,

5 minutes, and 15 minutes post-injection in sham-operated caspase-3”~ mice. Scale bar = 50 um.

Supplementary Figure 6: Definitions of different types of renal capillaries in intra-vital
live confocal imaging. (A) Definition and example of capillary segments quantification. (B)

Definitions and examples of multiple types of renal peritubular capillaries (PTCs) post-IRI.

Supplementary Figure 7: Caspase-3 deficiency ameliorates tubular hypoxia after AKI. (A)
Quantification of HIF-1a in murine renal cortical section at day 21 post 30 min and 60 min of
IRI. (B) Quantification of HIF-1a at the cortical-medullary junction at day 21 post 30 min and
60 min of IRI. Values are mean = SEM.* P < 0.05.

Video 1: Z stack image showing PTC leaking in WT mice at day 21 post IR for 60 min
(zoom 3). Red area: Evans Blue leakage. Yellow/Green: Capillary. Blue: Tubules.

Video 2: Z stack image showing PTC leaking in caspase-3"- mice at day 21 post IR for 60

min (zoom 3). Red area: Evans Blue leakage. Yellow/Green: Capillary. Blue: Tubules.

Video 3: Live imaging showing PTC perfusion in WT mice at day 21 post IR for 60 min

(zoom1-zoom3). Red area: Evans Blue leakage. Yellow/Green: Capillary. Blue: Tubules.

Video 4: Live imaging showing PTC perfusion in caspase-37- mice at day 21 post IR for 60

min (zoom1-zoom3). Red area: Evans Blue leakage. Yellow/Green: Capillary. Blue: Tubules.
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Video 5: Live imaging showing glomerular leakage in WT mice at day 21 post IR for 30
min (zoom 1). Red area: Evans Blue leakage. Yellow/Green: Capillary. Blue: Tubules. Star:

Glomerular leakage of Evans Blue in tubular lumen.

Video 6: Live imaging showing PTC leakage and glomerular leakage in caspase-37- mice
at day 21 post IR for 30 min (zoom 1). Red area: Evans Blue leakage. Yellow/Green:
Capillary. Blue: Tubules. Arrow: PTC leakage of Evans Blue. Star: Glomerular leakage of

Evans Blue in tubular lumen.

Video 7: Live imaging showing PTC leaking process (zoom 1). Red area: Evans Blue leakage.

Yellow/Green: Capillary. Blue: Tubules. Arrow: PTC leakage of Evans Blue.

Video 8: Live imaging showing glomerular leaking process (zoom 3). Red area: Evans Blue
leakage. Yellow/Green: Capillary. Blue: Tubules. Star: Glomerular leakage of Evans Blue in

tubular lumen.

Video 9: Live imaging showing different renal PTCs definitions post-IRI (zoom 3).
Arrowhead: non-perfused PTC; Arrow: perfused PTC without circulation; Star: PTC with

normal circulation.
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Supplementary Figure 1: Caspase-3 deficiency ameliorates long-term renal tubular injury and microvascular injury after mild IRI.
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Supplementary Figure 3: Caspase-3 deficiency inhibits endothelial apoptosis post severe IRI.
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Supplementary Figure 4: Caspase-3 deficiency does not modulate long term renal glomerulosclerosis post severe IRI.
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Supplementary Figure 5: Intra-vital images of renal capillary perfusion in sham-operated mice.
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A

Definition: capillary=one segment between two nearby visible endpoints

B Definition: perfused capillary with circulation
= yellow/green fluorescence in capillary lumen (star)

perfused capillary without circulation
=yellow/green fluorescence in capillary lumen (arrow)

non-perfused capillary
= red fluorescence in capillary lumen (arrowhead)

Supplementary Figure 6: Definitions of different types of renal capillaries in intra-vital live confocal imaging.
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Supplementary Figure 7: Caspase-3 deficiency ameliorates tubular hypoxia after AKI.
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Discussion

In summary, my work demonstrates the different impacts of the tubular epithelial compartment
and the microvascular endothelial compartment on renal fibrosis and progressive renal
dysfunction in the context of IRI-induced renal damage. IR and hypoxia-reoxygenation,
experimental stresses that we chose to mimic IRI's effect in vivo and in vitro, activate cell death

crosstalk and renal parenchymal dysfunction.

Compared with early tubular epithelial injury, my work has demonstrated that microvascular
injury functions as a predominant driver of progressive renal dysfunction, especially peritubular
capillary (PTC) injury and the subsequent microvascular rarefaction, displaying a solid
correlation with secondary tubular atrophy, long-term interstitial fibrosis progression, and renal

function decline.

To clarify the cellular stress and death responses in different renal compartments post-IRI, we
performed in vitro and in vivo experiments with renal epithelial and endothelial cells and murine
renal tissue in both the short term and long term. As opposed to our initial hypothesis, we found
a different impact of caspase-3 invalidation on tubular and microvascular injury at the early AKI
stage. However, in the long term, caspase-3 deficient animals showed better preservation of both
compartments and reduced long-term renal fibrogenesis. In the early stage post-IRI, renal
microvascular endothelial cells chose caspase-3 dependent apoptosis as the primary cell death

pathway, while tubular epithelial cells headed to necroptosis as a predominant cell fate.

Also, we studied the impact of caspase-3 deficiency on long-term renal function in both mild
and severe IRI. We found that caspase-3 deficiency attenuates microvascular rarefaction, better
maintains endothelial permeability, attenuates tubular hypoxia, and reduces collagen deposition
and myofibroblast differentiation, regardless of the severity of IRI. The endothelium is a semi-
permeable barrier located at the interface of the blood flow and the vessel wall. Endothelial
permeability is enhanced following endothelial cell injury, cytoskeleton alteration, and
leukocyte-endothelial interactions. In an ischemic microvascular environment, damaged ECs
fail to maintain vascular tone and normal vascular permeability because of a loss in endothelial
junctions. As a result, endothelial permeability enhancement induces plasma concentration

through water outflow. The alteration of permeability also promotes immune cell recruitment
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and adhesion and activation of the inflammatory cascade. While PTC rarefaction leads to a
drop-out of the microvasculature, it also implies detachment of pericytes from the vascular wall
and secondary tubular atrophy. Pericytes are necessary for stabilizing the microvasculature in
physiological conditions (Humphreys, Lin et al. 2010, Schrimpf, Xin et al. 2012). In
pathological conditions, the detachment of pericytes from the microvasculature and their

differentiation towards myofibroblasts further perturbs local homeostasis.

1. Impact of renal IRI on delayed graft function (DGF) and graft

survival

Renal IRI-induced AKI in the context of transplantation is defined as DGF, which is a frequent
outcome especially after deceased organ donation with a 20%-40% incidence (Muth, Astor et
al. 2016). DGF occurrence is dependent on multiple factors, such as donor age, ischemia time,
sex, existing disease, etc. The development of DGF is positively associated with oliguria,
dialysis requirement after transplantation, and occurrence of rejection. Donation type is also
associated with the risk and severity of DGF. The reported incidence of DGF for standard-
criteria and extended-criteria donors is around 22% and 30% respectively in the USA
respectively (Selby and Taal 2019). In the field of deceased organ donation, Brain Dead Donor
(BDD) and Donation after Cardiac-Circulatory Death (DCD) are associated with a higher risk
of DGF. Transplanted kidneys from DCD donors display an increased incidence of DGF
compared with BDD due to a more prolonged exposure to warm ischemia. However, BDD is
more prone to trigger progressive renal dysfunction, possibly because of a dysfunctional
inflammatory environment, unstable hemodynamic features, and immune hyperreactivity in

BDD donors (Saat, Susa et al. 2014).

Our work demonstrated the implication of renal microvascular endothelial cell death in AKI-
CKD transition triggered by IRI, renal fibrosis, and long-term renal dysfunction. Meanwhile,
inflammation and endothelial permeability alteration were also found in our IRI model with
different degrees of severity, combined with previous data from our lab where administration of
anti-LG3 autoantibody demonstrated an aggravated impact of renal IRI on peritubular capillary
rarefaction with deteriorated renal function and interstitial fibrosis. Collectively, my results and

previous work from the laboratory concur in establishing the importance of microvascular injury
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as a significant determinant of AKI-CKD transition. These results could be further investigated
to determine whether endothelial damage leads to the release of immunogenic extracellular
vesicles and whether autoantibodies participate in enhanced immune reactivity and reduced

long-term outcomes in organs from BDD donors.

2. Characteristics of the IRI model and relevance to the clinical

context

There are several animal models of AKI-CKD transition, such as IRI, nephrotic AKI, sepsis,
rhabdomyolysis, etc. However, one of our team's primary research objectives was to clarify the
mechanisms of AKI-induced renal allograft dysfunction and the links with long-term renal
transplant outcomes. Undoubtedly, an allogeneic renal transplant model is the ideal model to
mimic human transplantation. However, it would be challenging to differentiate mechanisms of
IRI-induced cell death from those induced by allogeneic immune activation in a transplantation
model. Therefore, the IRI model is the optimal option to characterize the cell death pathways
that are inevitably activated following ischemia-reperfusion during organ transplantation (Basile

2019).

As the most used experimental model of AKI and AKI-CKD transition, different severities of
ischemic insults could induce mild and moderate AKI, or severe AKI with progression to CKD
transition. Among multiple IRI models, ulRIx was performed in our study due to its similarity

to renal transplantation in humans.

ulRIx has the advantages of allowing investigators to evaluate renal function at various time
points, which provides an optimal setting for assessing dynamic curves of renal dysfunction and
tissue damage. Compared with ulRI, ulRIx prevents contralateral kidney functional
compensation, which would preclude the assessment of systemic renal function parameters.
However, this model is associated with some technical challenges, especially when inducing
severe renal injury, due to high mortality occurrence. In a study generating severe IRI in mice,
up to 30% of the animals died in the first two weeks post-op (Fu, Tang et al. 2018). Moreover,
significant variations were observed in this model compared with the ulRI model. One option

of reducing mortality post-injury is to perform delayed ulRIx, which involves removing the

174



intact kidney several days post injury. Nonetheless, with delayed nephrectomy, monitoring renal
dysfunction at multiple time points is difficult because of the contralateral kidney's

compensation before nephrectomy.

In our study, we performed mild and severe IRI using the ulRIx murine model. In the severe
IRI model, we did have the problem of the poor survival rate. However, we systematically
standardized a detailed surgical protocol, specifying animal body temperature, rectal probing
temperature, ischemic time, mice species, and sex features. We found that body temperature
was positively associated with animal survival post-ischemic injury, especially in the severe IRI
murine model. Cellular damage is highly dependent on temperature, a crucial factor for IRI
severity. As a result, a duration of cold ischemia much longer than warm ischemia is necessary
for inducing a similar severity, as higher temperatures under the same duration greatly

exacerbated injury (Wei, Wang et al. 2019).

It is not common to perform multiple IRI severity levels in the same project due to the poor
survival rate of animals in association with severe IRI. After a series of surgical technical
troubleshooting in our severe IRl model, we systemically standardized murine IRI surgical
protocol by modifying multiple parameters, including ischemic temperature setting, rectal
probing temperature monitoring, ischemic time, operating time, mice species, and sex features,
etc., ensuring project feasibility. After troubleshooting on the severe IRI model, we found that
variations in heating carpet temperatures at the time of ischemia significantly impact the animal
survival rate. A much lower survival rate was found in the IR60-minute group by increasing the
carpet temperature, decreasing the survival rate from 92% to 62% by increasing the temperature
from 37°C to 40°C in the IR60-minute group (not yet published). Our finding of a relationship
between the survival rate and the elevated ischemic temperature is in line with the consensus in
the literature (Skrypnyk, Harris et al. 2013, Ramesh and Ranganathan 2014, Fu, Tang et al.
2018).

In our preliminary work, different severities of IR were induced in female mice by performing
warm ischemic time for 30 minutes, 45 minutes, and 60 minutes. The systems of 30 minutes
and 60 minutes were analyzed and compared in the WT group and caspase-3 KO group. The
injury induced in these two models is similar to mild and severe AKI in the clinic according to

the serum creatinine elevation. However, the ischemia 45-minute group presented a
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considerable variation within the group; some of the animals presented short-term alteration,
but some have entered the chronic phase of AKI. Our team has recently been planning a new
project to observe renal dysfunction post IRI both in male and female mice, trying to determine

the influence of sex on renal dysfunction discrepancy in our models.

3. Predominant role of apoptosis in microvascular endothelial
injury induced by IRI

In the context of AKI caused by IRI, we initially hypothesized that apoptosis is the predominant
mode of cell death, and that caspase-3 deficiency would have global protective effects. Using a
mouse model of AKI, we have shown that during the acute phase of IRI, the absence of caspase-
3 worsens acute renal dysfunction. In terms of tissue damage, we have observed a decrease in
microvascular damage but an increase in tubular damage linked to an aggravation of necroptosis
in the tubular cells. These results indicate that ECs and tubular epithelial cells have different cell
death programs, and that caspase-3-dependent apoptosis plays a predominant role in

microvascular insults induced by IRI during the acute phase of AKI.

One of the most common causes of AKI is IRI. Tubular necrosis is classically considered a key
feature of AKI. There is growing evidence to suggest that microvascular damage is also an
essential contributor to renal dysfunction (Bonventre 2007, Chatauret, Badet et al. 2014, Verma
and Molitoris 2015). Our results suggest that tubular damage has a predominant effect on renal
dysfunction in the acute phase. Numerous studies have shown that programmed cell death plays
a crucial role in tubular and microvascular damage induced by IRI. The different cell deaths
implicated in microvascular damage, however, have not been identified. Our work is in line with
studies by other research groups which identify necroptosis as the predominant type of cell death
in tubular damage during the acute phase of IRI-induced AKI (Linkermann, De Zen et al. 2012,
Linkermann, Hackl et al. 2013, Linkermann, Chen et al. 2014). However, investigations on
necroptosis were more concentrated in the acute phase of IRI. Several studies, although not
many, describe the impact of necroptosis in AKI-CKD transition and the chronic stage of CKD
progression (Chen, Fang et al. 2018, Imamura, Moon et al. 2018). These results suggest that in
the murine UUO model, RIPK3, a necroptosis mediator, promotes renal fibrosis via the AKT-

dependent ATP citrate lyase pathway.
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Further investigation on this topic is still needed. Our results provide novel insights into the
importance of apoptosis in controlling microvascular damage during both the acute phase and
the transition of AKI to CKD. Unlike epithelial cells, ECs in PTCs do not choose necroptosis as
an alternative pathway in the condition of caspase-3 deficiency. Our preliminary work has
proven that the absence of caspase-3 preserved renal microvascular density and ameliorated
interstitial fibrosis. Based on these findings, we now hypothesize that another cell survival
pathway, autophagy, is also involved in the endothelial stress response. Autophagy is a stress
response that can exert a protective effect on the microvascular endothelial structure. In our
preliminary observation of Electron Microscopy (EM) images from renal PTCs after IRI, an
autophagolysosome-like structure was found in the cytoplasm of ECs within PTCs of caspase-
3 KO mice, but not in the WT group. However, further investigations are underway to assess
the impact of endothelial autophagy in the prevention of renal fibrosis post-IRI. Therefore, a
follow-up project should aim at studying endothelial autophagy in the environment of renal IRI.
Furthermore, besides findings in the mild IRI model, we also found similar results in the severe
IRI model, with a protective role of a caspase-3 deficiency on microvascular preservation and
renal fibrogenesis. However, no significant difference in the degree of tubular injury degree was
found between the control group and the caspase-3 KO group in the early stage in the severe
IRI model, including the histopathological parameters of tubular necrosis, tubular dilation, cast
formation, and neutrophil infiltration both in the renal cortex and cortical-medullary junction
sections. A possible explanation for this finding is that the severe IRI promoted necroptosis
maximally in tubular epithelial cells, in control mice and caspase-3 KO mice, therefore

preventing further activation of necroptosis in caspase-3 deficient mice.

Short-term renal endothelial dysfunction post-IRI was found to be ameliorated by caspase-3
deficiency, but the epithelial injury was found to be aggravated. One possible explanation is that
TECs and ECs choose different regulated death pathways in the absence of caspase-3. Our
results proved that TECs progress to necroptosis while ECs still develop apoptosis as a
predominant cell death pathway. The mechanism regulating activation of different modes of cell
death in tubular epithelial cells and microvascular endothelial cells perhaps correlates with
varying sources of embryology. The tubular system develops from the intermediate mesoderm

while peritubular and glomerular endothelial cells originate from the lateral mesoderm (Dekel,
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Hochman et al. 2004). Therefore, our results imply that renal microvascular endothelial function
was preserved by blocking the caspase-dependent apoptotic pathway both in mild and severe
IRI forms. At the same time, tubular epithelial injury was aggravated by caspase-3 inhibition in
the mild form, but there was no further deterioration in the severe form, possibly due to maximal

activation in epithelial cells.

It would be interesting to confirm the effect of apoptosis on microvascular damage using mice
with EC-specific caspase-3 deletion (Conditional Knockout, CKO) (Rongvaux, Jackson et al.
2014). We extrapolate that CKO mice would have reduced long-term renal dysfunction,
microvascular and tubular damage, as well as decreased interstitial fibrosis, compared to WT
mice. Caspase-3 deficiency in cell types other than the endothelium (especially fibroblasts) can
affect the pro-fibrotic process. It would also be exciting to compare the CKO and general
caspase3-/- mice at 21 days, which would allow us to distinguish how these cells contribute to

post-IRI fibrosis.

Compared with microvascular ECs, TECs death pathways post-IRI have been studied for
decades, and multiple cell death pathways have been reported in models of IRI (Linkermann,
Chen et al. 2014, Sancho-Martinez, Lopez-Novoa et al. 2015, Wang, Zhang et al. 2016, Muller,
Dewitz et al. 2017). Our study agrees with the literature that necroptosis is the predominant form
of cell death in TECs in early AKI induced by IRI (Lau, Wang et al. 2013). Based on the
literature, one study revealed that RIPK3-mediated necroptosis contributes to endothelial cell
damage in a murine cardiac transplant model (Pavlosky, Lau et al. 2014). However, there are
no investigations observing the impact of RIPK3 on microvascular rarefaction post renal IRI. It
was expected that RIPK3 deficiency would protect against microvascular damage induced by
IRI. However, another investigation using RIPK3/caspase-8 double knockout mice post-IRI
suggested that necroptosis inhibition cannot rescue cell injury in TECs due to the compensatory
upregulation of intrinsic apoptosis (Liu, Liu et al. 2019, Sung, Su et al. 2019), which supports
the presence of multiple levels of cross-talk between cell death pathways. In addition, RIPK3
was proven to contribute to renal fibrosis by activating AKT-dependent ATP citrate lyase in
UUO murine model (Imamura, Moon et al. 2018). These findings show the complexity of cell

death crosstalk in the IRI context and the link between cell death and long-term fibrogenesis.
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These results suggest that the RIPK1/RIPK3/MLKL signal pathway is positively associated with
primary tubulointerstitial injury and long-term fibrosis post-IRI.

4. Contribution risk factors in AKI-CKD transition

4.1. Contribution of microvascular rarefaction in AKI-CKD transition

The renal microvasculature can be classified according to its volume and location, including the
segmental artery, interlobar artery, arcuate artery, interlobular artery, and peritubular capillary
(figure 10). Microvascular rarefaction can possibly occur in any segment of the renal vascular
branches; however, it usually attacks PTCs and arterioles. In our study, our results were
consistent with the literature. By visualizing total renal microvasculature using a micro-
Computed Tomography (microCT) scan and 3D reconstruction, we found that loss of micro-
blood vessels is principally focused on the terminal capillary level, not the segmental or the

interlobar vessels.

Interlobar

Renal vein arteries

Renal artery

> Arcuate arteries
Segmental

arteries

/= |nterlobular
arteries

Figure 10. Distribution of renal microvasculature (Chade 2013).

Mounting evidence suggests that microvascular rarefaction is positively associated with renal
interstitial fibrosis in patients with CKD, including ischemic nephropathy, IgA nephropathy,
focal segmental glomerulosclerosis, kidney transplant, etc. Both microvascular rarefaction and

renal fibrosis are considered highly related to CKD transition in multiple clinical settings
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(Eardley, Kubal et al. 2008, Fliser 2010, Eirin, Zhu et al. 2011, Fiorentino, Grandaliano et al.
2018).

Although microvascular rarefaction is classically thought to result from insults that act on the
vasculature, activation of endothelial injury sometimes starts from internal stimuli to the
microvasculature, such as changes in circulation dynamics, endothelial phenotype transition,
and cell death accompanied by insufficient regeneration (Chade 2013). The cascade of
endothelial alterations contributes to secondary renal interstitial hypoxia and profibrotic
pathway activation and microvascular drop-out. Some possible mechanisms include profibrotic
gene upregulation and epigenetic alternation regulated by hypoxic insult, endothelial
permeability disturbances, and myofibroblast transition. IRI and antibody-mediated rejection
are two significant causes of microvascular injury in the context of renal transplantation

(Doreille, Dieude et al. 2019).

However, clinical studies in patients can rarely reveal the mechanisms of AKI-CKD transition;
animal models are therefore used to explore the detailed molecular and cellular mechanisms in
CKD progression. In our murine model, microvascular rarefaction is in line with renal interstitial
fibrotic alterations, as well as renal dysfunction, suggesting a strong link between endothelial
dysfunction, renal fibrosis, and CKD transition. In the acute phase, we observed different
impacts of caspase-3 deficiency in tubular and microvascular systems, namely reduced
microvascular injury but aggravated tubular epithelial injury. Our results demonstrate that in the
chronic phase, casp3”- mice are both protected from microvascular depletion and severe tubular
damage. Fibrosis, a key feature of CKD, was also reduced in the casp3”- group demonstrating

that microvascular damage is a driving force for CKD development.

Microvascular rarefaction and fibrosis have been considered closely related in a number of
animal models, including IRI. However, as opposed to the current consensus, recent studies
suggest that microvascular rarefaction and fibrosis are not always linked in the same pathway
in some other animal renal disease models. According to recent reports with multiple AKI
animal models, PTC rarefaction has a predominant impact on CKD progression over renal
fibrosis (Menshikh, Scarfe et al. 2019). They reported capillary rarefaction and renal
dysfunction without interstitial fibrosis in mice with cisplatin-induced AKI. In rhabdomyolysis-

induced AKI, renal fibrosis developed but without severe capillary rarefaction or progressive
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renal dysfunction. In the IRI model, PTCs were restored in the long-term, which is in line with
renal function restoration, but renal interstitial fibrosis was found ongoing. Of note, the delayed
contralateral nephrectomy IRI murine model was used, which potentially helped restore
capillary number. However, renal interstitial fibrogenesis progression was not modulated
(Menshikh, Scarfe et al. 2019). Collectively, these findings suggest that capillary rarefaction is
more important than renal fibrosis for predicting progressive renal function decline. This is a
reminder that different etiology could trigger different pathophysiological changes and that
mechanisms that pertain to IRI may differ from those of other AKI models. The finding in the
IRI model of this report where microvascular rarefaction displays a weak link with renal
interstitial fibrosis (Menshikh, Scarfe et al. 2019) is somehow contradictory with ours. The
possible explanation of this discrepancy is the animal model applied. Delayed nephrectomy
performed with compensation from the contralateral kidney prevents the development of
uremia, potentially preventing uremia-induced microvascular rarefaction and further CKD

progression.

4.2. Contribution of other risk factors in AKI-CKD transition

Besides known classical risk factors of CKD progression, uremic toxins (UTs) are another risk
factor that could further deteriorate renal function. There are different types of UTs, among
which asymmetric dimethylarginine (ADMA), indoxyl sulfate (IS), p-cresyl sulfate (pCS) have
been associated with CKD progression and renal dysfunction (Fujii, Goto et al. 2018). For
example, ADMA is an endogenous inhibitor of nitric oxide (NO) synthase, and it works as an
anti-atherosclerotic factor by reducing NO production. Therefore, serum ADMA concentration
is considered a predictive marker of endothelial dysfunction (Cooke 2004). In kidneys with renal
failure and interstitial hypoxia, ADMA contributes to PTCs loss and interstitial fibrogenesis,
accentuating CKD progression. Plasma ADMA concentration increase upregulates apoptosis
and prevents endothelial cell proliferation by decreasing NO level. In addition, ADMA inhibits
NO synthase and bioavailability by increasing oxidative stress (Antoniades, Shirodaria et al.
2009). Different from ADMA, IS is a tryptophan derivative and binds to albumin in circulation.
It participates in AKI progression by affecting the NO pathway and reducing the number of
EPCs, which postpones recovery of renal function and favors CKD development. Furthermore,

IS was shown to promote epithelial-mesenchymal transition and renal tubular epithelial
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apoptosis, by activating ERK1/2 pathway and p38 MAP kinase (MAPK) (Kim, Yu et al. 2012).
Also, IS displayed a pro-inflammatory function, which is similar to the effect of pCS, inducing
inflammatory associated gene upregulation in cultured mice proximal tubular cells. (Sun, Hsu

etal. 2013).

In addition, Renin-Angiotensin System (RAS) has been proven to significantly promote CKD
development in patients. RAS is known to play a significant impact on renal physiology,
therefore, RAS participates in both physiological and pathophysiological environments. RAS
inhibitors have been found to effectively block CKD progression in clinical trials, and therefore
represent potential therapeutic targets for CKD prevention (Laffer, Elijovich et al. 2020,
Singhania, Bansal et al. 2020, Garcia-Prieto, Verdalles et al. 2021, Loutradis, Price et al. 2021,
Sanidas, Papadopoulos et al. 2021).

4.3. Link between microvascular dysfunction and AKI-CKD transition in

our study

In our study, severe AKI showed, as expected, a higher number of injured tubules than mild
AKI (Yang, Lan et al. 2018, Dong, Zhang et al. 2019). Intriguingly, microvascular congestion
was significantly less critical in severe AKI than mild AKI due to poorly preserved
microvasculature (Basile, Donohoe et al. 2001). In severe AKI, renal peritubular capillaries
collapse which dramatically narrows the vascular lumen, inducing a limitation for circulatory
blood flow in renal capillaries. As a result, much less microvascular congestion was found in
severe AKI compared to mild AKI. Furthermore, ex-vivo Evans Blue extravasation test
displayed less endothelial leaking in the caspase-3 KO group than the control group post mild
AKI. There was no significant difference between these two groups in the severe form of AKI.
One possible explanation is that severe IRI led to greatly reduced PTC perfusion therefore
preventing leakage. This suggests that the Evans Blue assay is not appropriate for assessing
microvascular permeability in the severe AKI model. Consequently, we should keep in mind
that the severity of the renal insult can influence some parameters aimed at evaluating

microvascular function.

Our findings also confirmed the lack of Scr sensitivity as a biomarker of renal fibrosis in mild

AKI. No difference was observed between casp3”- and WT mice despite higher tubular injury
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in the WT group. Scr and BUN are widely used clinically as biomarkers for evaluating renal
function. However, they are far from ideal for detecting mild and moderate changes in GFR. Scr
and BUN blood levels do not rise rapidly enough if the non-attacked renal nephrons maintain a
near-normal function (Bonventre, Vaidya et al. 2010). A requirement for validating more
sensitive biomarkers of subclinical renal dysfunction is needed to detect early renal dysfunction
and predict progressive dysfunction. Figure 11 below shows various biomarker candidates for
detecting early renal injury, such as KIM-1, NGAL, Cystatin C, IL-18, TIMP2, and IGFBP7.
Urinary KIM-1 was detected in a renal tubular injury model and in patients with acute tubular
necrosis (Han, Bailly et al. 2002). IL-18 levels in urinary samples of AKI patients were shown
to increase before serum creatinine elevation, demonstrating its advantage as an early-stage
injury marker (Awad and El-Sharif 2011). In addition, the urinary level of Cystatin C was also
found to be more sensitive than serum creatinine in adult and pediatric patients with AKI
(Pirgakis, Makris et al. 2014, Lagos-Arevalo, Palijjan et al. 2015, Benoit, Ciccia et al. 2020).
Current investigations reveal various potential biomarkers for detecting renal tubular damage
early, but biomarkers focusing on renal microvascular injury are still lacking. However, a large
number of studies, including our work, have illustrated the crucial association between
microvascular dysfunction/rarefaction and long-term renal function, in both transplanted kidney
and naive kidneys (Afsar, Afsar et al. 2018, Polichnowski 2018, Yang, Lan et al. 2018, Basile
2019, Menshikh, Scarfe et al. 2019). Therefore, the validation of microvascular injury

biomarkers should be considered an essential topic for renal disease research.
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Proiinel Tebales Candidate Biomarkers for Kidney Injury
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Figw. 11. Potential candidate biomarkers of kidney injury (Bonventre, Vaidya et al.
2010).

Better preservation of microvascular function protected tubular function and reduced secondary
tubular hypoxia as illustrated by decreased expression levels of HIF-1a in the cortex and
cortical-medullary junction in mild and severe AKI. These results further support the pivotal
role of PTC damage in secondary tubular hypoxia (Tanaka, Tanaka et al. 2014), where long-
term secondary tubular hypoxic status results in the development of CKD, as demonstrated by

tubular atrophy and interstitial fibrosis (Grgic, Campanholle et al. 2012, Humphreys 2018).

The mechanisms involved in the transition from AKI to CKD are complex and still need to be
characterized. The distribution of blood supply and oxygen in the renal cortex and medulla
differs greatly, with 90% in the cortex and around 10% in the medulla (Dimke, Sparks et al.
2015). In some pathophysiological conditions, the hypoxic status may extend to the cortex,
contributing to peritubular capillary ischemic injury, which could be regarded as a CKD and
AKI-CKD transition (de Braganca, Volpini et al. 2016). Several studies have described a

feedback loop between microvascular rarefaction and impaired tubular regeneration. They have
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identified this loop as the key pathophysiological process in the transition from AKI to CKD
(Hsu 2012, Tanaka, Tanaka et al. 2014, Venkatachalam, Weinberg et al. 2015). Figure 12
displays multiple mechanisms and crosstalk between capillary rarefaction and renal dysfunction.
In our work, with decreased microvascular damage and increased tubular damage during the
acute phase of AKI, casp3”- mice allowed us to create a unique model to distinguish the relative
contribution of these two compartments to AKI to CKD transition. The results of our project
demonstrated that early microvascular insults, but not epithelial injury play a key role in the
transition from AKI to CKD. These results add a new experimental argument for the need to

assess microvascular rarefaction in CKD patients.

Besides microvascular rarefaction, microvascular dysfunction induced by injury also
contributes to CKD progression. With the progression of CKD, the latest phase could be uremic.
However, uremia can also happen following AKI when it develops quickly. Additionally,
uremia is a consequence of CKD and may function as a contributor to CKD progression. For
example, uremic toxins such as IS could accentuate microvascular dysfunction by upregulating

platelet hyperactivity and favoring thrombus formation (Allison 2017).
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Figure 12.  Crosstalk between capillary rarefaction and progressive renal damage (Afsar,
Afsar et al. 2018).

5. Mechanisms of renal fibrosis in AKI-CKD transition

5.1 Myofibroblast differentiation

Regardless of etiology, interstitial fibrosis is a common histopathological finding of CKD. The
differentiation of fibroblasts into myofibroblasts (myofibroblast differentiation) is crucial in
developing fibrosis (Grgic, Duffield et al. 2012, Humphreys 2018). Many studies have identified

an essential role for ROS in myofibroblast differentiation and in organ fibrosis (Siani and Tirelli
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2014, Zhang, He et al. 2014, Andersson-Sjoland, Karlsson et al. 2016, He, Xiong et al. 2016,
Bernard, Yang et al. 2020).

During progressive renal damage, connective tissue accumulation induces a series of actions
triggering interstitial fibrosis and matrix deposition in the space between PTCs and tubules.
Diverse links between renal fibrosis and CKD progression are shown in Figure 13. The
deposited matrix contains collagen I, 111, V, VI, VII, XV, and fibronectin. In the normal kidney,
the primary collagen is collagen IV; in a pathological environment, the synthesis of collagen I
is upregulated while the collagen IV level can remain unchanged, increased, or reduced (Sanna-
Cherchi 2008, Genovese, Manresa et al. 2014). The myofibroblast is considered a matrix
secreting cell (Kramann, Dirocco et al. 2013), although other cell types can also contribute to
matrix deposition. The most common myofibroblast marker is a-smooth muscle actin (a-SMA),
which illustrates the capacity of myofibroblasts to form stress fibers and acquire enhanced
contractile capabilities. Other myofibroblast markers include vimentin, collagen-lalpha,
fibronectin, and PDGFR- B (Lin, Kisseleva et al. 2008). In our research work, both the control
and casp3”- group display increased collagen deposition and enhanced levels of a-SMA in PTCs
at 21 days post-IRI. Moreover, electron microscopy images also show an enlarged sub-
endothelial space with deposition of extracellular matrix and collagen fibers. Compared with
the control group, the casp3”" group demonstrates reduced myofibroblast and collagen

deposition, suggesting a protective effect of caspase-3 on renal interstitial fibrosis.

The collagen matrix produced by myofibroblasts reduces the blood flow to the PTCs by
narrowing the capillary lumen, further inducing secondary tubular hypoxia and PTCs dropout.
This secondary tubular hypoxia plays an important role in development and progression of CKD
(Evans, Ow et al. 2015). In this cascade of chronic tubular hypoxia, HIF-1a is a vital regulator
of the tubular hypoxic epithelial cells (Tanaka and Nangaku 2010). PTC rarefaction and
secondary tubular hypoxia further impact the surrounding tubules, triggering pro-fibrotic
pathways. We detected tubular hypoxia using HIF-1a immunohistochemistry staining of murine
kidneys. Caspase-3 KO mice displayed a lower level of HIF-1a expression within the renal
cortex after mild IRI. In the severe IRI model, caspase-3 deficiency was associated with reduced
long-term secondary tubular hypoxia post-IRI, alleviated interstitial fibrosis and reduced CKD

progression compared to controls.
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5.2 Pericytes and myofibroblast differentiation

Pericytes surrounding endothelial cells in capillary blood vessels have a function in vessel
maturation, angiogenesis, and endothelial response to injury. They also work as mesenchymal
cells participating in injury repair and renal fibrogenesis. It is commonly accepted that
myofibroblasts drive renal fibrosis by producing extracellular matrix and forming interstitial
scar in the long term. A recent investigation using an IRI model in mice found that pericytes are
also sources of myofibroblasts by converting from an inactive quiescent subtype to an active
mode through a hypermethylation process (Chou, Pan et al. 2020). Another investigation also
reported that myofibroblasts proliferate from a perivascular location in a murine kidney fibrosis
model (Mack and Yanagita 2015). Collagen 1o GFP positive pericytes converted to a-SMA+
myofibroblast post insult in a murine model UUO (Lin, Kisseleva et al. 2008). We observed
reduced a-SMA positive PTCs in caspase-3 KO mice. Follow-up studies should take advantage
of cell tracing strategies to address the role of renal pericytes in interstitial fibrosis progression

in our model.
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Figure 13. Signaling pathways involved in renal fibrosis and CKD progression (Humphreys
2018).
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6. Identification of markers of microvascular injury post-IRI

Unlike the above-mentioned well-characterized tubular damage biomarkers, there are currently
no reliable biomarkers of microvascular damage for IRI-induced AKI (Krawczeski,
Vandevoorde et al. 2010, Ma, Li et al. 2010, Genovese, Manresa et al. 2014, Srisawat, Murugan
et al. 2014, Alge and Arthur 2015, Tan, Yap et al. 2016, Carmona, Aguera et al. 2017, Gunay
and Mertoglu 2019, Zhang, Li et al. 2019, Quaglia, Dellepiane et al. 2020). Since microvascular
damage plays a crucial role in the pathophysiology of AKI and the progression to CKD, which
tubular epithelial injury markers usually fail to predict, it would be essential to identify specific
biomarkers for renal microvascular damage (Ince 2014). Several endothelial damage-related
proteins or molecules represent potential endothelial injury biomarkers, e.g., soluble
thrombomodulin, VCAM-1, ICAM-1, E-selectin, PAI-1, Angiopoietin-2, extracellular vesicles,

etc.

Characterizing circulating markers present in WT mice after IRI and the absence of reduced
casp3”" mice represent a unique opportunity to characterize microvascular injury biomarkers.
Casp3”- mice present enhanced early tubular epithelial damage and reduced microvascular
injury.

A number of molecules are currently being assessed as potential markers of vascular injury in
various clinical disease states, including renal transplant. We should also envision whether
circulating levels of the following candidate biomarkers correlate with microvascular depletion
at six months post-transplantation. Multiple types of biomarkers could be validated for detecting
early-stage renal injury and predicting prognosis in the transplant context, such as proteins, EVs,
RNA, microRNA, etc. Among these candidate biomarkers, EVs are attracting a lot of attention

due to their stability in biological fluids (discussed further in section 6.7).

6.1 Soluble Thrombomodulin (sTB)

Thrombomodulin (Malek and Nematbakhsh) is an endothelial cell surface transmembrane
glycoprotein composed of 5 domains. It has a role in anticoagulant and anti-inflammatory

activities by binding thrombin and activating protein C under normal conditions. Protein C
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functions as an anti-apoptotic and anti-fibrotic mediator. When ECs are damaged, TB is released
from the endothelial membrane in a soluble form and exerts a protective role on the endothelium
(Martin, Murphy et al. 2013). In a hypoxic environment, anticoagulant and anti-inflammatory
functions of TB are decreased due to separation from the endothelial membrane, contributing to
a hypercoagulable and pro-inflammatory state within the microvasculature (Verma and
Molitoris 2015). A correlation between soluble thrombomodulin (sTB) and the severity of
chronic renal failure has been described (Sharain, Hoppensteadt et al. 2013). Also, in pediatric
CKD cases, sTB was correlated with CKD, renal dysfunction, and oxidative stress (Drozdz,
Latka et al. 2018). It could be interesting to explore the correlation between sTB and renal

microvascular rarefaction in renal transplant patient biopsies.

6.2 Cellular adhesion molecules (VCAM-1, ICAM-1, E-selectin)

The selectin family includes three transmembrane types of glycoprotein receptors, named
according to their main expression sites: E-selectin, expressed by activated ECs; P-selectin,
produced by platelets; and L-selectin, expressed by lymphocytes. They are essential initiators
of leukocyte adhesion to the endothelium (Telen 2014, McEver 2015). The soluble form of E-
selectin is mainly generated by enzymatic cleavage in damaged ECs. One of the most promising
biomarkers is soluble E-selectin. Its serum level increases significantly in several diseases where
endothelial damage is an important manifestation, including stroke and diabetes (Prugger, Luc

etal. 2013).

In addition to selectins, the inflammatory environment also triggers increased endothelial cell
synthesis of some other cell adhesion molecules, including vascular cell adhesion protein 1
(VCAM-1) and ICAM-1, but reduced synthesis of anticoagulatory molecules, such as TB
(Jourde-Chiche, Fakhouri et al. 2019).

However, in our preliminary work, we performed VCAM-1 immunohistochemistry staining in
the renal tissue of our mice post-IRI. Intriguingly, we did not find a difference between the
control group and the caspase-3 KO group in the mild AKI model, although more preserved
endothelial cells and ameliorated microvascular permeability were observed in the caspase-3
KO group. However, the most common tested form of VCAM-1 in animal models and cohorts

of patients is soluble VCAM-1. One clinical study reported a moderate relationship between
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urinary soluble VCAM-1 and CKD stages in Systemic Lupus Erythematosus (SLE) patients.
They also reported an even closer association between VCAM-1 and CKD stages in SLE
patients with a history of Lupus Nephritis (LN). High levels of urinary soluble VCAM-1 were
found in patients with severe renal dysfunction for more than 10 years (Parodis, Gokaraju et al.
2020). Another clinical cohort study showed an inverse correlation between circulatory VCAM-

1 and residual renal function in peritoneal dialysis patients (Wang, Lam et al. 2005).

One possible interpretation of our data is that renal tissue VCAM-1 immunohistochemistry
staining may not correlate with soluble VCAM-1 levels. Another possibility is that endothelial
injury induced by mild IRI is insufficient to up-regulate cellular adhesion molecules and recruit
immune cells on ECs. In support of the latter hypothesis, we found few CDA45 positive
leukocytes in the renal microvasculature in our model. However, we did not test serum levels
of soluble VCAM-1 and ICAM-1 neither in the mild nor severe AKI model. It would be

interesting to investigate these potential endothelial biomarkers in AKI-CKD transition.

6.3 PAI-1 and uPA

The urokinase-type plasminogen activator (uPA) is a serine protease involved in the breakdown
of ECM. uPA is believed to play an essential role in increasing VEGF-induced vascular
permeability. It has been reported that the increase in uPA correlates with the sepsis severity
(Yang, Liu et al. 2011). Urokinase receptor (uPAR), a glycosylated protein binding and
activating uPA, is expressed by endothelial cells, neutrophils, monocytes, and epithelial cells.
Plasminogen activator inhibitor (PAI-1), the most potent inhibitor of uPA, is regarded as a
biomarker of chronic inflammation, such as CKD progression and metabolic syndrome (Eddy
and Fogo 2006, Ahirwar, Jain et al. 2015). Once PAI-1 binds to the uPA-uPAR complex, both
uPA and PAI-1 are degraded. In the uPAR KO murine model, severe renal fibrogenesis post-
UUO was observed, possibly attributed to increased interstitial PAI-1 (Zhang, Kim et al. 2003).
uPAR was recently reported as a sensitive biomarker of CKD progression. However, the
mechanisms that underpin this association include increased inflammation or podocyte

activation (Saleem 2018).
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6.4 Angiopoietin-2 and other mediators of angiogenesis

Angiopoietin-2 (Ang-2) is a Tie2 receptor antagonist ligand expressed by ECs. In a
physiological context where ECs are quiescent, it is stored in the Weibel-Palade bodies (WPB).
When ECs are damaged/activated, Ang-2 is quickly released as a pro-inflammatory factor.
Increased circulating Ang-2 has been documented in various diseases that display microvascular
damage, including diabetes, allograft arteriosclerosis, and acute coronary syndrome (Lee, Lip et
al. 2004, Lim, Lip et al. 2005). It has also been shown to act as an independent predictor of
microvascular dysfunction in kidney transplant recipients (Molnar, Kumpers et al. 2014). Ang-
1 is another endothelial stabilizing factor and it inhibits EC apoptosis. The ratio of Ang-2 and
Ang-1 might be a potential candidate for predicting the endothelial response post-injury. A
clinical study testing Ang2/Angl ratio in stage 5 CKD patients found higher ratios in diabetes
mellitus (DM) patients, which suggested that it behaves as an early endothelial injury marker
but does not show predicting power for mortality (Carmona, Aguera et al. 2017). The urinary
level of Ang 2 and Tie2 in patients was positively correlated with the severity of AKI
development after a cardiac bypass operation (Jongman, van Klarenbosch et al. 2015). Since the
Ang/Tie system has been proven to be associated with AKI and CKD, it would be interesting to
test, in our IRI model, whether Ang2/Angl serum levels predict microvascular rarefaction and

AKI-CKD development.

VEGF is a central mediator of angiogenesis. Some VEGF-associated mediators are also
considered endothelial injury biomarkers. Endocan is a soluble proteoglycan that ECs can
secrete. Soluble fms-type tyrosine kinase-1 (sFlt-1 or VEGFR-1) is a splicing variant of the
VEGTF receptor-1. Both of these proteins play an essential role in VEGF signaling pathways.
Their expression levels have been shown to increase in various diseases that cause
microvascular damage (Kose, Emet et al. 2015, Hammadah, Georgiopoulou et al. 2016, Bicer,

Guler et al. 2017).

6.5 Glycocalyx marker (Syndecan-1)

Endothelial cells are located on the inner side of the microvasculature. Between the ECs and the

blood flow, there is a layer called the glycocalyx, consisting of proteoglycans as well as
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glycoproteins (Alphonsus and Rodseth 2014). This glycocalyx layer is involved in vascular

permeability mediation and ECs-basement membrane attachment.

In some contexts, damage to the glycocalyx is synchronous with endothelial injury. Some
plasma biomarkers of glycocalyx were found elevated in association with AKI and reflecting
mortality. One multi-centric clinical study investigated the Syndecan-1 (SDC-1) level in AKI
patients admitted to ICU. Nighty-day survivors displayed lower levels of SDC-1 compared to
non-survivors, suggesting a predictive role for better survival. Lower levels of sTB were also
found in patients with better clinical outcomes. These results indicate that higher SDC-1 and
sTB are in line with poor survival in severe AKI patients (Inkinen, Pettild et al. 2019). SDC-1
RNA, and protein expression level were also proven to be predictive for both moderate and
severe AKI superimposed on CKD in murine IRI and/or aristolochic acid administration models
(Jiang, Wang et al. 2020). In addition, plasma SDC-1 has been shown to be elevated in stage 3-
5 CKD patients, suggesting an association between the loss of glycocalyx integrity and renal
insufficiency (Padberg, Wiesinger et al. 2014). These findings suggest that the level of
glycocalyx markers, such as SDC-1, is highly associated with long-term renal function in CKD

cases and correlated with the survival of AKI patients admitted in ICU.

6.6 CD146

CD146 is one of the transmembrane glycoproteins expressed in the human endothelium, which
was found to participate in EC adhesion, migration, angiogenesis, and differentiation (Fan, Fei
et al. 2018). A recent study reported elevated circulating levels of soluble CD146 in patients
with CKD and DM, suggesting that CD146 could reflect endothelial injury (Bardin, Moal et al.
2003, Saito, Saito et al. 2007).

6.7 Extracellular vesicles

Extracellular vesicles (EVs) have been recognized as a way of intercellular communication and
material transfer in the past two decades. EVs can be produced by healthy cells, as well as
apoptotic cells. EVs include microvesicles, exosomes, microparticles, etc. (Gyorgy, Szabo et al.
2011). The terminology “exosome” is usually used to refer to EVs between 40-100nm in

diameter, released by fusing multivesicular endosomes (MVE) with the cellular plasma
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membrane. The carriers within EVs are likely composed of endosome-related protein, fatty acid,
mRNA, and miRNA. Exosomes are uptaken by recipient cells and transfer intracellular

information through paracrine signalling (Montecalvo, Larregina et al. 2012).

In the context of ischemia, the hypoxic environment induces HIF formation, activating hypoxia
response gene expression. This cascade of alterations allows for plasma membrane structural
change, which is beneficial for EVs release. In the context of renal IRI, multiple cells, including
macrophages, DC, and neutrophils, can release EVs, triggering complex proinflammatory
cellular and tissue responses. As well as immune cells, renal TECs and ECs also release EVs.
The EVs shed by tubular and endothelial cells display an essential effect on inflammatory and
pro-fibrotic progression and favor the development of rejection by activating autoimmune and
alloimmune immune responses (Quaglia, Dellepiane et al. 2020). Moreover, because of several
advantages of EVs—the stability in multiple body fluids, unique biogenic process, production
by numerous cells, transfer of protein and miRNA (LeBleu and Kalluri 2020), and the small
measuring volume required—they are being considered as a potential early-stage biomarker for
predicting endothelial injury post-IRI. In renal disease, urinary EV levels are widely
investigated as a non-invasive marker of renal dysfunction. Some studies assessing EV serum
levels are also ongoing. However, the main source of urinary detected EVs comes from shedding
by different renal tubular segments. They are therefore less likely to predict primary
microvascular damage. Moreover, urinary samples are not always easy to acquire in AKI
patients, especially during the oliguric stage. Therefore, circulatory EVs derived from injured
endothelial cells could be a potential biomarker of renal endothelial injury due to their

endothelial source and availability.

However, the use of EVs as biomarkers have some limitations. EVs can be produced by multiple
cells, both in physiological and pathophysiological conditions, which makes the circulatory
vesicles a mixture of different EVs. EVs secreted by various cells are considered as carrying
specific markers sourced from original cells, but no unique specific marker is widely accepted
for identifying EVs. Therefore, identifying EVs by multiple markers is currently the most
commonly used approach, with source cell markers and vesicle carrying materiel markers. The
equipment and technique for identifying EV markers are not yet popularized due to the high

cost.
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Endothelial EVs are protective for parenchymal tissue cells by clearing caspase-3 in the
biological environment (Cocucci, Racchetti et al. 2009). In the context of ischemia,
overexpressed caspase-3 could withstand the EVs removing effect, triggering programmed cell
death. Our team has shown that apoptotic endothelial cells released exosome-like vesicles
containing 20S proteasome which contribute to recruiting adaptive immune cells and auto-
antibody generation, such as an anti-perlecan, anti-angiotensin-1 receptor, and anti-dsDNA
(Dieude, Bell et al. 2015, Cardinal, Dieude et al. 2018, Gunaratnam 2018). Therefore, EVs
released by renal endothelial cells after IRI appear associated with endothelial injury and

Immune response.

Our team has already begun a preliminary work of injecting apoptotic exosome-like vesicles
into the circulation of renal IR mice, to investigate the effect of these vesicles on renal
dysfunction post-IRI. Preliminary data showed a strong tendency of inflammation up-regulation

with exosome-like vesicles injection.

Endothelial Advantages Limitation
Biomarker
sTB Easy to test in serum Correlation with CKD was proved,

further observations are needed to
determine the correlation with renal
microvascular injury

VCAM-1 Soluble form is easy to test in serum and | Immunohistochemistry in tissue is
urine, correlated with CKD development | challenging to reflect endothelial injury

ICAM-1 Soluble form is promising Immunohistochemistry in tissue 1is
difficult to reflect endothelial injury

E-selectin Produced by ECs, serum level increased
in multiple diseases, stroke, diabetes

PAI-1 Biomarker of chronic inflammation

uPA Predicting  endothelial  permeability
change, sepsis
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Angiopoietin-2

Circulating level increased in
microvascular damage, including
diabetes, arteriosclerosis, acute coronary
syndrome, a predictor for renal
microvascular function post-transplant

Syndecan-1

Involved in endothelial permeability,
predicting endothelial injury and long-
term function

CD146

Reflecting endothelial injury in diabetes,
CKD

Extracellular

vesicles (EVs)

1. Stable in the fluid sample,
2. Produced by multiple cells,
3. Carry protein. miRNA, etc.,

4. Predict endothelial injury and
inflammation

1. No specific marker, difficult to
identify,

2. Urinary secreted EVs can’t be used
for evaluating endothelial injury

Tableau IV.

Potential endothelial biomarkers.

7. Potential therapeutic strategies for preventing microvascular

dysfunction

Due to the limited repair capacity of the endothelium and the association with long-term renal
dysfunction, prevention of microvascular injury is crucial for renal function maintenance post-

IRI. Based on mechanisms contributing to revascularization, some potential therapeutic

strategies are regarded as promising in the field of endothelial function preservation.

7.1 Angiogenesis

Angiogenesis is the formation of new blood vessels by the germination and lengthening of
existing vessels. Targeted therapies for inhibiting angiogenesis were developed for several
disease contexts, notably cancers (El-Kenawi and El-Remessy 2013, Vasudev and Reynolds
2014, Neuzillet, Tijeras-Raballand et al. 2015). In the context of IR-induced AKI, pro-

angiogenic therapies could be potentially useful, angiogenesis is regulated by numerous

cytokines that could potentially serve as therapeutic targets (Ribatti and Crivellato 2012).
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7.1.1 Hypoxia inducible factors (HIFs)

In the kidneys, different molecular response pathways are activated by hypoxia. The central
mediators of these pathways are HIFs (Molnar, Kumpers et al.). HIFs belong to a group of
transcription factors that are characterized by a helix-loop-helix-PAS structure. The activity of
HIF is mainly regulated by the oxygen-dependent degradation of the HIF-a subunit by
proteasomes. Under hypoxic conditions, the HIF heterodimer can migrate to the nucleus. The
binding of HIF to hypoxia response elements leads to the transcriptional activation of genes
inducible by hypoxia, including a series of pro-angiogenic factors (Rhim, Lee et al. 2013,

Tanaka, Tanaka et al. 2014).

Activation of HIFs has been demonstrated in several kidney diseases, including diabetic
nephropathy, IgA glomerulonephritis, and chronic allograft nephropathy (Fine and Norman
2008). The effect of HIF activation on the progression of kidney disease is still debated. It has
been reported in a transgenic mouse model of IRI that HIF1a"- mice displayed severe renal
injury compared with the littermate group, suggesting a protective role against ischemic damage
of HIF (Hill, Shukla et al. 2008). In another study using a rat hind-limb ischemia model,
stabilization of HIF by carbon monoxide and an inhibitor of prolyl hydroxylation 2 (PHD2)
improved limb angiogenesis post-ischemia (Schellinger, Cordasic et al. 2017). However, in our
study, attenuated up-regulation of tubular HIF-1a was found in the renal tissue within the
caspase-3 KO group at 21 days post-IRI, suggesting ameliorated secondary tubular hypoxia in

the condition of caspase-3 invalidation (Yang, Lan et al. 2018).

7.1.2 Vascular endothelial growth factor (VEGF)

The VEGF family includes several angiogenic factors, including the most potent factor VEGF-
A, whose expression is mainly regulated by HIFs at the transcriptional level (Nakagawa, Sato

et al. 2013, Tanaka and Nangaku 2013).

Two tyrosine kinase receptors (Pons, Reichardt et al.) have been identified for VEGF binding,
VEGFRI1 (Flt-1) and VEGFR2 (KDR/Flk-1). VEGF-A regulates angiogenesis by binding to the
VEGFR2. The role of VEGFR-1 in angiogenesis is not yet fully understood, with weak tyrosine
kinase activity. VEGFR-1 is considered an anti-angiogenic receptor because it acts as a decoy

receptor for VEGF-A. However, intracellular VEGFR-1 signaling has been shown to stimulate
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angiogenesis in specific cell types, including ECs and stromal cells (Schwartz, Rowinsky et al.

2010).

It is generally accepted that VEGFR-2 plays a predominant role in the transduction of pro-
angiogenic signals induced by VEGF-A. Once VEGFR-2 is stimulated, tip cells increase the
expression of Delta-like protein 4 (DLL4) and activate the Notch signaling pathway in stalk
cells. Activation of the Notch pathway results in a decrease in VEGFR-1 in stem cells, allowing

advanced cells to direct the vessel's germination and lengthening (Phng, Potente et al. 2009).

In an animal model of IRI-induced AKI, it was been shown that VEGF-A was decreased post-
IRI (Basile, Fredrich et al. 2008), and VEGF-A administration was preserved post-IRI
microvascularization (Leonard, Friedrich et al. 2008). In addition to VEGF-A, VEGF-C is also
reported to protect myocardial cells after IRI in a rat model by inhibiting cardiomyocyte
apoptosis. While VEGF antagonism administration displayed reduced tissue damage in mice
brain IRI (Chen, Lv et al. 2016, Ueno, Samura et al. 2016). In a rat retinal IRI model, endothelial
permeability augmentation happened dependent on VEGFR-2 activation (Muthusamy, Lin et al.
2013). Based on recent investigations, VEGF is considered as an endothelial injury marker and
is investigated as a therapeutic strategy for preventing microvascular endothelial injury post-IRI

in multiple organs.

Translational therapeutic investigations using VEGF were also performed. VEGF has been
proven to be closely correlated with renal capillary loss post-AKI, and administration of VEGF-
121 better preserved renal microvascular density and prevented renal fibrosis progression
(Leonard, Friedrich et al. 2008, Tanaka, Tanaka et al. 2014). The VEGF family members display
a potential of predicting endothelial injury and AKI-CKD transition, by indicating endothelial

dysfunction and renal capillary loss.

7.1.3 The Angiopoietin-1 (Ang-1) Tie-2 pathway

Angiopoietins (Ang) belong to a family of secretory glycoproteins, of which four forms have
been identified: Ang-1, Ang-2, Ang-3, and Ang-4 (Kumar, Velayutham et al. 2017, Akwii, Sajib
et al. 2019, Bilimoria and Singh 2019, He, Zhang et al. 2019), the best investigated Ang are
Ang-1 and Ang-2. Tie-2 (Tyrosine kinase with immunoglobulin and EGF domains) is an

angiopoietin receptor expressed exclusively in ECs. It is generally accepted that Ang-1 is an

198



agonist for Tie-2, and Ang-2 is an antagonist interfering in the phosphorylation of Tie-2 (Scholz,
Plate et al. 2015). In physiological contexts, Ang-1 stabilizes the capillaries by promoting the
survival of ECs and reducing vascular permeability, through stimulating Tie-2. In the context
of microvascular injury, damaged ECs secrete more Ang-2, which competitively inhibits the
Ang-1/Tie-2 signaling pathway, thereby destabilizing the vessels. The fate of these ECs depends
on the presence of VEGF. In the presence of VEGF, ECs begin to migrate and proliferate to
form new vessels. They stop migrating in the absence of VEGF (Lobov, Brooks et al. 2002).

There is no study on the prediction of AKI-CKD transition by Ang-1/Tie-2 axis but serum Ang-
1 levels have been shown to decrease in patients with CKD (Futrakul, Butthep et al. 2008). An
increased circulatory level of Ang-2 was shown to be associated with arterial collagen
deposition and inflammation in CKD patients (Chang, Chiang et al. 2014). In an animal model
of IRI-induced AKI, Ang-1 administration provided protective effects against AKI (Jung, Kim
et al. 2009), suggesting a close link between the Ang-1/Tie-2 signal and renal endothelial
dysfunction. Moreover, a pharmacological activator of Tie-2 reduced adhesion molecules within
PTCs and glomeruli, decreased inflammatory cell infiltration, and ameliorated renal fibrosis in
murine kidney transplantation (Thamm, Njau et al. 2016). This evidence brings us a potential

perspective of Ang-1/Tie-2 pathway as a therapeutic strategy for AKI-CKD management.

Therefore, it would be interesting to assess these signaling pathways in the cohort of transplant
patients mentioned above. It is expected that DGF patients with severe microvascular rarefaction
will show a lower level of VEGF-1 and Ang-1 in post-transplant serum. We are expecting a
close association between these biomarkers and microvascular dropout at six months post-

transplant.

It would also be interesting to verify whether the level of VEGF-A and Ang-1 in the perfusate
of renal grafts predicts DGF progression. If true, the application of certain treatments increasing

VEGF-A and Ang-1 could benefit patient outcomes post-transplant.
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Figure 14. Cells and pathways involved in angiogenesis (Clapp, Thebault et al. 2009).

7.2 Progenitor endothelial cells and microvascular repair

Another potential therapeutic strategy for preventing microvascular rarefaction is the use of
progenitor cells. Peripheral blood stem cells (PBSCs) and in situ progenitor cells are part of
endothelial repair and regeneration mechanisms. After endothelial damage, the
microvasculature begins to initiate repair mechanisms. Damaged ECs have been shown to be
replaced by cells originating from two sources: (1) Activation and proliferation of neighboring

ECs; (2) Circulating endothelial progenitor cells (EPCs).

The source and characteristics of EPCs are still in debate. The bone marrow is considered the
predominant source of EPCs, but perhaps not the only source because progenitor cells with the
endothelial-like makers were also found in peripheral blood, myocardial tissue, and adipose fat

tissue. Therefore, ECPs are regarded as a group of heterogeneous progenitor cells, with markers
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including CD34+, VEGF-R2+, and early progenitor cell marker CD133+ (Goligorsky, Kuo et
al. 2009). ECPs are probably positive in the circulation with c-kit, Sca-1, and HSCs
(hematopoietic stem cells) markers. After further differentiation with endothelial linage, the
ECPs loses these markers and acquires endothelial markers, such as VE-cadherin (Hristov, Erl

et al. 2003).

It 1s widely accepted that EPCs are involved in initiating microvascular repair (Reinders,

Rabelink et al. 2006, Goligorsky, Yasuda et al. 2010).

Following signals released by microvascular damage, EPCs migrate from the bone marrow into
the circulation to damaged sites to promote microvascular repair and tissue reperfusion
(Schatteman, Dunnwald et al. 2007). The protective effect of EPCs on AKI has been
demonstrated by several studies (Reinders, Rabelink et al. 2006, Schatteman, Dunnwald et al.
2007, Jung, Kim et al. 2009). However, EPCs from CKD patients with endothelial injury
displayed decreased adhesion, reduced endothelial growth potential, and reduced anti-
thrombotic function. This work suggests that the protective effect of EPCs requires not only a
significant number of circulating EPCs but also a permissive microenvironment (Krenning,

Dankers et al. 2009).

One investigation of the administration of progenitor cells in the kidney suggested an endothelial
protective effect with rescued microvascular rarefaction, ameliorated renal function, reduced
fibrosis in a stenotic kidney model (Chade, Zhu et al. 2009). The positive effects of progenitor
cell administration are not entirely attributed to the presence of these cells in the damaged area.
Administration of progenitor cells stimulates microvascular cell proliferation and protects the
resident microvasculature through autocrine and paracrine activation. Additionally, activating
pro-angiogenic mediators is another function of progenitor cells, which mobilizes resident and
bone marrow progenitor cells. Nano-vesicles smaller than 100nm released by EPCs work on
neighboring tubular epithelial cells by paracrine mode (Ozkok and Yildiz 2018), enhancing
epithelial cell proliferation and preventing leukocyte infiltration. For evaluating the preservation
of endothelial cells, immunohistochemistry staining of CD34 was performed in murine renal
tissue post-IRI in our preliminary work. However, CD34 labels both ECs and EPCs, therefore
we applied MECA-32 to label murine renal ECs in the published figures. For the CD34

immunohistochemistry evaluation, we did find increased CD34 positive cells in the casp3™”
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group, but only in the short term. One possibility is that CD34 positive endothelial progenitor
cells recruited from bone marrow or in situ favour the preservation or repair of PTCs. It may
also be that tubular epithelial injury, in the initiation phase, favors the recruitment of EPCs as a

helper for tubular epithelial regeneration and recovery.

In summary, the rescue of microvascular rarefaction and induction of new vessel production in
the kidney appears a potential therapeutic strategy for alleviating microvascular endothelial
injury. However, the therapeutic time window is narrow due to the early initiation time and

limited repair capacity.

7.3 Caspase-3 inhibitor for prevention of endothelial injury

Our results suggest that caspase-3 inhibition should be considered a potential therapeutic
strategy for preventing CKD transition post-acute kidney injury. Caspase-3 siRNA and
inhibitors have been investigated in multiple IRI models, displaying controversial findings.
siRNA has been tested on early renal outcomes in a number of IRI animal models with
somewhat conflicting results (Zhang, Zheng et al. 2006, Yang, Zhao et al. 2014, Nydam, Plenter
et al. 2018). siRNA caspase-3 treatment showed a protective impact on renal function in a
porcine kidney autotransplant study (Yang, Zhao et al. 2014). Although caspase inhibition has
yet to be tested in human renal IRI, a pan-caspase inhibitor has been evaluated in clinical trials
in the context of liver transplantation (NCT00080236) but, to our knowledge, only early time
points were assessed. Further clinical studies to address the use of caspase inhibition in
preventing progressive renal dysfunction after IRI are still lacking. Our current results point to
the need to address this question in future clinical studies that will investigate acute and long-

term renal IRI consequences in patients.

However, the expected negative impact of caspase-3 inhibition in renal transplantation should
also be considered and discussed. One of the possible outcomes of caspase-3 inhibition is to
accentuate early-stage renal epithelial injury due to shifting to inflammatory necroptosis in
tubular epithelial cells. Several potential strategies for avoiding the above-mentioned negative
impacts on renal function could be effective, such as the combined administration of caspase-3
inhibitor and RIPK3 inhibitor, blocking both apoptosis and necroptosis in tubular epithelial

compartment. Another option is to administer caspase-3 inhibitor and autophagy inducer
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concomitantly, aiming to simultaneously activate the autophagic survival pathway of caspase-
dependent apoptosis inhibition. Further research is necessary to better understand the complex
crosstalk among different cell stress and death responses after IRI, which could be influenced

by severity, ischemic temperature, age, pre-existing disease, etc.

One of our following projects investigates the effect of autophagy in our IRI model, especially
in renal microvascular injury, by using GFP-LC3 transgenic mice that label LC3 puncta once
autophagy is activated. This project has already started; the preliminary data present a higher
elevation of Scr post-IRI in the condition of autophagy inhibition by pharmacological agents.

Also, fluorescence LC3 puncta were visualized in the short-term post-IRI in intra-vital imaging.

In summary, our study identified caspase-3 as an essential regulator of renal microvascular
dysfunction and rarefaction, and renal fibrogenesis post-IRI. Since the degree of caspase-3
dependent PTC rarefaction is considered a predictor associated with AKI-CKD transition, these
findings bring a new direction for identifying predictors of AKI-CKD transition post-IRI, as

caspase-3 could be regulated as a novel target for preserving long-term renal graft function.
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Conclusion

It has been shown by various studies that both renal tubular and microvascular compartments
play essential roles in the context of IRI-induced AKI, but the contributions of each of these two
compartments were not yet clear. We have created a unique murine model, which allows us to

distinguish the roles of microvascular damage and tubular damage on AKI to CKD transition.

In this study, we have demonstrated that the cell death pathway plays a crucial role in the
pathophysiology of IRI-induced AKI, especially as the development of ECs apoptosis
contributes to microvascular dysfunction, microvascular rarefaction, and long-term renal
fibrogenesis. In the mild AKI model, we showed that caspase-3 deficiency worsened renal
dysfunction in the early-stage. Interestingly, we observed an amelioration in microvascular
damage but an increase in tubular damage. This discrepancy between these two renal
compartments indicates that TECs choose necroptosis while ECs develop apoptosis as
predominant cell death. In the long-term, both microvascular injury and tubular epithelial injury
were rescued by the absence of caspase-3. Our findings reveal the dominant role of caspase-3

in IRI-induced microvascular insults during all phases of mild AKI.

In the following project, we performed a severe AKI model and further evaluated microvascular
dysfunction post-IRI in both AKI forms. Our results demonstrated that caspase-3 deficiency is
also protective for renal microvascular endothelial permeability, microvascular rarefaction, and
renal fibrogenesis in the severe AKI model. The severity of PTCs disturbances post-IRI is an

important predictor of AKI-CKD transition.

Taken together, our results suggest important roles of programmed cell deaths in the
pathophysiology of IRI-induced AKI, as well as in the crucial link between microvascular
dysfunction and long-term renal dysfunction. There is currently no treatment targeting
microvascular injury or microvascular rarefaction in the setting of IRI-induced AKI or other
kidney diseases. It would be interesting to study alterations in the angiogenesis pathway during
IRI-induced AKI for therapeutic purposes. Our findings open a new direction for defining
predictors of AKI-CKD transition and identify caspase-3 as a novel target for preventing long-

term renal dysfunction.
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Pretransplant autoantibodies to LG3 and angiotensin
Il type 1 receptors (AT1R) are associated with acute
rejection in kidney transplant recipients, whereas
antivimentin autoantibodies participate in heart
transplant rejection. Ischemia-reperfusion injury (IRI)
can modify self-antigenic targets. We hypothesized
that ischemia-reperfusion creates permissive condi-
tions for autoantibodies to interact with their anti-
genic targets and leads to enhanced renal damage
and dysfunction. In 172 kidney transplant recipients,
we found that pretransplant anti-LG3 antibodies
were associated with an increased risk of delayed
graft function (DGF). Pretransplant anti-LG3 antibod-
ies are inversely associated with graft function at
1 year after transplantation in patients who experi-
enced DGF, independent of rejection. Pretransplant
anti-AT1R and antivimentin were not associated with
DGF or its functional outcome. In a model of renal
IRl in mice, passive transfer of anti-LG3 IgG led to
enhanced dysfunction and microvascular injury com-
pared with passive transfer with control IgG. Passive
transfer of anti-LG3 antibodies also favored intrare-
nal microvascular complement activation, microvas-
cular rarefaction and fibrosis after IRl. Our results
suggest that anti-LG3 antibodies are novel aggravat-
ing factors for renal IRl. These results provide novel
insights into the pathways that modulate the sever-
ity of renal injury at the time of transplantation and
their impact on long-term outcomes.
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Introduction

In the immediate posttransplant period, ischemia—
reperfusion injury (IRI) to kidney allografts leads to acute
kidney injury (AKI) in 20-50% of transplantations from
deceased donors (1-3). Posttransplant AKI manifests as
delayed graft function (DGF), a condition that refers to
the need for dialysis, or the failure of serum creatinine to
decrease adequately in the first week after transplanta-
tion (4). DGF is associated with an increased risk of
acute rejection (5) and reduced long-term graft survival in
some (6,7) but not all studies (8,9). This suggests that
undefined factors may synergize with DGF in some
patients but not in others to durably alter renal function.

Renal epithelial cell injury and death are major hallmarks
of AKI. In recent years, however, microvascular damage
has emerged as a major contributor to acute and long-
term renal dysfunction secondary to AKI (10). In the
acute phases of AKI, injury to the peritubular capillaries
(PTC) enhances renal hypoperfusion and tubular cell dam-
age. In the long term, microvascular injury leads to
microcapillary rarefaction, promoting interstitial fibrosis
and contributing to progression of chronic kidney disease
(11). Whether factors implicated in shaping the severity
of microvascular damage during AKI could contribute to
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the long-term impact of AKI on renal function remains to
be evaluated.

An association between autoantibodies and acute or
chronic vascular rejection in kidney, heart and lung trans-
plant patients has been shown in recent years (12-16).
Autoantibodies against angiotensin Il type 1 receptors
(AT1R), vimentin and perlecan LG3 fragment behave as
accelerators of rejection in animal models of kidney,
heart and/or aortic transplantation (13,16,17). In addi-
tion to their role in acceleration of rejection, mounting
evidence suggests that some types of autoantibodies
can also mediate tissue damage associated with IRI
(18,19). In animal models of intestinal IRI, the binding of
natural autoantibodies to self-antigenic targets leads to
enhanced tissue damage through complement activation
(20). Ischemia has been shown to enhance the vasocon-
strictive effect of anti-AT1R autoantibodies (17,21). We
showed previously that vascular ischemia greatly
enhances the capacity of anti-LG3 antibodies to enhance
vascular inflammation (17).

We hypothesized that IRl can create permissive condi-
tions for autoantibodies such as anti-LG3, anti-AT1R and
antivimentin to interact with their antigenic targets and
potentially enhance renal damage and renal dysfunction,
even in the absence of rejection. To test this hypothesis,
we assessed whether these autoantibodies, measured
immediately prior to transplantation, were associated
with an increased risk of DGF and with lower long-term
graft function in kidney transplant recipients. We then
turned to an animal model of renal IRI to better under-
stand the mechanisms by which autoantibodies modu-
late renal injury.

Methods

Human study

Study design and patients: \We performed a retrospective cohort
study of consecutive patients who received kidney transplantation at our
center between June 1, 2008, and June 1, 2013. All patients participated
in the Centre Hospitalier de I'Université de Montréal (CHUM) clinical and
biological database, and sera were banked immediately prior to
transplantation. Clinical information was retrieved from the electronic
database and complemented by chart review by trained research nurses
as needed. Patients entered the cohort on the date of transplantation and
were followed until February 1, 2015. The study was approved by our
local ethics review board.

Outcomes: The primary outcome was the occurrence of DGF. DGF
was defined as the need for dialysis in the first posttransplant week, as
the failure of serum creatinine to decrease by >10% on the first three
postoperative days or as serum creatinine levels >250 pmol/L on
postoperative day 5 in the presence of scintigraphic evidence of acute
tubular necrosis (4). The secondary outcome was graft function at 1 year
after transplantation, estimated with the MDRD four-variable
equation (22).

American Journal of Transplantation 2016; 16: 3416-3429
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Measurements: Anti-AT1R, antivimentin and anti-LG3 antibodies were
measured on pretransplant sera. We used a locally developed enzyme-
linked immunosorbent assay (ELISA) to measure anti-LG3 1gG antibodies,
as described previously (17). We used a commercially available ELISA to
measure anti-AT1R (One Lambda; Thermo Fisher Scientific, Waltham,
MA) and antivimentin antibodies (Antibodies-online.com, Atlanta, GA). For
anti-AT1R, the threshold for positivity was >17 U/mL; results between 10
and 17 U/mL were considered intermediate, and results <10 U/mL were
considered negative. For antivimentin, values >1.31 (sample positivity
index, semiquantitative measurement) were positive; values between 1
and 1.3 were considered intermediate, and values <1 were negative,
according to the manufacturer’s protocol. We collected data on recipient
medical history and demographic characteristics (age, sex, renal disease,
number of previous transplantations and pretransplant panel reactive
antibodies), donor characteristics (donor type, age, height, weight,
hypertension and diabetes), procedural and management characteristics
(cold ischemic time, induction type and maintenance immunosuppressive
protocol), and posttransplant outcomes (rejection according to the Banff
2013 classification (23), graft function, and patient and graft survival).

Statistical analyses: Continuous variables are reported as means and
standard deviations, and categorical variables are summarized as
proportions. Student t-tests were used to compare between-group
differences for continuous variables according to their distribution. Chi-
square or Fisher exact tests were used to determine differences
between categorical variables. Logistic regression was used to assess
whether pretransplant anti-LG3, anti-AT1R and antivimentin antibodies
were associated with DGF. The pretransplant autoantibodies were
analyzed as categorical variables. After plotting the median of each
quartile of the distribution for each antibody against the log odds of
cases to controls, we chose a cutoff of 225 (corresponding to the
median of the last quartile) for anti-LG3 positivity. Because there was no
visual signal for a potential cutoff between anti-AT1R or antivimentin and
the outcome, we used the manufacturer's recommended cutoff for
positivity. Variables with a p-value <0.05 on univariate analysis were
included in the final multivariate model. No other variables were forced
into the model to avoid overfitting. Linear regression was used to study
the association between graft function at 1 year after transplant and
pretransplant anti-LG3 titers. Analyses were performed using SAS
version 9.3 (SAS Institute, Cary, NC).

Animal study

Animals and surgical procedures: Adult C57BI/6 mice (20-25 g)
were purchased from Charles River Laboratories (Wilmington, MA),
maintained on a 12-h light/dark cycle and fed a normal diet ad libitum. All
experiments on mice were approved by the institutional animal care and
use committee of the CHUM research center. AKI in mice was carried
out, as described previously (24). Briefly, mice were anaesthetized using
isoflurane (2%) by inhalation and were placed on a heated surgical pad. A
midline incision was made; microvascular clamps were placed on the left
renal pedicle for 30 min and then released. The right kidney was
removed after the release of microvascular clamps.

Production and p fer of anti-LG3 IgG: Naive
C57BI/6 mice were injected subcutaneously with either recombinant LG3
(50 pg) or phosphate-buffered saline (PBS) and emulsified in incomplete
Freund's adjuvant every 2 weeks for a total of four immunizations. Blood
was recovered with cardiac puncture at sacrifice 12-14 days after the
last immunization. Sera (diluted 1/100) were tested for the presence of
anti-LG3 IgG, as described. IgG was isolated from pooled sera of either
LG3-immunized mice (anti-LG3 IgG) or PBS-immunized mice (control IgG)
using protein A Sepharose CL-4B (Sigma-Aldrich, St. Louis, MO) and
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quantitated by the Micro BCA assay (Pierce; Thermo Fisher Scientific).
For passive transfer of anti-LG3 IgGs, mice received tail-vein intravenous
injections of 50 pg anti-LG3 IgG or control IgG. Each group received
injections 2 days before surgery, the day of surgery and every other day
until sacrifice. Three doses were given to mice that were sacrificed at
day 2 after surgery, or four doses was given to those sacrificed at day 7
after surgery.

Immunohistochemistry: Clamped kidneys were recovered at day 2
or 7 after surgery; tissues were fixed with 10% neutral buffered formalin
and were paraffin embedded, according to usual methods. Samples were
cut into 4-um slices. Immunohistochemistry was performed on paraffin-
embedded sections using an automated immunostainer (ArtisanLink;
Dako, Glostrup, Denmark), according to the manufacturer's protocols.
The antibodies used in our study were C4d (1/1600, BI-RC4D; Alpco,
Salem, NH), C5b-9 or membrane attack complex (MAC; 1/200, SC5b-9;
Quidel, San Diego, CA), CD31 (1/20, CM303A; Biocare Medical, Concord,
CA), a-smooth muscle actin (x-SMA; 1/500, clone 1A4; Dako), collagen IV
(1/100, AB769; Millipore, Billerica, MA) and caspase 3 (1/50, CP229B;
Biocare Medical). Digital images of stained tissues were captured by a
Leica DMLS microscope and a Leica DFC420C camera (Leica
Microsystems, Wetzlar, Germany). CD31-positive staining was quantified
using Visiomorph (Visiopharm, Hoersholm, Denmark).

Hi. g o
L

P ing: Histopathological scoring was done in
renal sections stained with hematoxylin and eosin, as described

previously (25). Briefly, the percentage of damaged tubules in the renal
cortex was estimated using a five-point scale based on the following
criteria: brush border loss, tubular dilatation, cast deposition and
cellular necrosis in 10 randomly selected, nonoverlapping fields (x200
magnification). Lesions were graded on a scale from 0 to 5:
0 indicated normal; 1 indicated mild, involvement of <10% of the
cortex; 2 indicated moderate, involvement of 10-25% of the cortex;
3 indicated severe, involvement of 25-50% of the cortex; 4 indicated very
severe, involvement of 50-75% of cortex; and 5 indicated extensive
damage, involvement of >75% of the cortex (25).

Biochemical analysis: The Vitros CREA method was performed for
measurement of serum creatinine using the Vitros CREA Slides and the
Vitros Chemistry Products (Vitros 250/350 Chemistry Systems; Ortho
Clinical Diagnostics, Raritan, NJ). Levels of blood urea nitrogen (BUN)
were measured using the Quantichrom urea assay kit (BioAssay
Systems, Hayward, CA).

Results

Among the 173 patients included in this study, one
died from myocardial infarction immediately after trans-
plantation and another died within 1 year after transplant
(Figure 1).  Recipient, donor and periprocedural

173 subjects received a kidney transplantation and
participated in the Montreal Transplant Biobank

o| 1 died from myocardial infarction within 24h
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Figure 1: Patient flow chart.
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Table 1: Recipient and donor characteristics (n = 172)

Characteristics Results
Age in years, mean (SD) 50 (12)
Male sex, n (%) 107 (62)
Race, n (%)
White 149 (86)
Black 13 (8)
Other 10 (6)
Cause of chronic kidney disease, n (%)’
Glomerular diseases 51 (30)
Diabetes 25 (15)
Hypertension/vascular 9 (5)
Polycystic kidney diseases 39 (23)
Autoimmune diseases 8 (5)
Other 47 (27)
Pretransplant CDC panel reactive 6 (4)
antibodies >20%, n (%)
First transplantation, n (%) 148 (86)
Living donor, n (%) 69 (40)
Deceased donor, n (%)
Neurological determination of death 96 (56)
Donor after cardiocirculatory arrest 7 (4)
Cold ischemic time in hours, mean (SD) 8 (5)
Donor age in years, mean (SD) 47 (14)
Donor with hypertension or diabetes, n (%) 21 (12)
Donor height in meters, mean (SD) 1.67 (0.1)
Induction, n (%)
Thymoglobulin 52 (30)
Anti-CD25 131 (76)

CDC, complement-dependent cytotoxicity; SD, standard deviation.
"Number of patients exceeds 172 because some patients had
two listed causes of chronic kidney disease or received more
than one type of induction.

characteristics are shown in Table 1. All patients received
tacrolimus, mycophenolate mofetil and prednisone,
except for three patients who received cyclosporine in
combination with mycophenolate mofetil and pred-
nisone. Patient and graft survival over a median follow-up
of 3.5 years were 95% and 89%, respectively. We
observed no associations between pretransplant positivity
for anti-LG3 and antivimentin antibodies and previous
sensitizing events (transplantations, pregnancies or trans-
fusions) or classical autoimmune diseases (lupus
erythematosus, anti-neutrophil cytoplasmic antibodies or
anti-glomerular basement membrane-associated vasculi-
tis) (Figure S1). Positivity for anti-AT1R was more frequent
in retransplant patients (p < 0.01) (Figure S1A). Pretrans-
plant anti-LG3 titers were associated with antivimentin
(p = 0.23, 95% confidence interval [Cl] 0.08-0.37) but not
with anti-AT1R titers (p = 0.15, 95% CI —0.01 to 0.29).

Pretransplant anti-LG3 titers are associated with an
increased risk of DGF

Of the 172 study participants included in the primary out-
come analysis, 53 (31%) experienced DGF, as defined
above, of whom 12 needed hemodialysis in the first
week after transplantation. Pretransplant anti-LG3 titers
were higher in patients with DGF compared with those

American Journal of Transplantation 2016; 16: 3416-3429
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with immediate graft function, whereas pretransplant
anti-AT1R and antivimentin antibody titers were similar in
both groups (Figure 2). When antibodies were analyzed
as dichotomous variables, we also observed a difference
in pretransplant positivity status for anti-LG3 antibodies—
but not in anti-AT1R or antivimentin—between patients
who developed DGF and those who did not (Figure 3).
This was also true when anti-AT1R and antivimentin
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Figure 2: Pretransplant titers of anti-LG3, anti-AT1R, and
antivimentin antibodies in patients with and without DGF.
(A) Pretransplant anti-LG3 titers in patients who went on to
develop DGF and those who did not. Mean titers were higher in
patients who went on to develop DGF compared with those
who did not (251 + 449 vs. 118 £+ 109 OD, p = 0.04). (B) Mean
pretransplant anti-AT1R levels in patients with and without DGF
(14 £ 20 vs. 13 £ 17 U/mL, p = 0.75). (C) Mean pretransplant
antivimentin titers in patients with and without DGF (1.9 + 1.9
vs. 1.7 + 1.7 sample positivity index, p = 0.66). ATR1, angiotensin
Il type 1 receptor; DGF, delayed graft function; OD, optical density.

3419

247



Yang et al

50+ B DGF
B No DGF

»
o
L

w
o
i

-
o
i

% patients with positive pre-
transplant autoantibody titers
N
o
1

. Anti-LG3 Anti-AT1R Anti-vimentin

Figure 3: Pretransplant positivity status for anti-LG3, anti-
AT1R, and antivimentin antibodies in patients with and
without DGF. The proportion of patients who were positive for
pretransplant anti-LG3 antibodies (titers >225 optical density)
was greater in patients who went on to develop DGF than in
those who did not (21% vs. 9%, *p = 0.03), whereas the pro-
portions of patients with positive pretransplant antivimentin or
anti-AT1R antibodies were similar in patients who went on to
develop DGF and in those who did not (antivimentin: 42% vs.
43%, p=0.87; anti-AT1R: 15% vs. 14%, p = 0.89). ATR1,
angiotensin Il type 1 receptor; DGF, delayed graft function.

antibodies were classified as positive, intermediate, and
negative (data not shown). In univariate analyses, posi-
tive pretransplant anti-LG3 status was associated with
DGF (odds ratio [OR] 2.57, 95% CI 1.03-6.38, p = 0.04),
whereas positive pretransplant anti-AT1R status (OR
1.10, 95% Cl 0.42-2.91, p = 0.84) and positive antivi-
mentin status (OR 0.95, 95% Cl| 0.48-1.89, p = 0.88)
were not (Table 2). Rejection was not associated with an
increased risk of DGF (OR 1.61, 95% Cl 0.50-5.51,

Table 2: Factors associated with delayed graft function

p = 0.40). In multivariate analyses, positive pretransplant
anti-LG3 status (OR 2.77, 95% CI 1.01-7.68), female sex
(OR 0.35, 95% CI 0.16-0.79), donor type (deceased after
neurological determination of death vs. living: OR 2.89,
95% Cl 1.31-6.36; deceased after cardiocirculatory arrest
vs. living: OR 16.00, 95% Cl 2.32-110.75), and donor
height (OR 0.64 per 10-cm increase, 95% CI 0.44-0.91)
were independently associated with DGF.

Pretransplant anti-LG3 titers are associated with
lower estimated GFR 1 year after transplantation in
patients with DGF but not in those with immediate
graft function

To evaluate whether autoantibodies can negatively affect
renal function independent of their role in induction or
acceleration of rejection, we evaluated the association
between pretransplant autoantibody titers and renal func-
tion at 1 year. Among the 171 patients available for this
analysis, estimated GFR (eGFR) at 1 year after transplan-
tation was lower in patients with DGF compared with
immediate graft function (44 + 16 vs. 61 + 22 mL/min
per 1.73 m?, p = 0.001). In patients with DGF, eGFR at
1 year after transplantation was significantly lower in
patients who had positive pretransplant anti-LG3 antibod-
ies (p = 0.003) (Figure 4).

Positive pretransplant anti-LG3 status, but not antivi-
mentin or anti-AT1R status, was associated with reduced
eGFR at 1 year after transplantation in patients with DGF
(B = —15 mL/min per 1.73 m? 95% Cl —24 to —5)
(Table 3). Donor age (B = —3 mL/min per 1.73 m?, 95%
Cl —19 to 0) and height (B = 4 mL/min per 1.73 m? per

Factor

Univariate OR (95% Cl)

Multivariate OR (95% Cl)

Positive pretransplant
anti-LG3 titers’

Female sex (vs. male)
Donor type (vs. living donor)
Donor after neurological
determination of death

Donor after
cardiocirculatory arrest

2.57 (1.03-6.38)*

0.32 (0.15-0.67)*

2.85 (1.35-6.02)*

11.88 (2.05-68.61)*

2.77 (1.01-7.68)*

0.35 (0.16-0.79)*

2.89 (1.31-6.36)*

16.00 (2.32-110.75)*

Donor height (per 10-cm increase) 0.67 (0.48-0.94) 0.64 (0.44-0.91)*
Acute rejection in the first 1.66 (0.50-5.51) -

3 weeks after transplant
Donor age >60 years 1.82 (0.77-4.28) -

Cold ischemic time
(per 1-h increase)

1.06 (1.00-1.12)* 2

Recipient BMI (per 1-U increase) 1.07 (1.00-1.16) -

Positive pretransplant 0.95 (0.48-1.89) -
antivimentin antibodies’

Positive pretransplant 1.10 (0.42-2.91)

anti-AT1R antibodies’

AT1R, angiotensin Il type 1 receptor; Cl, confidence interval; OR, odds ratio.
Pretransplant anti-LG3 titers >225 optical density, pretransplant antivimentin titers >1.31 sample positivity index and pretransplant

anti-AT1R antibodies >17 U/mL.
*p < 0.05.
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Figure 4: Estimated GFR (eGFR) 1 year after transplantation
according to the presence of DGF and positive pretrans-
plant anti-LG3 antibodies. In patients with DGF, eGFR at
1 year after transplantation was lower in patients with positive
pretransplant anti-LG3 antibodies than in those who were nega-
tive (31 + 18 vs. 47 £ 14 mL/min per 1.73 m?, *p = 0.003). In
contrast, in patients who did not experience DGF, eGFR at
1 year after transplant was not associated with pretransplant
anti-LG3 status (69 + 28 vs. 61 + 22 mL/min per 1.73 m?,
p = 0.23). DGF, delayed graft function.

10-cm increase, 95% Cl| 1-8) were also associated with
1-year graft function in patients with DGF, whereas rejec-
tion and donor type were not (Table 3). We observed no
relationship between any of the pretransplant autoanti-
bodies and 1-year graft function in patients with immedi-
ate graft function. These results support the notion that
in recipients of a renal allograft with DGF, elevated anti-
LG3 titers at the time of transplantation durably and neg-
atively affect renal function. This effect was specific to
anti-LG3 antibodies; antivimentin and anti-AT1R antibod-
ies were not associated with 1-year graft function.

Anti-LG3 antibodies enh renal dysfunctii
following ischemia-reperfusion in mice

We turned to a murine model of renal IRl to character-
ize the mechanisms of aggravated renal dysfunction

Anti-LG3 Antibodies Aggravate Renal IRI

induced by anti-LG3 antibodies. Renal IRl in mice was
induced by left renal artery clamping and contralateral
nephrectomy. Mice were passively transferred with
anti-LG3 IgG 2 days prior to renal artery clamping and
every other day thereafter to reach and maintain anti-
LG3 IgG titers within the range observed in renal
transplant patients (Figure S2A) (17). Passive transfer of
anti-LG3 antibodies is associated with injections of large
amounts of fluid that protect against AKI (Figure S2B).
Consequently, we used mice injected with equivalent
amounts of mouse IgG and fluid as controls. After IRI,
both control and anti-LG3 IgG-transferred mice showed
deterioration in renal function and histological evidence
of tubular and microvascular injury (Figures 5A-D). Com-
pared with mice passively transferred with control 1gG,
BUN levels were significantly higher at day 2 after IRI
in mice passively transferred with anti-LG3 antibodies
(Figure 5A). There was a trend toward increased BUN
levels at day 7 (Figure 5A). Serum creatinine levels
were significantly higher in mice passively transferred
with anti-LG3 antibodies at day 7 after IRl (Figure S2C).
This was associated with increased tubular damage, as
shown by an elevated tubular injury score at day 2 and
further increase at day 7 (Figure 5C). Microvascular
injury with microvascular congestion and rouleaux for-
mation was also increased at day 2 and further
enhanced at day 7 (Figures 5B and D). Activated cas-
pase 3 staining was significantly increased in mice
transferred with anti-LG3 antibodies compared with con-
trols at days 2 and 7 (Figure 5E). We found a significant
increase in caspase 3 staining between days 2 and 7 in
anti-LG3-transferred mice, whereas caspase 3 staining
in control mice remained relatively stable after IRI (Fig-
ure 5E), supporting the notion that anti-LG3 led to pro-
longed aggravation of renal injury after IRl. We also
performed passive transfer of anti-LG3 IgG in the
absence of renal IRl in another set of mice. This did
not lead to alteration in renal function (Figure S2D) or
histological evidence of renal injury (data not shown).
Collectively, these results suggest that anti-LG3

Table 3: Factors associated with graft function 1 year after transplantation in patients with delayed graft function

Factor

Univariate p (95% Cl) Multivariate B (95% Cl)

Positive pretransplant anti-LG3 titers’
Donor age (per 10-year increase)
Donor type (reference living donor)
Donor after neurological determination of death
Donor after cardiocirculatory arrest
Donor height (per 10-cm increase)
Rejection in the first posttransplant year
Female sex
Cold ischemic time (per 1-h increase)
Positive pretransplant antivimentin antibodies’
Positive pretransplant anti-AT1R antibodies’

—14 (=25 to -3)* —15(-24 to -5)*

-2(-5t00) -3(-19to 0)*
2(-81t013) 2(-7t012)
7 (—10 to 24) 4(-1110 18)
4 (0-8)* 4 (1-8)*

-1(-11108)

-3(-131t0 8)
0(-1t00)

-6 (-151t0 2)
0(-12t0 11)

AT1R, angiotensin Il type 1 receptor; Cl, confidence interval.

Pretransplant anti-LG3 titers >225 optical density, pretransplant antivimentin titers >1.31 sample positivity index and pretransplant

anti-AT1R antibodies >17 U/mL.
*p < 0.05.
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Figure 5: Anti-LG3 antibodies aggravate renal dysfunction after I/R. (A) BUN levels in mice after sham surgery or IRl and pas-
sively transferred with anti-LG3 IgG or control mouse IgG (n > 4 per group). (B) Representative H&E-stained kidney sections from
mice submitted to IRl and passively transferred with anti-LG3 IgG or control mouse IgG and sacrificed 2 days (upper panels) and
7 days (lower panels) after surgery; black boxes show rouleaux formation. Scale bar = 50 pm. (C) Tubular injury score in H&E-stained
kidney sections from mice submitted to IRl and passively transferred with anti-LG3 IgG or control mouse IgG and sacrificed 2 and
7 days after surgery (n > 5 per group). (D) Quantification of rouleaux formation in H&E-stained kidney sections from mice submitted
to IRl and passively transferred with anti-LG3 IgG or control mouse IgG and sacrificed 2 and 7 days after surgery (n > 5 per group).
(E) Immunohistochemistry and quantification for activated caspase 3 from mice submitted to IRl and passively transferred with anti-
LG3 IgG or control mouse IgG and sacrificed 2 and 7 days after surgery (n > 5 per group). Scale bar = 50 um. BUN, blood urea nitro-
gen; Ctrl, control; H&E, hematoxylin and eosin; HPF, high-power field; I/R, ischemia-reperfusion; IRI, ischemia-reperfusion injury.

antibodies lead to progressive and sustained aggravation
of renal cell death after IRI.

Anti-LG3 antibodies trigger activation of the classical
complement pathway and enhance renal
microvascular injury after ischemia-reperfusion
Because LG3 is a cryptic fragment of perlecan—a con-
stituent of vascular and, to a lesser extent, tubular

3422

basement membranes—we considered the possibility
that, following IRI, anti-LG3 antibodies bind basement
membranes and activate complement. In renal IRI, com-
plement activation is classically associated with activation
of the alternative pathway, with little contribution of the
classical pathway (26). We quantified C4d and MAC
staining at days 2 and 7 after IRI. There was a trend
toward increased C4d staining in PTC at day 2 after IRI
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in mice transferred with anti-LG3 IgG (see Figure 6 for
the corticomedullary junction and Figure S3 for the super-
ficial cortex), but this did not translate into increased
MAC deposition (see Figure 7 for the corticomedullary
junction and Figure S4 for the superficial cortex). C4d
and MAC staining, however, were both significantly
increased at day 7 after IRl within PTC sampled at the
corticomedullary junction (Figures 6 and 7). C4d tubular
staining was not enhanced in anti-LG3-transferred mice
compared with 1gG controls (see Figure 6C for the corti-
comedullary junction).

Taking into consideration the importance of comple-
ment activation in microvascular involution and fibro-
sis following IRI, we then evaluated whether CD31
a-SMA and collagen IV staining within PTC was modu-
lated by anti-LG3 antibodies. Mice transferred with
anti-LG3 IgG showed reduced peritubular CD31 staining
(Figure 8A), increased collagen IV staining (Figure 8B)

A (4d staining at renal cortical medullary junction

Anti-LG3 Antibodies Aggravate Renal IRI

and increased o-SMA (Figure 8C) compared with con-
trols, confirming enhanced microvascular rarefaction
and fibrosis markers in mice transferred with anti-LG3
antibodies. Collectively, these results suggest that,
when associated with IRI, anti-LG3 antibodies activate
the classical complement pathway, further compromis-
ing microvascular integrity and enhancing renal injury
and fibrosis.

Discussion

Ischemia-reperfusion is an integral component of renal
transplantation. Whether IRI influences long-term out-
comes in renal transplant patients is still debated (27).
Although clinical factors such as donor age and type may
influence the occurrence and functional impact of DGF
(28), recent data show that autoantibodies can participate
in IRl-mediated tissue damage (12,18). We identified
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Figure 6: Anti-LG3 antibodies increase intrarenal C4d dep after ischemia/reperf (A) Immunohistochemistry for C4d

deposition in corticomedullary kidney sections from mice submitted to ischemia-reperfusion injury (IRI) and passively transferred with
anti-LG3 IgG or control mouse IgG and sacrificed 2 days (upper panels) and 7 days (lower panels) after surgery (magnification x200);
black arrowheads indicate positive peritubular capillary, scale bar = 50 um (n > 5 per group). (B) Number of C4d-positive peritubular
capillaries, per 5 randomly chosen HPFs (x200) at the corticomedullary junction from mice submitted to IRl and passively transferred
with anti-LG3 IgG or control mouse IgG and sacrificed 2 and 7 days after surgery (n > 5 per group). (C) Percentage of C4d positive
tubules per five randomly chosen HPFs (x200) at the corticomedullary junction from mice submitted to IRl and passively transferred
with anti-LG3 IgG or control mouse IgG and sacrificed 2 and 7 days after surgery (n > 5 per group). Ctrl, control; HPF, high-power
field; I/R, ischemia-reperfusion; NS, not significant.
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Figure 7: Anti-LG3 antibodies increase intrarenal deposition of MAC after I/R. (A) Representative MAC immunohistochemistry in
corticomedullary kidney sections from mice submitted to I/R injury (IRI) and passively transferred with anti-LG3 IgG or control mouse
IgG and sacrificed 2 days (upper panels) and 7 days (lower panels) after surgery (magnification x200); black arrowheads indicate posi-
tive peritubular capillaries, scale bar = 50 pm. (B) Numbers of MAC-positive peritubular capillaries per five randomly chosen high
power fields (x200) at the corticomedullary junction from mice submitted to IRl and passively transferred with anti-LG3 IgG or control
mouse IgG and sacrificed 2 and 7 days after surgery (n > 5 per group). (C) Percentage of MAC-positive tubules per five randomly cho-
sen high power fields (x200) at the corticomedullary junction from mice submitted to IRl and passively transferred with anti-LG3 1gG
or control mouse IgG and sacrificed 2 and 7 days after surgery (n > 5 per group). Ctrl, control; HPF, high-power field; I/R, ischemia-

reperfusion; MAC, membrane attack complex; NS, not significant.

antibodies against a C-terminal perlecan fragment (LG3)
as novel modulators of AKI in response to IRI. In kidney
transplant recipients, pretransplant anti-LG3 antibody
titers are associated with an increased risk of DGF.
Moreover, in patients with DGF but not in those with
immediate graft function, anti-LG3 antibody titers
assessed immediately before transplantation predicted
lower graft function at 1 year after transplantation. The
impact of anti-LG3 antibodies on the occurrence and
functional impact of DGF cannot be attributed to a con-
founding effect of rejection because the latter was not
associated with DGF or graft function at 1 year after
transplantation in patients with DGF. Anti-AT1R and
antivimentin were not associated with DGF or graft func-
tion at 1 year after transplant. These results suggest
that, in addition to their function as accelerators of

3424

rejection, anti-LG3 antibodies can impair renal function
through rejection-independent pathways, whereas anti-
AT1R and antivimentin do not.

We turned to an animal model of IRI to investigate how
anti-LG3 antibodies aggravate renal dysfunction. We
chose a model of IRl and not renal transplantation
because we wanted to evaluate whether anti-LG3 anti-
bodies could accelerate renal dysfunction caused by IRI
in the absence of any contributing mechanisms that
stem from alloimmunity. We found that when present at
high titers at the time of IRI, anti-LG3 antibodies enhance
renal dysfunction in association with activation of the
complement pathway within PTC. This was associated
with enhanced microvascular rarefaction, demonstrated
by reduced CD31 staining and increased levels of a-SMA
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Figure 8: Anti-LG3 antibodies increase peritubular capillary loss and fibrotic markers after ischemia-reperfusion. (A) Immuno-
histochemistry and quantification of CD31 in kidney sections from mice submitted to ischemia-reperfusion injury (IRl) and passively
transferred with anti-LG3 IgG or control mouse IgG and sacrificed 7 days after surgery (magnification x630); arrows indicate CD31-
positive peritubular capillaries, scale bar = 10 um (n = 5 per group). (B) Immunohistochemistry and quantification of collagen IV in kid-
ney sections from mice submitted to IRI and passively transferred with anti-LG3 IgG or control mouse IgG and sacrificed 7 days after
surgery (x200), scale bar = 50 um. (C) Immunohistochemistry and quantification of a-SMA in kidney sections from mice submitted
to IRl and passively transferred with anti-LG3 IgG or control mouse IgG and sacrificed 7 days after surgery (x200), scale bar = 50 pm.
a-SMA, a-smooth muscle actin; COL |V, collagen IV; Ctrl, control; MAC, membrane attack complex.

and collagen IV, two fibrotic markers. Nevertheless, in
the absence of IRI, anti-LG3 antibodies did not induce
renal dysfunction, confirming their role as aggravators
but not inducers of renal dysfunction. Collectively, these

American Journal of Transplantation 2016; 16: 3416-3429

results suggest that ischemia represents a permissive
factor for intrarenal activation of complement by anti-LG3
antibodies, leading to enhanced microvascular injury,
involution and fibrosis.
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Tubular injury was also increased in mice transferred
with anti-LG3 antibodies, but various elements argue for
an indirect effect rather than direct epithelial toxicity.
First, there was no evidence of C4d deposition within
renal tubules at either day 2 or 7 after IRI, demonstrating
the absence of classical complement activation within
tubules; however, we found increased tubular MAC
staining at day 7 after IRl in mice transferred with anti-
LG3 antibodies, suggesting enhanced tubular activation
of the alternative complement pathway. Future studies
are needed to explain this finding. A potential explanation
is that progressive microvascular involution (shown by
reduced CD31 staining) caused by complement-induced
microvascular injury associated with anti-LG3 leads to
tubular ischemia, which in turn fuels tubular epithelial cell
death leading to activation of the alternative complement
pathway. This possibility would be consistent with our
findings showing progressive increase in caspase 3 stain-
ing in mice transferred with anti-LG3 antibodies. This
possibility is also consistent with previous publications
demonstrating a role for tubular ischemia in activation of
the alternative complement pathway in renal tubular cells
(29). Delineating the contributions of the classical and
alternative pathways in anti-LG3-dependent renal injury
will be key to developing clinically relevant strategies of
complement inhibition for prevention of progressive renal
dysfunction.

Injury to the microvasculature is emerging as an impor-
tant contributor to renal dysfunction after IRI (11,30,31).
Endothelial injury and apoptosis contribute to renal dys-
function by durably limiting perfusion of tubules and per-
petuating tubular damage (32,33). Microvascular dropout
also favors tubulointerstitial fibrosis, myofibroblast differ-
entiation and progressive loss of renal function (32,34).
Endothelial injury and apoptosis also contribute to the
processing of perlecan and production of LG3 (35,36),
and circulating LG3 has been recently reported to be an
early predictor of AKI in heart surgery patients with AKI
(37). The mechanisms responsible for increased LG3
levels in association with AKI are still incompletely
defined. Recent results from our group identified apop-
totic exosomelike vesicles, a novel type of membrane
vesicles released by dying vascular cells, as a central trig-
ger for anti-LG3 production (36). The presence of LG3
and active 20S proteasome complex within these vesi-
cles plays a major role in the immunogenic processing of
perlecan required for anti-LG3 production. We also
showed that acute vascular injury, whether renal or not,
increases circulating levels of these vesicles in vivo.
Other mechanisms of LG3 production associated with
IRl include the possibility that proteolytic enzymes
released by infiltrating leukocytes (38) contribute to the
proteolysis of perlecan and to the production of LG3.
Further studies are needed to characterize the full spec-
trum of mechanisms by which ischemia-reperfusion
favors the production of LG3 and anti-LG3-dependent
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microvascular injury in transplantation and other clinical
situations associated with IRI.

Interactions between auto- and alloimmune pathways
after solid organ transplantation are increasingly recog-
nized as a risk factor for rejection. In kidney transplant
patients, pretransplant anti-LG3, anti-AT1R and autoreac-
tive antibodies against apoptotic cells have been linked
with severe acute rejection (13,14,17,39). Antiagrin,
antifibronectin, anti-collagen IV and antivimentin autoanti-
bodies have been linked to transplant glomerulopathy
(40,41) and tubular atrophy/interstitial fibrosis (42). Our
present work, however, is the first report of an interac-
tion between a circulating autoantibody and the severity
of AKI following renal ischemia-reperfusion in transplant
patients.

We considered the possibility that autoantibodies could
aggravate posttransplant AKI, leading to an increased risk
of DGF, based on two observations. First, in murine
models of intestinal IRI, binding of natural autoantibodies
to self-antigenic targets were shown to increase tissue
damage through complement activation following
ischemia-reperfusion (18). Second, recent data in human
lung transplant patients demonstrated an association
between pretransplant levels of autoantibodies to K-a1
tubulin and collagen V and increased incidence of primary
graft dysfunction (12). We observed that pretransplant
anti-LG3 antibodies were associated with the occurrence
and functional impact of DGF, whereas anti-AT1R and
antivimentin were not. This result suggests that autoanti-
bodies to cryptic antigens that may become exposed or
mobilized by ischemia can behave as accelerators of
injury at the time of transplantation. Although our data
suggest that this is the case for LG3, AT1R and vimentin
may not be as susceptible to ischemic modifications,
explaining their lack of association with DGF.

The mechanisms that support the production of anti-LG3,
anti-AT1R and antivimentin antibodies in patients await-
ing a renal transplantation also remain ill characterized.
Although other studies have reported an association
between anti-AT1R, lupus erythematosus and systemic
sclerosis (43-46), we did not find an association between
the autoantibodies we studied and autoimmune dis-
eases. This conclusion, however, is limited by the small
number of patients with autoimmune diseases (n = 8)
included in the present cohort. In previous work, we also
showed in pregnant women that anti-LG3 antibodies do
not correlate with anti-AT1R autoantibodies and that both
antibodies do not increase in association with normal
pregnancy (47). In the present study, however, we found
an association between anti-AT1R and prior transplanta-
tion, whereas anti-LG3 and antivimentin were not associ-
ated with classical allosensitizing events. Collectively,
these results suggest that the factors associated with
the production of anti-LG3 and anti-AT1R antibodies are
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likely different from classical autoimmune conditions and
from one another.

In addition to anti-LG3, donor age and height were associ-
ated with graft function at 1 year after transplantation in
patients with DGF, whereas donor type and cold ischemic
time were not. Other studies have also shown that recipi-
ents of kidneys from donors after cardiocirculatory arrest
experience more DGF but that this does not affect graft
survival (48,49). Cold ischemic time was not associated
with DGF or its functional impact in multivariate analyses,
probably because of relatively homogeneous and short
cold ischemic times at our center (Table 1).

In summary, we showed that high titers of anti-LG3 anti-
bodies at the time of transplantation are associated with
an increased risk of DGF and with lower long-term renal
function after DGF. Anti-LG3 antibodies also aggravate
AKI after IRl in mice, in association with activation of the
classical complement pathway in PTC, increased tubular
activation of the alternative complement pathway at a
distance from IRI, and increased microvascular damage
and involution. Our results identified anti-LG3 antibodies
as novel regulators of IRl in renal transplant patients, pro-
viding new insights into the pathways that modulate the
severity of renal injury at the time of transplantation and
their impact on long-term outcomes.
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Supporting Information

Additional Supporting Information may be found in the
online version of this article.

Figure S1: Anti-LG3, anti-AT1R and antivimentin and
allosensitizing events and classical autoimmune dis-
eases. Positive pretransplant anti-AT1R antibody status
was more frequent in recipients of retransplant than in
patients with a first kidney transplant (42% vs. 10%,
p < 0.001). Positive pretransplant status for anti-LG3
(13% in both groups, p = 0.25) and antivimentin (50%
vs. 41%, p = 0.42) was similar in patients who had
received a previous transplantation compared with those
who had not. (B) Positive pretransplant status for anti-
LG3 (8% vs. 14%, p = 0.42), anti-AT1R (18% vs. 14%,
p = 0.16) and antivimentin (38% vs. 44%, p = 0.47) were
similar in patients who had a history of pregnancy com-
pared with those who did not. (C) Positive pretransplant
status for anti-LG3 (14% vs. 12%, p = 0.81), anti-AT1R
(19% vs. 12%, p =0.27) and antivimentin (47% vs.
40%, p = 0.41) were similar in patients who had a his-
tory of transfusions compared with those who did not.
(D) Positive pretransplant status for anti-LG3 (0% vs.
13%, p = 0.32), anti-AT1R (0% vs. 15%, p = 0.60) and
antivimentin (50% vs. 42%, p = 0.72) were similar in
patients who had a history of autoimmune disease com-
pared with those who did not. (E) Positive pretransplant

American Journal of Transplantation 2016; 16: 3416-3429

256



status for anti-LG3 (0% vs. 13%, p = 0.43), anti-AT1R
(33% vs. 14%, p=0.17) and antivimentin (33% vs.
43%, p = 0.30) were similar in patients with pretrans-
plant calculated panel reactive antibody >20% compared
with <20%. AT1R, angiotensin Il type 1 receptor.

Figure S2: (A) Enzyme-linked immunosorbent assay
dosage of anti-LG3 IgG titers at 2 days after renal
artery clamping in mice passively transferred with
anti-LG3 antibodies or control mouse IgG (n > 8 per
group). (B) Blood urea nitrogen (BUN) levels in control,
sham-operated or ischemia-reperfusion injury (IRI) mice
with or without injection of phosphate-buffered saline
(vehicle for IgG control and anti-LG3; n > 4 per group) at
2 days after renal artery clamping. (C) Serum creatinine
levels in mice passively transferred with anti-LG3 IgG or
control mouse IgG and sacrificed 2 or 7 days after IRI.
(D) BUN levels in nonoperated mice injected with 1gG
control or anti-LG3 IgG every 2 days and sacrificed 2 or
7 days after the second injection.

Figure S3: (A) Immunohistochemistry and quantifica-
tion of C4d staining (superficial cortex) in kidney
sections from mice submitted to ischemia-
reperfusion injury (IRl) and passively transferred with
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anti-LG3 1gG or control mouse IgG and sacrificed 2
and 7 days after surgery (n>5 per group); black
arrowheads indicate positive peritubular capillary,
scale bars = 50 um. (B) Numbers of C4d-positive per-
itubular capillaries per five randomly chosen high-power
fields (x200) in superficial cortex of mice submitted to IRI
and passively transferred with anti-LG3 IgG or control
mouse IgG and sacrificed 2 and 7 days after surgery
(n = 5 per group).

Figure S4: (A) Immunohistochemistry of membrane
attack complex (MAC) staining (superficial cortex) in
kidney sections from mice submitted to ischemia-
reperfusion injury (IRl) and passively transferred with
anti-LG3 IgG or control mouse IgG and sacrificed
2 days (upper panels) and 7 days (lower panels) after
surgery (n>5 per group); arrowheads indicate
positive peritubular capillary, scale bars = 50 pm.
(B) Numbers of MAC-positive peritubular capillaries per
five randomly chosen high-power fields (x200) in superfi-
cial cortex of mice submitted to IRl and passively trans-
ferred with anti-LG3 IgG or control mouse IgG and
sacrificed 2 and 7 days after surgery (n > 5 per group).
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Kidney transplantation entails a high likelihood of endothelial injury. The endothelium is
a target of choice for injury by ischemia-reperfusion, alloantibodies, and autoantibodies.
A certain degree of ischemia-reperfusion injury inevitably occurs in the immediate post-
transplant setting and can manifest as delayed graft function. Acute rejection episodes,
whether T-cell or antibody-mediated, can involve the graft micro- and macrovasculature,
leading to endothelial injury and adverse long-term consequences on graft function and
survival. In turn, caspase-3 activation in injured and dying endothelial cells favors the
release of extracellular vesicles (apoptotic bodies and apoptotic exosome-like vesicles)
that further enhance autoantibody production, complement deposition, and microvas-
cular rarefaction. In this review, we present the evidence for endothelial injury, its causes
and long-term consequences on graft outcomes in the field of kidney transplantation.

Keywords: kidney transg i ial injury, apoptosi: P alloantibodies, autoantibodies

INTRODUCTION

The endothelium plays an important role in vascular biology and regulation of renal function.
Healthy endothelial cells are involved in vasodilation through nitric oxide (NO) release, which
also inhibits platelet adhesion and aggregation, as well as leukocyte adhesion. Conversely, injured
endothelial cells can develop a vasoconstrictive, pro-inflammatory, and procoagulant phenotype.
Endothelial dysfunction is associated with traditional cardiovascular risk factors such as hyperten-
sion and diabetes, and it predicts atherosclerosis progression and cardiovascular events in the general
population (1, 2). A large body of data shows that chronic kidney disease (CKD) is associated with
endothelial dysfunction and/or apoptosis (3-7). Increased levels of circulating microparticles from
apoptotic endothelial cells have been observed in patients with CKD (5, 6). Uremic solutes foster the
production of these microparticles by endothelial cells (6), which in turn decrease NO release and
impair endothelium-mediated dilation (5).

Kidney transplantation is the best mode of renal replacement therapy, improving both quality of
life and life expectancy compared to dialysis (8, 9). Kidney transplantation restores renal function
and improves endothelial function compared to dialysis (10, 11). Nevertheless, kidney transplanta-
tion entails a high likelihood of endothelial injury in the allograft. Given its intimate contact with
the blood, the allograft endothelium is a target of choice for interactions with circulating inflam-
matory cells, cytokines, antibodies, and circulating pharmacological agents. First, a certain degree
of ischemia-reperfusion injury (IRI) inevitably occurs in the immediate posttransplant setting and
manifests as delayed graft function (DGF). IRI is associated with both tubular and endothelial
damage, especially in the peritubular capillary network. Second, acute rejection episodes, whether
T-cell or antibody-mediated, occur in 15-20% of kidney transplant recipients (2) and can involve
the graft micro- and macrovasculature, leading to endothelial injury. This can alter renal blood flow
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and impair renal function, both acutely and on the long-term,
favoring renal fibrosis and loss of renal function.

Last, the most commonly used immunosuppressive agents
may have divergent impact on the graft endothelium after trans-
plantation. Mycophenolic acid may protect the endothelium,
but calcineurin inhibitors have an adverse impact on endothelial
function and glucocorticoids can worsen endothelial function
under physiological conditions and improve it in the presence
of inflammation. While these topics are reviewed elsewhere
(12-14), here we present the evidence for allograft endothelial
injury that is associated with IRI, alloimmunity, and autoim-
munity in Kidney transplantation and describe its long-term
consequences on graft outcomes.

IRI INDUCES ENDOTHELIAL DAMAGE,
MICROVASCULAR RAREFACTION AND
ADVERSE GRAFT OUTCOMES

The kidney transplant procedure is inevitably associated with a
certain degree of IRI. Donor type (deceased after cardiocircula-
tory arrest and neurologically deceased versus living) and length
of cold and warm ischemic times are important risk factors for
IRI (15). Clinically significant IRI manifests as DGE or acute
kidney injury (AKI) in the immediate posttransplant period.
DGF is defined as the need for hemodialysis in the first week
posttransplantation or failure of serum creatinine to decrease by
more than 10% on the first three postoperative days, although
other definitions have been used (16). Episodes of AKI are strong
predictors of CKD in the general population (17-20). Similarly,
DGF is associated with decreased long-term kidney graft survival
(15,21).

In the past decade, microvascular injury and endothelial dys-
function have emerged as pivotal elements in the pathogenesis
of AKI (22, 23). In experimental models of IRI, renal perfusion
in peritubular capillaries is compromised within minutes of
unclamping (24). Endothelial dysfunction/injury and apop-
tosis compromise microcirculatory renal blood flow through
decreased vasodilatory capacity, coagulation activation and the
formation of microvascular thrombi, and increased rolling/adhe-
sion of inflammatory cells (23, 25).

Because the regenerative capacity of endothelial cells in peritu-
bular capillaries appears limited (26-28), microvascular damage
occurring during an episode of AKI can lead to permanent peri-
tubular capillary rarefaction (26-28). Loss of peritubular capillar-
ies favors chronic hypoxia, leading to overexpression of hypoxia
inducible factor 1 o (HIF-1a), favoring transcription of fibrogenic
genes such as transforming growth factor p (TGF-p) and con-
nective tissue growth factor (CTGF). It also favors accumulation
of a-smooth muscle actin (a-SMA) positive myofibroblasts and
production of fibrogenic mediators (22, 23, 28-31).

These phenomena eventually lead to progressive interstitial
fibrosis/tubular atrophy and renal dysfunction in animal models
and in human AKI (31, 32). In kidney transplant patients, peri-
tubular capillary loss, assessed by comparing capillary density
on 3-month posttransplant biopsies with capillary density on
preimplantation biopsies, is strongly associated with interstitial
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fibrosis/tubular atrophy and graft dysfunction 1 year posttrans-
plant (33). Recent animal studies using in vivo imaging and elec-
tron microscopy in murine models of AKI demonstrated a tight
correlation between peritubular capillary injury, rarefaction,
and renal fibrosis (34, 35). Ultrastructural changes to peritubular
capillaries include focal widening of the subendothelial space,
higher numbers of endothelial vacuoles, reduced numbers of
fenestrations, and increased thickness of the basement mem-
brane (35). Human kidney biopsy samples with progressive renal
fibrosis showed strikingly similar ultrastructural findings. Taken
together, these studies support the concept that IRI-associated
AKI can lead to microvascular rarefaction which in turn plays
a pivotal role in favoring interstitial fibrosis and long-term renal
dysfunction in patients with native kidney disease and in kidney
transplant recipients.

Kidneys from older donors are more susceptible to IRT and
more likely to develop DGF (36-39). Increasing age and the
presence of age-associated disorders, such as hypertension and
type 2 diabetes, favor the accumulation of senescent cells within
the vasculature and the kidney. Senescence is characterized by
proliferative arrest, cell flattening and enlargement, and the
production of an array of pro-inflammatory cytokines (IL-1a,
IL-1B, IL-6, IL-8, matrix metalloproteiases, CTGF) known as
senescence associated secretory phenotype (40). Senescent cells
lack replicative potential and hence tissues with higher levels of
senescent cells display lower repair capacity in the face of injury.
Increased microvascular rarefaction and enhanced fibrosis have
been observed following IRI in rodent models and in transplant
patients (41, 42).

IMMUNE-MEDIATED VASCULAR AND
ENDOTHELIAL INJURY IS ASSOCIATED
WITH ADVERSE KIDNEY GRAFT
OUTCOMES

Acute rejection episodes occur in 15-20% of kidney transplant
recipients (2). T-cell mediated rejections that involve the
tubulointerstitial compartment are responsive to corticosteroid
therapy and are reversible in a majority of cases. However,
vascular involvement by the rejection process, also termed graft
endarteritis, is an important risk factor for decreased long-term
graft survival (43, 44). Endarteritis has classically been regarded
as a T-cell-mediated phenomenon (45), with both alloreactive
CD8+ and CD4+ T-cells infiltrating the allograft small-sized
arteries (46). However, mounting evidence shows that endarteri-
tis often clusters with microvascular inflammation (glomerulitis,
peritubular capillaritis) and antibody-mediated damage (47).
The deleterious impact of donor-specific alloantibodies (DSA)
is illustrated by recent data showing that antibody-mediated
rejection with endarteritis entails a worse prognosis than cell-
mediated endarteritis alone (44). DSA can target class I human
leukocyte antigen (HLA) molecules, which are constitutively
expressed on all nucleated cells or class Il HLA molecules, whose
expression is restricted to B lymphocytes, antigen-presenting
cells, and activated endothelial cells. Both class I and class IT DSA
can injure the endothelium though complement-dependent
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mechanisms and antibody-dependent cell-mediated cytotoxicity.
DSA class I binding also affects the graft endothelium by inducing
intracellular signaling which results in migration, proliferation,
and resistance to apoptosis and complement-induced death that
can have an impact on vascular remodeling and chronic allograft
rejection (48). The effect of HLA class IT DSA on cell signaling
remains to be fully defined given constraints in experimental
systems due to the restricted expression of their antigenic target.
Although DSA IgG have long been recognized as deleterious to
the allograft, the clinical relevance of DSA IgM remains unclear.
Some studies have reported associations between IgM DSA,
rejection, and decreased graft survival (49, 50).

Even when the allograft arteries are not involved, DSA can
affect the graft microcirculation, which is associated with adverse
outcomes. A threefold increase in the risk of graft loss was reported
in DSA-positive cases of rejection affecting only the microcircula-
tion compared to pure cell-mediated tubulointerstitial rejection
(44). In another study, diffuse C4d staining in peritubular capil-
laries, which marks antibody-mediated complement activation
through the classical pathway, was an independent adverse prog-
nostic factor in patients with concurrent cell-mediated rejection,
whether or not the graft arteries were involved (51). Hence, the
presence of antibody-mediated damage to the microcirculation
has prognostic implications in cases of acute rejection, whether
or not graft arterial involvement is also present.

Donor-specific antibodies lead to adverse outcomes by injur-
ing the graft endothelium. In patients with antibody-mediated
rejection, elevated levels of endothelial transcripts including von
Willebrand’s factor, caveolin 1, platelet/endothelial cell adhesion
molecule, and E selectin have been found in the allograft tissue
(52). The presence of circulating DSA and elevated endothelial
transcripts in the allograft were associated with poorer long-term
graft survival (52), even when evidence for complement activa-
tion was lacking (53). Taken together, these studies illustrate
that endothelial injury in the allograft macro- or microvascular
beds, especially when antibody-mediated, reduces graft survival.
DSA-mediated endothelial damage can occur through both
complement-dependent and independent pathways.

The persistence of cell- or antibody-mediated vascular and
endothelial injury are closely linked with the development of
allograft fibrosis and demise. In a swine kidney transplantation
model, persistent inflammation in peritubular capillaries was
strongly associated with the presence of proliferating a-actin
positive myofibroblasts around peritubular capillaries and pro-
gression of interstitial fibrosis (54). Similar results were found
in human kidney graft biopsies, where microvascular injury in
peritubular capillaries (angioregression or capillary drop-out,
apoptotic endothelial cells and lamination of the basement
membrane) was strongly correlated with interstitial fibrosis, graft
dysfunction, and proteinuria (55). Glomerular capillary loss was
also associated with glomerular sclerosis and proteinuria.

Recent data suggest that, in addition to DSA, autoantibodies
present at the time of transplantation or produced in the posttrans-
plant period can accentuate and aggravate microvascular injury.
This concept, coined “innate autoimmunity,” was put forward by
Carroll and co-workers, as they identified the aggravating role
of naturally occurring polyspecific IgM autoantibodies targeting
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non muscle myosin heavy chain and glycogen phosphorylase in
models of intestinal and skeletal muscle IRI (56-58). They also
showed that blockade of this autoantibody attenuated tissue
damage in a model of cardiac IRI (59). Our group identified
anti-perlecan/LG3 IgG autoantibodies of the IgGl and IgG3
sub-types that target a cryptic C-terminal fragment of perlecan
(LG3), as predictors of renal dysfunction in a murine model of
renal IRI and in renal transplant patients (60). Elevated levels of
anti-perlecan/LG3 at the time of transplantation are associated
with an increased risk of vascular rejection and DGF (60, 61).
In patients with DGE, anti-perlecan/LG3 autoantibodies predict
reduced long-term renal function (60). Anti-perlecan/LG3
autoantibodies exhibit a specific tropism for the ischemic vas-
culature. In experimental models of vascular rejection and renal
IRI, deposition of anti-perlecan/LG3 autoantibodies was sig-
nificantly increased by ischemia (60, 61). This led to enhanced
activation of the classical complement pathway, C4d deposition,
peritubular capillary rarefaction, and renal fibrosis. Other autoan-
tibodies, such as anti-angiotensin II type 1 receptors (AT1R) and
anti-fibronectin antibodies, have been implicated in accentuation
of renal acute vascular rejection and transplant glomerulopathy
(38, 39). Anti-AT1R IgG autoantibodies also increase the risk of
acute rejection and graft loss in renal transplant patients (62, 63).
Ischemia was shown to increase the contractile activity of AT1R
autoantibodies in isolated renal artery rings (64), suggesting the
possibility of enhanced renal vasoconstriction and ischemia.
Collectively, these reports add further support to the notion that
renal microvascular injury, either induced by IR, allo- or auto-
antibodies or through synergistic interactions between these
different factors, plays a major role in long-term renal allograft
dysfunction.

ENDOTHELIAL CELL DEATH
CONTRIBUTES TO VASCULAR
REMODELING, AUTOIMMUNITY
AND INFLAMMATION

The presence of dying renal cells in association with AKI or
rejection episodes has been known for decades. However, the
characterization of molecular pathways controlling regulated
renal cell death responses is still an evolving field. Two major
types of programmed cell death, apoptosis and necroptosis,
have been characterized in association with AKI (23, 26,
65-73), although various death and inflammatory pathways
such as ferroptosis and pyroptosis also likely contribute (74-76).
Apoptosis can be initiated by two major initiating pathways:
cell surface death receptors or mitochondrial outer membrane
permeabilization. Both pathways converge on an effector phase
triggered by caspases-3 activation and responsible for definitive
degradation of key nuclear and cytoskeletal substrates leading to
morphological changes such as membrane blebbing and nuclear
condensation. However, ligation of death receptors, such as
tumor necrosis factor or Fas, in conditions when caspases are
inhibited can also activate a regulated form of necrosis referred
to as “necroptosis” [reviewed in Ref. (77, 78)]. In this context,
receptor-interacting protein 1 (RIPK1) phosphorylates RIPK3
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and mixed lineage kinase domain-like protein (MLKL) leading to
cell swelling and rupture (77, 78). Necroptosis is associated with
an important inflammatory response secondary to the release of
damage-associated molecular patterns and to the activation of
the inflammasome leading to caspase-1 activation and release
of IL-1f, IL-18, and IL-1a. Like necroptosis, pyroptosis is a type
of regulated necrotic cell death. Pyroptosis is characterized by
caspase-11/gasdermin D-dependent plasma membrane rupture,
is highly pro-inflammatory, and has a unique feature: the cas-
pase-1 dependent maturation of pro-inflammatory cytokines in
a multiprotein complex called the inflammasome during the cell
death process (71, 75).

Apoptosis has classically been considered as an inert or anti-
inflammatory type of cell death, responsible for the physiological
turnover of multiple cell types. During apoptosis, caspase activa-
tion inactivates mitochondrial DNA-induced type I interferon
secretion and oxidizes danger signals. This inactivates danger
associated molecular patterns (DAMP) molecules and prevents
the development of an innate immune response to apoptotic
cells (79). Effector caspase activation also leads to the release
of chemotactic factors that recruit phagocytes and enhance the
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clearance of apoptotic cells, preventing secondary necrosis and
the release of DAMP factors (79).

Nevertheless, the impact of apoptosis may vary according
to cell type and in certain conditions also favor inflammatory
responses. Apoptotic endothelial cells externalize phosphati-
dylserine (80), which binds Factor XII to promote coagulation
(81). Apoptotic endothelial cells also interact with other cell types
through the release of extracellular vesicles which can in turn
promote inflammation. Extracellular vesicles include microvesi-
cles, such as apoptotic bodies, that are produced by cytoplasmic
membrane blebbing and shedding, and exosomes, that are
smaller and stored in multivesicular bodies or alpha-granules
(82). For example, endothelial apoptotic bodies that contain the
full-length precursor and processed mature form of IL-1a have
pro-inflammatory effects when injected in the peritoneal cavity of
mice (83). Both types of vesicles are involved in cellular crosstalk,
as will be discussed later.

The relative importance of regulated death pathways in AKI
or rejection-induced microvascular injury is only beginning to
be unraveled. It is generally accepted that broad caspase inhibi-
tion can prevent apoptosis at the expense of increased necroptosis
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FIGURE 1 | Factors contributing to endothelial dysfunction in transplantation. Ischemia-reperfusion injury that occurs at the time of transplantation can trigger
endothelial apoptosis through caspase-3 activation which can in turn release apoptotic bodies with procoagulant activity. In addition, apoptotic endothelial cells also
release apoptotic exosome-like vesicles that favor the recruitment of inflammatory cells (e.g., T cells) and the production of autoantibodies such as anti-perlecan/
LG8 antibodies (anti-LG3). The synergistic interactions between cellular alloimmunity and autoimmunity, donor-specific antibodies (DSA), and autoantibodies
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interstitial fibrosis/tubular atrophy and renal graft dysfunction.
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and accentuated renal dysfunction (70, 78), a phenomenon well
characterized in renal tubular epithelial cells (84, 85). Cardiac
endothelial cells have also been shown to develop RIPK3-
dependent cell death after TNF-alpha treatment in vitro and
following transplantation in vivo. RIPK3—/— mice show better
preservation of microvascular integrity in a model of cardiac
rejection (86). Whether RIPK-dependent death also occurs in
the renal microvasculature during AKI and/or rejection remains
to be evaluated. However, microvascular apoptosis, evaluated by
caspase-3 activation, has been documented in models of renal IRI
and rejection (23, 87). Also, inhibition of caspase-3 at the time
of renal IRI has generally been associated with improved long-
term renal function and reduced extracellular matrix deposition
(78, 88, 89). Collectively, these results suggest an important role
for caspase-3 in regulating renal vascular cell death whereas the
importance of RIPK-dependent death remains to be character-
ized. While pyroptosis has been observed in renal tubular epithe-
lial cells in a rat model of renal IRI (90), this type of cell death has
not been described in endothelial cells.

Endothelial caspase-3 activation can promote vascular dys-
function through various and non-mutually exclusive pathways
(Figure 1). It favors the release of a number of fibroproliferative
mediators, such as CTGE, LG3, and translationally controlled
tumor protein, which can in turn favor neointima formation and
myointimal thickening (91-94). Endothelial caspase-3 activation
also leads to the release of apoptotic bodies or membrane blebs
with procoagulant activity (95, 96). Recently, we showed that,
in addition to apoptotic bodies, endothelial caspase-3 activa-
tion prompts the release of a novel type of extracellular vesicles
whose protein content and function are dramatically different
from classic apoptotic bodies (97). These apoptotic exosome-like
vesicles (ApoExo) are smaller than apoptotic bodies, ranging
from 30 to 100 nm and carry active 20S proteasome complexes
with pro-inflammatory activity. ApoExo injection in mice favors
the recruitment of T and B cells in a model of vascular allograft
rejection (97). Endothelial ApoExos also favor the production
of autoantibodies such as anti-perlecan/LG3 antibodies, anti-
nuclear antibodies, and anti-double-stranded DNA antibodies
(97), which in turn further aggravate vascular inflammation. In
animal models, renal IRI favors the release of ApoExos within the
bloodstream, followed by augmented levels of anti-perlecan/LG3
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CONCLUDING REMARKS

Kidney transplantation is associated with an elevated likelihood
of damage to the graft macro- and microvasculature, given the
IRI that occurs at the time of transplantation and the physical
location of the graft endothelium that makes it a target of choice
for cell- or antibody-mediated alloimmune injury. IRI, alloim-
mune damage, and autoantibodies can activate programmed
cell death pathways in the graft endothelium, which can in turn
trigger microvascular rarefaction, interstitial fibrosis, and graft
dysfunction. These pathways represent potential targets for
pharmacological intervention that could be delivered in preser-
vation solutions during the period cold ischemia, with the aim
of improving long-term graft outcomes.
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