Aus dem Institut fur Schlaganfall- und Demenzforschung (LMU Klinikum)

Klinikum / Institut der Ludwig-Maximilians-Universitat Manchen

Dissertation
zum Erwerb des Doctor of Philosophy (Ph.D.)

an der Medizinischen Fakultat der

Ludwig-Maximilians-Universitat zu Minchen

Role of the COP9 Signalosome in Atherogenic Inflammation

vorgelegt von:

Jelena Milic

aus:

Petrovac na Mlavi, Serbia

Jahr:
2022



Mit Genehmigung der Medizinischen Fakultat der
Ludwig-Maximilians-Universitat zu Minchen

First evaluator (1. TAC member): Prof. Dr. Jirgen Bernhagen
Second evaluator (2. TAC member): Univ.-Prof. Dr. Dr. med. Oliver Séhnlein
Third evaluator: Univ.-Prof. Dr. rer. nat. Sabine Steffens

Fourth evaluator: Prof. Dr. Andreas Dendorfer

Dean: Prof. Dr. med. Thomas Gudermann

Date of the defense:

19/10/2022



Jelena V. Milic 3
Table of Content

Table of Content 4
List of Figures 8
List of Tables 9
List of abbreviations 10
Abstract (English): 13
1. Introduction 14
1.1 ATNEIOSCIEIOSIS ...ttt ettt e ettt e et e bt e ebeeeabeeeteeetaeesnseeeabeeenraeas 14
1.2 Cellular Mechanism of AtheroSCIErOSIS ........ccuieivieriiiiiieeiieeeee ettt e 15
1.2.1 Role of endothelial cells in AtheroSclerosis.........coveeveererriinienieniereeseeeeeeeee e, 15
1.2.2  Role of mononuclear cells in AtheroSClerosis..........cvvevvieciieciierieerieerieeieecreereereesreeneens 19
1.2.2.1 IMIONOCYLES ..eeuveeeerieeereeieeesereeseseessseesseeasseeessaeessseessseessseesssessnsesssssesssseesssessssessssesssssessseees 19
1.2.2.2 MaACTOPRAZES. ... e euvieeeeeieeieetieie et et ettt e e e e e bt ebeesse e seesseesseenseenseenseenseesseesseesseenseensens 20
1.2.2.3 FOAM CeIIS ...ttt ettt et ettt et e bt e bt e b e b enbeas 23
1.3 Atherogenic INflammation.............ocverierieniesierieree et sree e e sreesseeseeseeseees 24
1.3.1  NF-KB SIZNAIIING .....ecvieiiieiiiciicie ettt ere et s ve b eseeseesbeesseesseesseessaessaesseens 24
1.3.2  MAP KINaSES(IMAPK) .....oiioiiiiieee ettt et et et e 27
1.3.3  AP-I(activator-protein-1) Signaling ...........ccccceeeeieriiiieiiieiie ettt 29
1.4 Atherosclerotic PathOlOZY........c.ccviviiiiiieciieiiiiieie e eie ettt re e ebeebeebeesseenseenseesseens 31
1.4.1  Plaque PathOlOgY ......oooiieiieiieiieie ettt ettt ettt sttt et be e s e saeenaeas 32
1.4.2 Plaque Remodeling and atherosclerotic classification ..........ccccecevereevienenenienencnnenne. 35
T4 2. 1THE ECMeuiiiiiieieeee ettt ettt ettt sb et e bbb et e bt eneenees 35
1.4.2.2 The matrix metalloproteINAaSES .........eecvuieiiieriiieeiieeeieeeeeeerreesreeereeebeeeeaeeseaeesereeseseeenns 36
1.4.2.2.3 Tissue Inhibitors of Metalloproteinases.........ccvevveeevievriecrieirienieesieesieeieereereereeseeseens 39
1.4.3  Current Therapy Approaches in AtherosClerosis ..........ccevevereerenereerienenenieneneeeene 41
1.5 COPO SIZNALOSOIME ......veeerieeiiieiiieeieeeieeeteeeteesiteesbeesbeessbee e taeesssaessseesssaessseeessseesssennns 43
1.5.1  Structure and FUNCLION .........cceiviiiiiieiiieiiciieieeie et eie e ere e e e sreesteebeebeesseesseesseessaens 43
1.5.2.1 Csn5 in atherogenic Inflammation ..........ccceoereerieriniriiinienineee et 47
1.5.2.2 Csn8 in atherogenic Inflammation ...........c..eccueeeciiriiiiiiii e 50
1.5.2.3 Potential therapies based on the CSN.........ccccveriieiiiiiienierieeeeeeeee e 50
2. Material and Methods 55
2.1 IMAALETIALS .. eovvieiieiieie ettt et e bt et et e bt e te e te e teesteesseessaessaessaessaessseseenseeseas 55
2.1.1 Chemical and REAZENLS .........ccueeiviriiieiieiieieeit ettt ettt ettt se e e teesse e seeseensees 55
2.1.3  Enzymes and Buffers for the Enzymes ............ccccoooiiiiiiiiiiici e 56
2.1.2 Primer pairs for QPCR .......ccviiiiiiieieceee ettt nas 56
2.1.2.1 IMOUSE PIIIMIETS ..cueeveeeieeeiteeiteeteeuteeteeteenteeseebeenteenseenseenseenseeseenseenseenseenseeseesseesseesseansens 56
0 I 5 100 o 0001 T PRSP 55
B I N 11 oo 1 USSR 57
2.1.3.1 Primary ANtIDOGIES. .....ceevieiieiieiieie ettt ettt ettt ettt ettt e sbe bt e be e beesaeenaeas 58
2.1.3.1 Secondary ANtIDOGIES........ccvieevierieiieieeie et et et ereereeteebeebeebeesbeeseesaesseeseesseesseeseas 58
2.1.4 Media, buffers and SOIULIONS. ........cooeouiiiiii it e e e e e e e eaaaeeeas 60
2.1.4.1 Cell culture MedIa........coeouieiieiieieee ettt ettt e b e saeenaeas 60
2.1.4.2 Buffers and SOIULIONS .........c.eecvieiieiiieiieie ettt ettt eie e ereebeete et eseeseesseesseessaesseesees 60
2 B T 110 Lo o) ¢SRS 61
2.1.6  Multi-COMPONENE SYSTEIMS .. .veeeriieriiieriiieiieerteeeereeestreeseteesereesseesseessseeessesessseessseessseessnes 62
2.1.7 Equipment and ConsumMAabIES .........c.cccveriieriieriieirieiieieesieesieesteeseeseeseessaesseesseesssesseesses 62
2.1.8  CONSUMADIES......cccuiiiiiiiiiiieiie ettt ettt e et e et e e staeestbeeeebeeeabeeenseeessseessseessseeennes 63



Jelena V. Milic 4

2.1.9  SOTEWATE. ...ttt ettt ettt ettt e b e ettt et e bt e bt e bt e bt e beebean 63
B I (I =] B 31T TSRS 64
2111 MG uieiieiiciieieie sttt ettt et et ettt et te st e st esbesseeseess e beessesbe s e eseens et e essensanseeseessenseeseeneeneas 64
2.2 MEROMS ..ttt ettt e b ettt ettt e b e b e e beeaeas 64
2.2.1 Primary cell culture and Csn5/Csn8 siPOOL depletion in Vitro.........cccceeeeeeeereeneneecenne. 64
2.2.1.1 Freezing and TRhaWing ........c.cccvecuieiiiriieeiieesieeie ettt ettt ettt et este e aeesseesseeseenaeas 66
2.2.2 Cell Lysis and Western Blot..........cooviiiiieiiieiiieiieieeieeieerte ettt ere v v sreesaeesveeveesnes 66
2.2.3 Real-time qPCR ......oiiiiiieeie ettt ettt ettt ettt e b e be e te e seenneenees 66
2.2.4 The MOUSE CYLOKINEG AITAY ....ceuveeutieeieieeieeie et et et et e e et e bt e bt e bt e bt ebeebeesbeesbeesbeeseenseas 68
2.2.5 ZYMOZIAPNIC ......eviierieiiieiieere e eteete ettt e eteeteebeesbeesbeesseesseesbeasbeesseesseasseessessssesssesssesssesees 69
2.2.6 MMP ACLIVILY @SSAY ...uveeuverieeiieiieieeieeteeteeteeteeseesseesseessessseesseenseeseenseessassseessessseessesssees 70
W B ) B 1 S N TSSO 70
2.2.8 MOUSE WOTK ...ttt ettt ettt ettt e b et e st s bt esee bt eae et eneeeneeneenees 70
2.2.8.1 Generation of tamoxifen-inducible arterial endothelial-cell specific deletion of

SN S ettt et ettt ettt ete e st e b e bt e st e b e et e e sa e s e s e ent e b e teereessenbeeteessensenseereenaenes 71
2.2.9 Generation of myeloid-specific deletion of CsnS8...........cccveviieeiiieciiiiiieee e, 71
2.2.9.1 MLN4924 tretament Of TNICE ......eoueeveriertieieieeieeeieteete ettt st nee s e nees 71
2.2.9.2 GENOLYPING OF MICE ...vveeuvieiiieiieieeie ettt ettt ettt et ete e bt e sbe e bt e bt e beebeesseesseesseesseenseas 72
2.2.9.2.1 DNA 1301ation ProtOCOL........cccuiiriiiiiiiiiieiiieecieeete e esteesreesreesbeeeeeeeeaeesseessseennns 72
2.2.9.2.2 Genotyping ProtOCOL.......ccvecuieiieiieiieie ettt ettt ettt sa e seese e e ensaennees 72
2.2.9.2.2 GeNOtyPING PIIMETS ...cceeeiiiiiiiiieieeie ettt ettt ettt et e be b saeenaeas 72
2.2.9.2.3 Genotyping ProtOCOLS ......c.cccviiciieiiiiieie ettt ettt et ere e esbeesbeebeeseese e seebeesseesseesseas 72
2.2.9.2.4 Genotyping PCR PrOgramime...........cceecueerieeriiesieesieeieeieesieesteesieeseeseesseesseesseesseesseensens 74
2.2.9.2.5 AZATOSE ZEL...ueiiiiiiiiiicieeeeeeee e e et e e ab e e esbeeenbaeennes 76
2.2.10 Mouse Model of atherosclerosis diS€ase ProgresSSion .........vecvverreerreerreerieesieerieereeesseeneens 76
2.2.11 Phenotyping mouse atheroSCIETOSIS. .....c..ervirieriirieiiniieiieiesieetetee sttt 76
2.2.11.1 En-face aorta Preparation........cc.eccveerveerueerieeesreeesereessseessssessseessessssessssesessssssssesssesssnes 76
2.2.11.2 ORO staining 0f @0TTIC TOOL ......c.eecveerreerireriieiiereesieesieesieesseesseeseeseeseessaesseesseesseesseessees 76
2.2.11.3 PicO-Sirius 1€d STAINING .......eecteeteeieeieeieeie et et et et e e esteesbe e bt ebe e beesbeesaeesbeesbeenseeneeas 77
2.2.11.3 Henatoxylin and EOSINE StAINING.........cccvevreerrierrieriieiieieesieesieeieeieeseesseesseesseesssesseesses 77
2.2.12 Immunohistochemistry and Immunofluorescence............cccovereerenereerienenenieneneeeenen 77
2.2.13 Analysis Of VUINETability .......ccccoeoiiiiiiiiiiiieie et 78
2214 FACS ettt ettt ettt a et et e h et et e ae et et e ene et eneas 79
2.3 BlOOA ANALYSIS....ceuiiiiiiiieiieeie ettt ettt ettt ettt ettt et e bt e be et et et e b e e teesaeesseenneeaeas 79
2.4 Isolation of bone-marrow cells and generation of bone marrow-derived

TNACTOPRAZES ...ttt ettt ettt e bt b e e bt e bt e b e e bt e bt e be e bt e sbe e bt enbeenaeas 79
2.5 Immunohistochemistry and immunofluorescence of human lesions ............cccceeeeueenene. 80
2.5.1 Isolation of human PBIMCS ........cccecciiiiiiiiieiiieiieieeieeie ettt ettt ettt eeeeees 80
2.6 StatiStiCAl ANALYSIS .iovvieieiiiiiieeiie ettt ettt et e et e st e e sbeesabeeestaeestaeenbeeesreeennes 81
3. Aims 82
4. Results 83
4.1 Arterial-endothelial CsnS deletion ...........ccceeiiiriinienierieieeete e 83
4.2.  Arterial-specific deletion of Csn5 enhances early atherosclerosis.........c..coceeverenennnnnee. 86
43 MLN4924 mimics athero-protection by CSN5 in vivo after 4 weeks of the Western

EOL -ttt b e n et et e h et et e bt st et e beeae e nee 88
4.4 Csn5 depletion in arterial endothelial cells promotes advanced atherosclerosis............. 91

4.5 Csn5 loss in arterial endothelial lining enhances atherosclerotic plaque vulnerability ... 94



Jelena V. Milic 5

4.6 Arterial-endothelial specific depletion of Csn5 downregulates TIMP1 levels in vivo ... 96
4.7 Timp1 is downregulated in mouse aortic endothelial cells upon arterial-endothelial

specific depletion of CSNS 1N VIIO......ocueiiririeriiiitetee et 101
4.8 MLN4924 treatment up-regulates TIMP1 levels in vivo and in Vitro...........cecceeeveennenns 104
4.9 Csn5 overexpression reveals the involvement of MAPKs and the AP-1 signaling

axis in determining the TImMpP-1 1eVelS.......ccccevuiriiriiriirieciece e 106
4.10 The CSN holo-complex plays a role in atherosclerosis progression in vivo................. 108
4.11 The CSN holo-complex plays a role in regulating the levels of the TIMP1 via the

AP-1 signalling axis in BMDMS .......cccoiiiiiiiiiiiiee ettt 115
4.12 TIMP-1 levels are changed in human atherosclerotic lesions depending on the

PlaqUe StADIIIEY ....cuietieiieie ettt ettt ettt teeteens 117
4.13  Human aortic endothelial cells Csn5 depletion determines Timp1 levels and matrix-

MEtallOPTOtEINASE ACHIVILY ...uviviiiierieiierierieeteereere et e et e ereebeesbeesseesseesseesseesseesseesseens 119
4.14 MLN4924 treatment of human aortic endothelial elevates Timpl levels..................... 120
5. Discussion 122
5.1 Arterial-specific Deletion of Csn5 enhances early atherosclerosis while MLLN4924

mimics atheroprotection by CSNS5 in vivo after 4 weeks of a Western diet ................. 123
5.2 CsnS5 loss in arterial endothelial lining promotes advanced atherosclerosis and

enhances atherosclerotic plaque vulnerability in vivo via eliciting matrix-

1EMOAEIIING PLAYETS ...cvvveiieiiiiecie ettt ettt et e e e e beesbeesseenseenseensaens 124
53 Endothelial Csn5 depletion downregulates the TIMP1 levels, while MLN4924

treatment up-regulates TIMP1 1eVels N VITrO......c.cccveevviecrieciieiieieeie e ereereereesneens 127
5.4 Csn5 overexpression in mouse fibroblasts reveals involvement of the MAPK and

AP-1 signalling axis to control the levels of TIMP-1........ccccooiiiiiiiiiiiniiiiieiceee 130
5.5 The CSN holo-complex plays a role in regulating the levels of the TIMP1 via the

AP-1 signalling axis and impacts atherosclerosis progression...........cccoeceeeeereeereeennenns 131
5.6 Human atherosclerosis and atherogenic inflammation in endothelial cells show that

Timp1 levels determine plaque Stability.........ccoeevereierierieiieiie e 133
6. Conclusion 136
References 137
Acknowledgements 172
Affidavit 173
Confirmation of congruency 174

List of publications 175




Jelena V. Milic




Jelena V. Milic 7

List of Figures

Figure 1. Schematic representation of the arterial vessel wall

Figure 2. Leukocyte transmigration into the subendothelial space

Figure 3. The major NF-kB signalling pathways

Figure 4. MAPK signalling pathways

Figure 5. Atherosclerotic pathology

Figure 6. Lesion types in human atherogenesis

Figure 7. Schematic representation of plaque vulnerability

Figure 8. Arterial remodelling of the ECM under atherogenic inflammation

Figure 9. MMPs in atherosclerotic plaque

Figure 10. The structure of the TIMP-1

Figure 11. COP9 signalosome structure.

Figure 12. The modular structure of the CRL E3 ligases

Figure 13. Comparable ubiquitination and neddylation cascades

Figure 14. COP9 regulates NF-kB signalling

Figure 15. Neddylation inhibitors activity

Figure 16. List of analysed cytokines and chemokines in this assay.

Figure 17. Images of a single lesion

Figure 18. PCR products of genomic DNA of Csn5%"* 4poe~ mice run on an agarose gel
Figure 19. Csn5 depletion in the endothelial lining of the Csn54* " 4poe~ mice.

Figure 20. Arterial-endothelial specific depletion of Csn5 enhances early atherosclerosis.
Figure 21. MLN4924 mimics atheroprotection by Csn5 after 4 weeks of HFD and impacts
small lesions

Figure 22. MLLN4924 does not confer atheroprotection in female Apoe” mice.

Figure 23. Arterial-endothelial specific depletion of Csn5 promotes advanced atherosclerosis in
the aorta but doesn’t impact mouse well-being and lipid mouse metabolism

Figure 24. Arterial-endothelial specific depletion of Csn5 isn’t affecting atherosclerosis
progression in female mice after 12 weeks of HFD.

Figure 25. Arterial-endothelial specific depletion of Csn5 promotes advanced atherosclerosis
and enhances factors of atherosclerotic plaque vulnerability after 12 weeks of HFD

Figure 26. Csn5 depletion in arterial endothelial lining enhances atherosclerotic plaque
vulnerability after 12 weeks of HFD

Figure 27. Arterial-endothelial Csn5 depletion downregulates the systemic TIMP1 levels in
vivo

Figure 28. Arterial-endothelial Csn5 depletion downregulates the TIMP1 levels in vitro
Figure 29. MLLN4924 treatment up-regulates TIMP1 levels and impacts the activity of the
matrix-metalloproteinase in vivo and in vitro.

Figure 30. Csn5 regulates TIMP-1 via stabilising the AP-1 signalling axis independently of the
JNK signalling in a mouse fibroblast in vitro.

Figure 31. Csn5 regulates the AP-1 signalling axis independently of the JNK signalling in a
mouse fibroblast in vitro

Figure 32. Targeted deletion of the Csn8 gene in mouse macrophages

Figure 33. Macrophage-specific deletion of Csn8 accelerates atherosclerosis.

Figure 34. Macrophage-specific deletion of Csn8 doesn’t promote atherosclerotic plaque
vulnerability

Figure 35. FACS analysis of the male Csn8™*°//4poe”" and their littermate controls
Csn8""/Apoe” whole blood after the 12 weeks of HFD

Figure 36. Myeloid-specific deletion of Csn8 has no adverse effects on female mouse
atherosclerosis

Figure 37. Targeted deletion of the Csn8 gene in murine macrophages lowers TIMP1
expression via the AP-1 signalling axis



Jelena V. Milic 8

Figure 38. TIMP-1 expression is changed in human carotid artery atherosclerotic lesions
depending on the plaque stability

Figure 39. CSN5 regulates matrix remodelling players in human aortic endothelial cells
(HAO0EC:sS).

Figure 40. Neddylation ablation by employing MLN4924 upregulates TIMP1 levels and ablates
pro-MMP9 activity in human aortic endothelial cells, while it has no impact on the overall
MMP activity

Figure. 41 Graphical Abstract

List of tables

Table 1. Male Apoe_/_ blood cell count after receiving the MLN4924 or Vehicle treatment
Aarterial

Table 2. Blood cell count of male Csn5 /Apoe_/_ compared to the Csn5Wt/Apoe-/_controls
Table 3. Blood cell count of female Csn54""“//4poe”” compared to the Csn5""/Apoe” controls
Table 4. Blood cell count of male Csn82™*d/4poe” compared to the Csn8""/Apoe” controls
Table 5. Blood cell count of female Csn84™*/4poe”” compared to the Csn8""/Apoe” controls



Jelena V. Milic

List of abbreviations

Abbreviation Description

ABCALI ATP-binding cassette protein Al

ACATI Acetyl-coenzyme A:cholesterol acetyltransferase 1

ADAM A disintegrin and metalloproteinase

ADAMTS A disintegrin and metalloproteinase with thrombospondin
domains

AIT Adaptive intimal thickening

AMI Acute myocardial infarction

Ang Angiotensin

AP-1 Activator protein-1

ApoB Apolipoprotein B

apoE Apolipoprotein E

Argl Arginase 1

CANDI Cullin-associated and neddylation-dissociated 1

CBP CREB-binding protein

CCL Chemokine (C-C motif) ligand

CCR2 C-C motif receptors 2

cDNA Copy DNA

COP9 Constitutive photomorphogenesis 9

CREB Camp response element binding protein

CRL Cullin ring ubiquitin ligase

CSN COP9 signalosome

CVD Cardiovascular disease

CXsCL Chemokine (C-X3-C motif) ligand

CX3CR Chemokine (C-X3-C motif) receptor

CX3CR1 C-X3-C motif receptor 1

CXCLI Chemokine (C-X-C motif) ligand

DAMPs Damage associated molecular patterns

DCNI1 Defective in cullin neddylation 1

DCs Dendritic cells

DENI1 Deneddylase 1

DMSO Dimethyl sulfoxide

DNA Deoxyribonucleic acid

DTT Dithiothreitol BSA bovine serum albumin

DUB Deubiquitinase

ECD Endothelial cell dysfunction

ECM Extracellular matrix

ECs Endothelial cells

EDTA Ethylenediaminetetraacetic acid

ELISA Enzyme-linked immunosorbent assay HRP horseradish
peroxidase

ERK Extracellular signal regulated kinase

ESS Endothelial shear stress

ET Endothelin

FACS Fluorescent activated cell sorting




Jelena V. Milic

10

FCS Fetal calf serum

GAPDH Glyceraldehyde 3-phosphate dehydrogenase

GM-CSF Granulocyte-macrophage colony-stimulating factor

GPCR G protein-coupled receptor

HBSS Hank’s balanced salt solution

HIF Hypoxia-inducible factor

HUVECs Human umbilical vein endothelial cells

ICAM-1 Intercellular adhesion molecule-1

IFNy Interferon gamma

IHD Ischemic heart disease

IKK Inhibitor of kappa B Kinase

IL Interleukin

kB Inhibitor of kappa B

JABI(CSN5S) Jun-activation-domain-binding protein

JAM Junctional adhesion molecule

JAMM JAB1/MPN domain metalloenzyme

INK C-Jun N-terminal kinase

KLF Kruppel-like factor

LDL Low density lipoprotein

LDLR Low density lipoprotein receptor

LFA-1 Lymphocyte function-associated antigen 1

LOX1 Lectin-like oxldl receptor 1

LPS Lipopolysaccharide

LRP1 LDL receptor-related protein

LTBR Lymphotoxin -receptor

LXR Receptor liver X receptor

M-CSF Macrophage colony-stimulating factor

Mac-1 Macrophage-1-antigen

MAPK Mitogen-activated protein kinases

MAPK Mitogen-activated protein kinase

MEF Myocyte enhancer factor

MEK MAPK/ERK kinase

MFI Mean fluorescence intensity

MHC Major histocompatibility complex

MI Myocardial infarction

MIF Macrophage migration inhibitory factor

MKK MAPK kinase

MKKK MAPK kinase kinase

mLDL Modified LDL

MMPs Matrix metalloproteinases

MPN MPR1-PADI-N-terminal domain

MT-MMPs Membrane type-mmps

NAE Neddylation activating enzyme

Nedd8 Neural precursor cell-expressed developmentally
downregulated-8

NEMO NF-kb essential modulator

NES Nuclear export signal

NF-xB Nuclear factor-kappa B

NKT

Natural killer T




Jelena V. Milic

11

NLRP3 NLR family pyrin domain containing 3
NLS Nuclear localization sequence

NO Nitrite oxide

Nrf2 Nuclear factor erythroid 2-related factor 2
PAD Peripheral artery disease

PAMPs Pathogen associated molecular patterns
PCI Proteasome, COP9 signalosome, translation initiation factor
PCR Polymer chain reaction

PECAM-1 Platelet endothelial cell adhesion molecule
PGI2 Prostaglandin 12

PI3K Phosphatidylinositol 3-kinase

PIT Pathologic intimal thickening

PVAT Perivascular adipose tissue

RANK Receptor activator for nuclear factor kb
RNA Ribonucleic acid

SCF Skp1-culin-Rocl/Rbx1/Hrt-1-F-box
siRNA Small interfering RNA

SMCs Smooth muscle cells

SR Scavenger receptor

T cells Thymus cells

TAD Transactivation domain

TCFA Thin cap fibroatheroma

TCR T-cell receptor

TH Helper T cells

TIMP Tissue inhibitors of matrix metalloproteinases
TLRs Toll-like receptors

TNF Tumor necrosis factor

TNF Tumor necrosis factor

TNFR Tumor necrosis factor receptor

TRAF Tumor necrosis factor receptor-associated factor
UPP Ubiquitin proteasome pathway

UPS Ubiquitin-proteasome system

VCAM-1 Vascular cell adhesion molecule-1

VEGF Vascular endothelial growth factor

VLA Very late antigen

VSMCs Vascular smooth muscle cells




Jelena V. Milic 12

Abstract (English):

Cytokines, chemokines, and inflammatory signalling pathways orchestrate the
inflammatory process promoting the development of atherosclerosis. Among these, the
NF-kB is pivotal in driving vascular inflammation and atherogenesis. NF-kB triggering
enhances endothelial adhesion molecule expression and cytokine/chemokine production
and amplifies myeloid cell-based inflammatory responses. The COP9 signalosome
(CSN) is a multi-functional protein complex that regulates the degradation of critical
cell cycle and inflammatory proteins by controlling cullin-RING E3 ligase (CRL)
activity via its intrinsic deNEDDylase activity. The endogenous inhibitor of the NF-kB
pathway, IkB-a, is a key CRL substrate. Its stability is controlled by the CSN/CRL axis,
suggesting that the CSN modulates atherogenic processes. In fact, we have previously
shown that CSN subunits are strongly overexpressed in advanced human atherosclerotic
lesions.Moreover, we demonstrated that myeloid-specific gene deletion of CSN subunit
5 (CSN5), i.e. the subunit that harbours the deNEDDylase activity of the complex, leads
to exacerbated atherosclerotic lesion formation in Apoe™~ mice. At the same time, the
NEDDylation inhibitor MLN4924 attenuates early atherogenesis (Asare et al., PNAS
2017). Although the intact CSN holo-complex of all 8 subunits is required for the
deNEDDylase activity, the role of the holo-complex and that of other CSN subunits in
atherogenesis has remained unknown, as also complex-independent functions have been
reported for some subunits.

Here, I assessed whether the arterial-/endothelial-specific Csn5 knock-out mice in the
atherogenic ApoE-/- background recapitulates the exacerbated atherosclerotic phenotype
found in myeloid-specific Csn5 knock-out mice. Atherogenic mice with a Tamoxifen-
inducible arterial Csn5 deletion (C57BL/6 Bmx-Cre-ERT2/Csn5flox/flox/Apoe™~ or
Csn54@rterial 4poe™")  generated and their atherosclerotic phenotype and vascular
inflammatory status studied. Data here indicates a marked exacerbation of
atherosclerosis in Csn34 "l 4poe™~ mice compared to control animals and, for the first
time, implicate Csn5 in early atherogenesis. Interestingly, the atherosclerotic phenotype
was only found in male Csn5%4poe~’~ mice, suggesting sex-specific mechanisms.
Applying a cytokine and inflammatory marker screen of proteins potentially involved in
t atherosclerosis, I showed TIMP-1 as a factor related to plaque vulnerability.

Furthermore, I demonstrate for the first time a role for the smallest CSN subunit, CSNS,
in atherosclerosis in vivo by studying atherosclerosis-prone Csn84"d4poe™'~ mice. At
the same time, this suggested a role of the CSN holocomplex in atherosclerosis.
Accordingly, gene deletion of either Csn5 or Csn8 was found to regulate levels of
Timp-1 and those of matrix-metalloproteinases (Mmp), in line with an impact on plaque
vulnerability. Mechanistically, this mediated the AP-1 and MAP kinase pathways.
Lastly, in a translational approach, I studied small molecule compounds that mimic
CSNS5 hyperactivation by blocking CRL NEDDylation in a pan-cullin manner or a
specific cullin-3-dependent manner. These NEDDylation inhibitors were administered
in early and advanced atherogenesis models, and initial data suggest that short-term
application can convey a long-term “therapeutic” atheroprotective effect. My thesis
contributes to the elucidation of mechanisms underlying atheroprotection by the CSN
and identifies novel therapeutic targets.

Key words: COP9 signalosome, NEDDylation, AP-1, TIMP-1, Plaque vulnerability
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1. Introduction

1.1  Atherosclerosis

Cardiovascular disease (CVD) is the most dominant cause of mortality worldwide. In
the next decade expected to grow to more than 23.6 million deaths worldwide
(Mozaffarian et al., 2015). Atherosclerosis is an underlining cause of vascular disease
and is well-recognized as an immunoinflammatory disease. It occurs in the arteries,
where it enables the formation of lipid pools in their walls in a non-random fashion over
time. These lipid deposits in the arterial wall are named atheromas, and they are next to
the lipid deposits prototypically consisting of an accumulation of inflammatory cells
such as smooth muscle cells (SMCs), endothelial cells (ECs), leukocytes, and foam cells
(Libby et al., 2019; Ross, 1999). Atherosclerosis is not a life-threatening event, but
under plaque rupture and thrombosis formation, atherosclerosis becomes clinically
essential and could lead to grave health complications, often with lethal outcomes.
Clinically relevant outcomes of atherosclerosis progression are myocardial infarction
and stroke (Falk, 2006).

The sole term atherosclerosis reflects the intimal fatty material accumulation in the
arterial wall. Hence its name comes from the Greek word there, describing the inner
matter of the atherosclerotic vessel as a reflection of the low-density lipoprotein (LDL)
accumulation, and the Greek word sclerosis, meaning hardening of the tissues, as an
elaboration on the vessel narrowing in the sites of the atherosclerotic plaques (Libby et
al., 2019; Milutinovi¢ et al., 2020; Soehnlein & Libby, 2021).

The aorta and CAs provide the heart with oxygenated blood and structurally consist
of three layers: tunica intima, which is in direct contact with the circulating blood and
vessel lumen, tunica media, majorly composed of the SMCs, On the vessel’s surface is
located tunica externa; all surrounded by perivascular adipose tissue (PVAT)
(Milutinovi¢ et al., 2020; Tellides & Pober, 2015; Waller et al., 1992) (Fig. 1).

Tunica media

Tunica externa Tunica intima

Smooth muscle ~Endothelium

External elastic
membrane Internal elastic

membrane

Figure 1. Schematic representation of the arterial vessel wall structure. Tunica intima comprises the
endothelium, and it is at the vessel wall's inner layer. The tunica media majorly consists of SMCs. The
layers or the vessel are flanked by elastic membranes (internal and external) (Taken from: Mercadante &
Raja, 2021).
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Although atherosclerotic lesions are defined mainly by structural change in the
arterial intimal layer, atherosclerosis induces significant changes in all three blood
vessel wall (Milutinovi¢ et al., 2020; D. Wang et al., 2017). During the past decade,
numerous studies enabled a profound understanding of the molecular mechanism
underneath atherosclerosis. Whereby these molecular mechanisms do stand behind the
elicitation of the defined changes in the arterial vessel wall phenotype as well as under
the regulating the role of inflammatory cells, particularly myeloid cells as well as the
endothelial cells, in the disease progression (K.-H. Park & Park, 2015; Woollard &
Geissmann, 2010).

The endothelial cell monolayer covers the inner lining of the blood vessels, and it is
the main structural component of the tunica intima; as such, it represents vessels’
crucial interface with the blood (Nakashima et al., 2007, 2008; Soehnlein & Libby,
2021). Between the intima and media of the arterial vessel layer stands an elastic
membrane, which with age or disease, may be fragmented, duplicated, or lost
(Milutinovi¢ et al., 2020; Waller et al., 1992). The arterial media, as the thickest layer,
mainly consists of the VSMCs in several layers, sparsely present fibroblasts, that are all
surrounded by an extracellular matrix formed of elastic fibres, collagen fibres,
proteoglycans, and glycosaminoglycans (Bobryshev & Lord, 1995; Libby et al., 2019;
Soehnlein & Libby, 2021; Waller et al., 1992). The adventitia consists mainly of the
fibroblasts, small blood vessels, and the sparsely present r inflammatory cells
surrounded by an extracellular matrix (collagen, elastic fibres) (Moreno et al., 2006; D.
Wang et al., 2017). Perivascular adipose tissue and sparsely distributed infiltrating
immune cells, such as macrophages and T cells, encircle the arteries (Szasz & Clinton
Webb, 2012; D. Wang et al., 2017).

Chronic inflammation drives atherosclerosis progression. It is initiated by the
progressive building up and retention of the LDL particles in the subendothelial space
of athero-prone sites of the arteries. (Béck et al., 2019; Tabas et al., 2007). Intimal
retention of modified LDL and turbulent blood flow act as a trigger that activates
endothelial cells (Skalén et al., 2002). The hallmark of atherosclerotic lesions is built in
the interplay of atherosclerosis-relevant cell types and by an infiltration of inflammatory
cells, notably blood-derived monocytes and T lymphocytes. With the inflammation
progression, gradual foam cell accumulation occurs in the atheroma. That is
accompanied by SMC proliferation in the arterial media (Charo & Ransohoff, 2006;
Hansson, 2005; Hansson & Libby, 2006; Lahoute et al., 2011; Libby, 2012; Lusis,
2000; Milic et al., 2019; Weber & Noels, 2011).

The initiators of atherosclerosis trigger inflammatory cells in the intima. They, in
turn, respond under the pro-inflammatory surrounding of atherosclerotic plaques by
extensively producing and secreting chemokines and cytokines. That, moreover,
promotes the recruitment of the circulating monocytes and activation of the endothelial
cells (Béack et al., 2019; K. E. Berg et al., 2012; Schiopu et al., 2016; Weber & Noels,
2011).

Inflammatory cells that have been extensively scrutinised for the therapeutical
targeting of their wunderlining pro-inflammatory mechanisms that promote
atherosclerosis development are ECs, monocytes, macrophages, foam cells, as well as
VSMCs (de Winther et al., 2005; Hansson & Hermansson, 2011; Milic et al., 2019;

Navab et al., 1995).
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1.2  Cellular Mechanism of Atherosclerosis

1.2.1 Role of Endothelial Cells in Atherosclerosis

Healthy blood vessel walls are comprised essentially of ECs and VSMCs (M. Li et al.,
2018). The endothelial cells are not inert but are a rather highly dynamic and
metabolically active interface with the blood with the potential to integrate and
transduce blood-derived stimuli (Tabas et al., 2015).

The endothelial layer maintains the vessel wall homeostasis by regulating its
permeability, vasomotor tone, hemostatic balance, blood cell trafficking, inflammation,
and thrombogenesis (Aird, 2007; Fledderus et al., 2021). Thus, endothelial cells, as the
inner liners of the blood vessel ‘sensate’ changes in the blood flow, lipid accumulation,
and inflammatory mediators, in turn, generate inflammatory response (Gimbrone &
Garcia-Cardefia, 2016; Howe & Fish, 2019; D. Wang et al., 2017).

In healthy vessels, non-active endothelium maintains vascular homeostasis by
inhibiting inflammation, blood clotting, vasoconstriction, and sustaining barrier
integrity (Fledderus et al., 2021). Endothelial-derived nitrite oxide (NO) production and
prostaglandin 12 (PGI2) inhibit platelet adhesion and thus enable blood fluidity. On the
other hand, failure of arterial endothelial cells to control blood fluidity, integrity, and
leukocyte adhesion are all instances of endothelial cell dysfunction (Pober & Sessa,
2007).

One of the earliest atherosclerotic manifestations is endothelial cell dysfunction
(ECD) (D. Wang et al., 2017). The ECD is formed in a ‘non-random fashion’ and is
reserved for regions of arterial vasculature. These atherosclerosis prone-regions are
mainly localised in the vessel branching and curvature areas, such as arterial tree branch
points, vessel bifurcations, and the inner side of the vessel curvatures, where the blood
flows disturbance occurs (Chatzizisis et al., 2007). Conversely, areas exposed to the
‘uniform laminar flow’ are atherosclerosis-resistant (Gimbrone & Garcia-Cardena,
2016). Compared to atherosclerosis-prone areas, the ECs that line the atherosclerosis-
resistant regions have unique morphological traits (Tabas et al., 2015). Namely,
atherosclerosis-resistant cells have ellipsoidal cells and coaxial alignment in the blood
flow direction, while atheroprone endothelial cells have a cuboidal morphology (Tabas
et al.,, 2015). Moreover, the extracellular matrix present on the endothelial lining is
different depending on the unique localisation of the blood vessel area. A thick
glycocalyx layer can be found on top of the ‘athero-resistant’ ECs. It serves to slow
down LDS subendothelial retention into the inflamed intimal vessel space (Koo et al.,
2013; B. M. van den Berg et al., 2009). Moreover, ¢ atheroprone’ ECs display impaired
vessel barrier function, higher rates of overall cell turnover (cell mitosis to cell death
rate), cellular senescence, and high expression of the endothelial apoptosis markers (
Tabas et al., 2015; Zeng et al., 2009).

Variations of the blood flow, as well as local inflammatory factors such as cytokines
and chemokines, determine the localisation of atheroprone sites in the atherosclerosis
initiation (Chatzizisis et al., 2007; Cunningham & Gotlieb, 2005). Changes in the
hemodynamic forces enable flow-generated endothelial shear stress (ESS) that plays the
most fundamental role in the atherosclerosis (Chatzizisis et al., 2007).

Next to the unique morphological arterial wall changes, initial subendothelial
retention of the modified LDL, damage- and pathogen-associated molecular pattern,
together with the disturbed blood flow, act synergistically to activate the ECS of the
intima and induce changes in the endothelial cell gene expression (Salvador et al.,
2016). Notably, activation of KLF2 (Kruppel-like factor 2) and KLF4 (Kruppel-like
factor 4) via MEKS5/ERKS5/MEF2 signalling cascade is a trait of the athero-protective
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ECs. At the same time, NF-xB induction is reserved for the atheroma-prone-
endothelium (G. Zhou et al., 2012). The NF-«kB triggering in the ECs elicits gene
expression of proatherogenic cell surface receptors such as adhesion molecules (Dai et
al., 2004; Mullick et al., 2008). ECs at the focal arterial sites of atherosclerosis initiation
by producing cytokine and chemokines contribute to an autocrine or paracrine manner
atherogenesis exacerbation (Marin et al., 2013; J. Zhou et al., 2014).

The activated ECs express and synthesise critical drivers of atherosclerosis such as
CCL2, CXCL8, CCL5, and CCL3, and as macrophage migration inhibitory factor
(MIF), which act as pro-inflammatory triggers at the atherosclerosis-prone vessel sites
(Skélén et al., 2002). The markers of the ECD are, furthermore, adhesion molecules.
These cell surface glycoproteins are responsible for the recruitment and docking of the
inflammatory cells and act as a gateway for their transmigration. They are intracellular
adhesion molecule 1 (ICAM-1), vascular cell adhesion molecule (VCAM-1), and E- and
P-selectin (Hansson & Hermansson, 2011). Leukocytes cross the EC lining via the para-
or transcellular route (Schnoor et al., 2015; Vestweber, 2015).

The capture and ‘rolling’ of the leukocytes onto the ECs occurs via the endothelial
(E)- and platelet (P)- selectins (Filippi, 2016). For leukocyte attachment, integrins are
required. Notably, lymphocyte function-associated antigen 1 (LFA-1), macrophage
antigen 1 (Macl), and very late antigen-4 (VLA-4) are integrins that enable leukocytes
to bind to their corresponding endothelial ligands, such as ICAM -1 and VCAM-1 (Fig.
2).

Disturbed flow
@ DAMPs/PAMPS /
. l ox-LDL
M * Inflammation ———— Vascular permeability
Selectins *
TLR
vcam-1t 1cam-14 's

Matrix degradation, angiogenesis &
leukocyte transmigration

Figure 2. Leukocyte transmigration into the subendothelial space. Disturbed laminar flow and ox-
LDL stimulation act synergistically with the DAMPs and PAMPs, initiating endothelial cell dysfunction
and triggering inflammatory pathway activation via endothelial NF-kB-signaling activation. A pro-



Jelena V. Milic 18

inflammatory environment promotes the elicitation of the VCAM-1, ICAM-1, and Selectins. Endothelial
cell dysfunction enables an environment for leukocyte transmigration by displaying vascular permeability
and impaired extracellular-matrix degradation (7aken and modified from: Sluiter et al., 2021).

The inflammatory cytokines, P- and E-selectins, induce further conformational
changes of integrins and enable leukocytes to interact with adhesion molecules on the
endothelial cells, thus promoting the slow-rolling and firm adhesion of leukocytes
(Alon & Shulman, 2011; Zarbock et al., 2011). Subsequently, leukocytes crawl on the
vascular ECs, thus “searching” for the area of the lining where they are going to
extravasate. Notably, neutrophils ‘crawl’ by employing the Macl integrins. However,
monocyte ‘crawl’ on the endothelial lining by employing Macl- and/or LFA-1 integrins
(Phillipson et al., 2006; Sumagin et al., 2010). Transmigration of the leukocytes at the
endothelial lining occurs at the extravasation site, the so-called “docking structures” or
transmigratory cups (Carman & Springer, 2004). These structures are enriched for
adhesion molecules and form marked filopodia enriched in the cytoskeleton, such as
actin and microtubules (Barreiro et al., 2002; Carman et al., 2003). The formation of
“docking structures” is small Rho-GTPases RhoA, Racl, and Cdc4 dependent
(Schimmel et al., 2016; van Buul et al., 2007). Interestingly by targeting the endothelial
docking structure formation, such as inhibition of VCAM-1 and ICAM-1, lesion
formation and leukocyte infiltration are impaired (Kitagawa et al., 2002; J.-G. Park et
al., 2013). While P- and E- selectin depletion, in vivo, does consequently reduce overall
plaque size in early and advanced atherosclerotic lesions (Dong et al., 1998). Moreover,
since the NF-kB singling regulates expression of the adhesion molecules, ECs-specific
inhibition of the ofNF-«kB signalling in vivo has been shown to impair leukocyte
infiltration and thus reduce murine plaque formation (Gareus et al., 2008; Sugama et al.,
1992; Xue et al., 2009).

To transmigrate into intimal vessel space, leukocytes move across the endothelial
lining (diapedesis) in a transcellular manner, directly through the endothelial cell body,
or in a paracellular way, bypassing the endothelial cell junctions (Filippi, 2016).

The endothelial integrity and permeability are guarded by the tight junctions
(occludin, claudin family members, and junctional adhesion molecules-), adherence
junctions (cadherin and y-catenin), and gap junctions (Fig. 2) (Dejana, 2004; L.-Z.
Zhang & Lei, 2016). Paracellular leukocyte transmigration enables moving through the
EC junction (L.-Z. Zhang & Lei, 2016). At the same time, the paracellular leukocyte
transmigration route includes a transcellular channel formation by fusion of the
membrane of leukocytes and ECs (Carman et al., 2007; Filippi, 2016). Leukocyte
diapedesis is tightly regulated and involves complex communication and cell
interactions between the leukocyte and the ECs, including selectins, integrins, junctional
adhesion molecule (JAM), and other endothelial adhesion molecules such as I[CAM-1,
platelet endothelial cell adhesion molecule (PECAM-1 or CD31) (Filippi, 2016).
Migration through the endothelial monolayer takes 2-5 minutes, while migration
through the basement membrane takes 20 to 30 minutes (O. Hoshi & Ushiki, 2004).

Although the passage of leukocytes through the endothelial basement membrane
takes longer, it is not well described so far. There is evidence that is dependent on yet
another essential function of ECs in atherogenic inflammation, and that is endothelial
cells derived matrix metalloproteinases (MMPs) production (Fig. 2) (Pruessmeyer et
al., 2014; Sluiter et al., 2021). The ECs are responsible for producing multiple MMPs,
MMP-1, -2, -3, -7, and -9 (S. Wang et al., 2006; C. Wu et al., 2009). Moreover,
leukocyte transmigration and ECs activation are MMP-2 and MMP-9 While, whereas
MMP9 endothelial stimulation consequently induces endothelial apoptosis (Carmona-
Rivera et al., 2015).



Jelena V. Milic 19

Next to their complex interaction with the leukocytes, endothelial cells have crucial
direct and indirect interaction with the other atherosclerosis-relevant cells contributing
to the overall lesion phenotype, such as SMCs (M. Li et al., 2018). Whereby
endothelium is a source of factors that either directly/indirectly stimulate or constrain
the proliferation of the underlying SMCs guided by a local lesion environment (Scott-
Burden & Vanhoutte, 1994). Indeed, in vivo, studies show that interventional removal
of diseased plaques, such as angioplasty, induces endothelial dysfunction and,
consequently, repression of the VSMC proliferation via the MAPK signalling axis (P.-J.
Yu etal., 2007).

Finally, increased endothelial turnover and apoptosis are present in atheroma-prone
sites of the arteries (Paone et al., 2019; Tricot et al., 2000). Moreover, endothelial
turnover 1is triggered by the factors such as high glucose-induced reactive oxygen
species (ROS) production in a c-Jun N-terminal kinase (JNK)-dependent manner (Ho et
al., 2000). Moreover, low shear stress in vessel bifurcations could trigger endothelial
apoptosis, eventually weakening EC and subsequent exposure to the intimal cellular
debris (Paone et al., 2019).

The endothelial lining marks every stage of atherosclerosis progression from
initiation to advancement, eventually leading to thrombus formation.

1.2.2 Role of Mononuclear Cells in Atherosclerosis

The predictive markers of atherosclerosis development are high-plasma LDL
concentrations, endothelial dysfunction, increased permeability, intimal-lipid retention,
and subsequent modifications (K. J. Williams & Tabas, 1995).

Subendothelial lipid modification, such as oxidation, glycosylation, carbamylation,
and glycoxidation, has been shown in vitroandin vivo in the atherosclerosis
development (Alique et al., 2015). LDL is suspectable to oxidation within the intima to
become an oxLDL particle, which will be excessively taken up by the resident
macrophages in the arterial vessel intima (Hansson & Hermansson, 2011). Resident
macrophages that engulf oxLDL in the intima eventually undergo a series of changes
that converts them into foam cells that initiate the early stage of atherosclerotic lesion
formation, fatty streaks (Libby, 2002a). Modified LDL particles, moreover, trigger
endothelial cell activation and initiate an inflammatory response and recruitment of
different atherosclerosis-relevant cells, such as monocytes and leukocytes, to the site of
the atheroma via the employment of a spectrum of different categories of chemokines
(Galkina & Ley, 2009b; Hansson & Libby, 2006). Macrophages, endothelial cells,
leukocytes, and infiltrating monocyte further impact atherosclerosis lesion progression.

1.2.2.1 Monocytes

Monocytes are recruited from the bone marrow and can reside in the spleen, where
before circulating the bloodstream, they undergo rounds of proliferation and activation
(Tabas et al., 2015; Woollard & Geissmann, 2010). Monocytes are part of the steady-
state immunosurveillance, injury healing, and remodelling under homeostatic
conditions. Under atherosclerotic lesion progression, circulating monocytes are elevated
(Flynn et al., 2019; Tacke et al., 2007).

Murine monocytes recruited to the atherosclerotic lesions express Ly6C antigen;
depending on the antigen level, they are classified as Ly6C"e" or Ly6C*" monocyte
subsets. These monocytes drive inflammatory response and employ CX3C motif
receptor 1 (CX3CR1), C-C motif receptors 2 (CCR2), and C-C motif receptors 5
(CCR5) upon monocyte to macrophage differentiation (Geissmann et al., 2003; Tabas et
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al., 2015). These chemokine receptors are particularly crucial, enabling monocyte to
migrate to the lesions (Tacke et al., 2007; H. J. Williams et al., 2012). The Ly6Chih
monocyte subsets preferentially migrate into atherosclerosis-prone arteries. In contrast,
Ly6C"CCR2VCX3CR1"e" monocytes represent the homeostatic monocytes, as they
regularly patrol the blood vessels and differentiate into alternatively activated (M2-like)
macrophages in the lesions (Galkina & Ley, 2009). Murine atherosclerosis progressions
can only be ablated upon Ly6""¢ and Ly6'°" monocytes not entering the atherosclerotic
lesions (Tacke et al., 2007).

The monocyte population circulating the peripheral blood express different
signature markers than the mice (Tabas et al., 2015). Namely, they express CD14 and
CD16 cell surface markers (Passlick et al., 1989). So far, three populations of human
monocytes have been described: classical monocytes (CD147"CD167), intermediate
monocytes (CD147CD16"), and non-classical monocytes (CD14"CD16"") (L. Ziegler-
Heitbrock et al., 2010). Up to 90% of total circulating human monocyte populations are
CD147CDI16 (Aw et al., 2018; L. Ziegler-Heitbrock et al., 2010). These monocytes
are more prone to express inflammation-reducing cytokines, such as IL-10 (Ancuta et
al., 2003; Aw et al., 2018; K. L. Wong et al., 2011; H. W. Ziegler-Heitbrock et al.,
1992). The CD14"CD16"" monocytes subsets are the “pro-inflammatory” monocytes
and thus are more prone to produce inflammation-eliciting cytokines such as IL-1J,
TNF-a, and IL-6 (Belge et al., 2002). The last human monocyte subset is prone to
express TNF-a and IL-10 upon stimulation (Belge et al., 2002; K. E. Berg et al., 2012;
Skrzeczynska-Moncznik et al., 2008).

Overall, monocyte subsets differ in their gene expression patterns, antigen
processing and capacity to induce atherosclerosis, their ability of trans-endothelial
migration, and phagocytosis (Aw et al., 2018; K. L. Wong et al., 2012; L. Ziegler-
Heitbrock & Hofer, 2013). Both murine and human monocytes are driven to the lesion-
prone sites in the vessel over/through the endothelial lining. Where they interact with
adhesion molecules on the Ecs, such as endothelial selectins (Mestas & Ley, 2008). E-
selectin with P-selectin supports the monocyte rolling (Kumar et al., 2001). LFA-1,
VLA-4, VCAM and ICAM-1 enable stable adhesions and monocytes monocyte arrest,
followed by directional monocyte spread and locomotion laterally (spread) to find the
extravasation site (Kamei & Carman, 2010; Phillipson et al., 2009; Schenkel et al.,
2004; Woollard & Geissmann, 2010).

1.2.2.2 Macrophages

Macrophages are essential in atherogenesis (Murphy et al., 2014). In atherosclerotic
lesions, microenvironmental factors, such as cytokines, LDLs, and growth factors,
determine the monocyte differentiation of prospective macrophage populations.
Monocyte differentiation is triggered by the growth factors present in the atheroma,
such as granulocyte-macrophage colony-stimulating factor (GM-CSF) and macrophage
colony-stimulating factor (M-CSF) (B. D. Chen et al.,, 1988). The atherosclerotic
lesion's infiltrated monocytes and resident macrophages dynamically respond to the
local lesion environment. Based on their function and particular cell surface markers,
the heterogeneous macrophage phenotypes encountered in the lesion were traditionally
for over 20 years classified as pro-inflammatory, M1-type, and anti-inflammatory M2-
type macrophages. More recently, Willemsen and his team in 2020, by employing
single-cell RNA sequencing technology combined with the surface macrophage markers
(CyTOF), identified three dominant groups of macrophages termed: ‘resident-like
macrophages’, ‘pro-inflammatory macrophages’, and ‘foamy TREM2" macrophages’
(Mills et al., 2000; Willemsen & de Winther, 2020). The resident-like macrophages
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were not changing with the lesion progression, resembling the previously described M2
type of anti-inflammatory or inflammation resolving like macrophages. These
macrophages are mainly found in an abundance of the tunica adventitia of the vessel.
Moreover, resident-like macrophages proliferate inside of the atherosclerotic lesion and
participate in endocytosis while expressing a specific set of markers: Cx3crl,
Lyvel, Folr2, Cd206, Fl3al, Cbr2, Seppl and Pf4 expression (Cochain et al., 2018;
Cole et al., 2018; Willemsen & de Winther, 2020).

The dominant population of the macrophages found in the lesion is the non-foamy,
intimal M1-like macrophages. The pro-inflammatory macrophage population is
enriched in expressing the inflammasome related-genes expression Nlrp3, as well as
NF-kB signalling-related factors, cytokines 7nf and /1, as well as chemokines
Cxcl2 and Ccl2-5 (Cochain et al., 2018; Cole et al., 2018; K. Kim et al., 2018; J.-D. Lin
et al., 2019).

The latest identified subpopulation of macrophages that does not belong to the
previously used “colloquial good-bad macrophage paradigm” is the foamy TREM2 high
anti-inflammatory macrophages (Turnbull et al., 2006). These foamy macrophages are
not enriched in a certain atherosclerotic stage and thus can be found in human or murine
early as well as advanced atherosclerotic lesions (Cochain et al., 2018). They are well
associated with cholesterol metabolism and oxidative response, hence their annotation
as a ‘foamy’ (K. Kim et al., 2018). Moreover, this ‘foamy macrophage’ population is
high in expressing the transmembrane glycoprotein Trem2. (Huang et al., 2011, p. 9;
Willemsen & de Winther, 2020). They have been heavily reported to reside in the
intimal area and the necrotic core of atherosclerotic lesions but not in the healthy lesion.

Although the traditional pro-inflammatory M1 and anti-inflammatory M2 paradigm
appear outdated, it is still a solid reference point for this thesis’ topic, as it reflects many
findings that relate to the role of the COP9 signalosome in atherosclerosis, (Mills et al.,
2000). The diverse atherosclerotic lesion factors determine the heterogeneity of the
macrophages. They can either skew them towards the more ‘pro-inflammatory
activated -M1 macrophages or the more ‘anti-inflammatory- M2 macrophage’
phenotype (Libby, 2012).

The inflammatory M1 type of macrophages is characterised as more prone to
express and synthesise the inflammation eliciting cytokines and thus inflammation
exacerbation while being highly phagocytic (MacMicking et al.,, 1997; Mosser &
Handman, 1992). They originate from the Ly6C"&" monocyte population drawn in the
lesion via the CCR2 and CX3CR1 surface receptors employment (J. L. Johnson &
Newby, 2009). Their activation is triggered upon the T-cell-derived IFN-y, followed by
the pro-inflammatory stimulation such as TNFa, microbial-derived lipopolysaccharides
(LPS), or lesion-derived oxLDL stimuli (Gordon & Martinez, 2010; Martinez et al.,
2008). Under the M1 type of cytokine activators, intracellular JAK-STAT signalling,
NF-«kB and mitogen-activated protein kinases (MAPKs) regulate the inflammatory
macrophage gene expression (Mosser & Edwards, 2008).

On the other hand, M2 macrophage populations are usually derived from the
Ly6C'*™ monocytes and are differentiated under the IL-4 and -13 cytokine stimulation
gear to the anti-inflammatory phenotype (Bi et al., 2019). They are prone to express IL-
10, scavenger receptors (SR-Al), and arginase -1 (Argl), thus propagating the
inflammation resolution (J. L. Johnson & Newby, 2009). They also encompass a
broader heterogeneity subdivision among the anti-inflammatory profiles into M2a, M2b,
M2c, and M2d types of macrophages. The JAK-STAT signalling is considered a
classical pathway leading to the M2 polarisation in vitro and in vivo fields(Roy et al.,
2002). Analysis of human and murine transcriptome shows that 50% of macrophage



Jelena V. Milic 22

markers determining the macrophage phenotype are species-specific (Martinez et al.,
2006).

In early lesions, the murine atherosclerotic plaque cytokine environment is
abundant in IL-4 and skews macrophage towards a more anti-inflammatory phenotype,
promoting inflammation resolution. With the lesion progression, IFN-y levels have been
shown to rise and shift from M2 to a more MI-inflammatory-prone environment
(George et al., 2000). Hence in vivo 1L-4 levels impact the early lesions but not the later
stages of atherosclerosis progression (George et al., 2000; Kleemann et al., 2008).
Inflammatory and anti-inflammatory types of macrophages reside in a particular area of
the lesions. While M1-type of macrophages are often in the surrounding of the lipid
core, anti-inflammatory macrophage subtypes reside in the areas surrounding the
fibrous cap (Chinetti-Gbaguidi et al., 2011). M1/M2 paradigm is ever-evolving and
represents the dynamic state of the found macrophages in vivo, and macrophage
phenotype heterogeneity potential can be infinite with the atherosclerosis
progression/regression (Gordon & Martinez, 2010).

Functionally, macrophages define the plaque environment, ingest the cell debris and
the modified LDL particles, and complexly interreact with the other atherosclerosis-
relevant cells, such as VSMCs, and Ecs, next to interacting with the extracellular matrix
of the lesion.

The macrophages have been shown to determine indeed viability of the
neighbouring cells, such as VSMCs, whereby their interaction determines the outcome
of atherosclerosis, such as the plaque stability (Boyle et al., 2002). Actual plaque
rupture has been shown to occur once the macrophage activity is more pronounced,
enabling the lowering of the VSMCs lesion count upon their apoptosis (Virmani et al.,
2002). Moreover, VSMCs under cell death-apoptosis can synthesise factors of
coagulation that promote blood clotting, contributing to the phenotype of vulnerable
plaques (H.J. Williams et al., 2012).

Another study has demonstrated that macrophages also interact with endothelial
cells. It was shown that endothelial cells synthesise factors that support macrophage
proliferation and survival and further differentiate into the M2-like subtype.
Consequently, in this interaction, macrophages increase the stability of the EC
monolayer by providing a local source of VEGF (He et al., 2012).

Macrophages are known to secrete MMPs that enable extracellular matrix-cleavage,

and with atherosclerosis, advancement promotes atheroma rupture, atherothrombosis,
and clinically significant outcomes of atherosclerosis (Newby, 2016). Macrophage-
derived proteases are either serine/cysteine proteinases (urokinase, cathepsins,
plasminogen activator) or MMPs (MMP-2, -7, -9, and -12) (Murdoch et al., 2008).
Macrophage-derived MMP-2 and -9 are essential in eliciting ECM remodelling factors
that enable ECM network weakening, fibrous cap thinning, and the vulnerable
atheromas (Xu & Shi, 2014).
Macrophages also participate in efferocytosis or clearance of the apoptotic cells. Cells
that undergo cell death expose plasma membrane-derived phospholipid
phosphatidylserine (PS), which upregulates the ABCA1 expression in macrophages
(Greenberg et al.,, 2006; Kiss et al.,, 2006). Furthermore, macrophages employ
cytoskeletal rearrangement machinery through the small Rho GTPases, Racl and RhoA
(Nakaya et al., 2006). IL-10 and TGFp will be released upon effective clearance of
apoptotic cells, and inflammation resolution would be locally signalled (Fadok et al.,
1998; Kojima et al.,, 2017). In the atherosclerotic lesion, inflammation resolution
signalling is abrogated, and clearance of the apoptotic cells is ablated, leading toward
necrotic core size augmentation, eventually causing vulnerability of the plaque lesions
(Kojima et al., 2017).
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Moreover, the local plaque environment dictates macrophage polarisation. Thus M1
skewed macrophages are less prone to perform efferocytosis, while on the other hand,
M2 type of macrophages is more effective in the phagocytosis (Michlewska et al.,
2009). Therefore macrophages promote atherosclerosis by ineffective efferocytosis
clearance, promoting VSMCs apoptosis, weakening ECM matrix by MMP production,
and finally by their apoptosis upon exacerbated oxLDL ingestion, which all, in turn,
enables large necrotic core and plaques prone to rupture (H. J. Williams et al., 2012).

1.2.2.3 Foam Cells

Although there was substantial evidence in the past that foam cells originating from the
macrophages are the hallmark of atherosclerotic plaques, current research suggests that
a broad range of cell types can develop into the foam cells, such as VSMCs and ECs
(Huff & Pickering, 2015; Kloc et al., 2021; Owsiany et al., 2019; Y. Wang et al., 2019).
Moreover, it has been shown recently that up to 70% of foam cells in the mouse
atheroma and more than 50% of human foam cells found in lesions are not monocyte-
derived (Owsiany et al., 2019; Y. Wang et al., 2019). Moreover, there is substantial
heterogeneity in the mechanisms employed under each cell type's lipid modifications
process and the disease progression outcome generated from such a heterogeneity
(Guerrini & Gennaro, 2019).

As previously described, subendothelial lipid accumulation is an early
atherosclerosis initiator. The subendothelial environment nurtures low cell migratory
ability and pro-inflammatory conditions, such as the urge of macrophages and dendritic-
like cells to phagocyte LDL particles (Xu & Shi, 2014). Monocyte-derived
macrophages initially phagocyte the oxLDLs, acetylated-LDLs, and minimally
modified-LDLs (Kloc et al., 2021). Mechanisms employed to engulf these sub-
endothelial LDLs are macropinocytosis or phagocytosis. Macrophages, in general,
utilise scavenger receptors (SRs), the cluster of differentiation 36 (CD36), and SR-A
(CD204) surface receptors to phagocyte oxLLDL particles, which are the main surface
lesion macrophage markers (Kelley et al., 2014; Libby et al., 2000; Y. M. Park, 2014).
CD36 is an important scavenger receptor on the surface of the different cell types next
to the lesion macrophages, such as ECs, and platelets (Y. M. Park, 2014). Next to the
primary scavenger receptors, other LDL receptors have been described- such as LDL
receptor-related protein 1 (LRP1) and lectin-like oxLDL receptor 1 (LOX1), which also
leads the lipid take-in (Crucet et al., 2013; Lillis et al., 2016). Interestingly, Kruth and
his team found that the foam cell differentiation could be likewise enabled by the native
LDL, which is independent of the previously described receptors and occurs via the
endocytosis (Kruth et al., 2005).

Upon internalisation of the LDLs, macrophages perform lysosomal-based
degradation to free cholesterol and fatty acids. Furthermore, free cholesterol in the
endoplasmic reticulum (ER) goes through re-esterification by acetyl-coenzyme A:
cholesterol acetyltransferase 1 (ACAT1) (Chistiakov et al., 2016; Maxfield & Tabas,
2005). Excessive cholesterol uptake in this manner, followed by its accumulation in
cytoplasm, leads to defective ER-based re-esterification and cholesterol loading, which
furthers atherosclerosis progression with the macrophage/foam cell apoptosis (Feng et
al., 2003).

Next to the clearance of the ox-LDL particles, macrophages recognise the cells that
are undergoing apoptosis in the tissues and can remove them through programmed cell
death removal in homeostatic conditions. This process is referred to as efferocytosis,
and it is essential in tissue repair. Under atherosclerotic lesion conditions, efferocytosis
is impaired by the calreticulin (the so-called “eat me” ligand) being down-regulated
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(Kojima et al., 2017; Thorp & Tabas, 2009). The inflammatory conditions favour more
foam cells, which are the main component that builds up the necrotic core, and therefore
over time, might lead to its increase, finally developing a more vulnerable type of
atherosclerotic plaques (Bobryshev et al., 2016).

Macrophages also possess the inflammatory resolving strategy by employing
cholesterol discharge led by ABCA1 and/or ABCG1 transporters (Tabas et al., 2015).
Spann et al. have also shown that macrophages can have lowered inflammatory profile
upon employment of yet another described oxLDL receptor, liver X receptor (LXR),
that has a beneficial impact on the atherosclerosis (Spann et al., 2012).

VSMCs can undertake cholesterol and differentiate in foam cells (Rong et al.,
2003). These smooth-muscle cells decrease their cell surface markers while it elevates
macrophage markers, such as CD68 and/or Mac-2. However, these smooth muscle cell-
derived macrophages have less phagocytic and efferocytosis capacity (Vengrenyuk et
al., 2015).

1.3  Atherogenic Inflammation

Atherogenesis involves cross-talk between many inflammatory signalling pathways of
the immunity (Hansson et al., 2002). Atherosclerosis “incubation period” can progress
over many decades, present clinically later in life, or even pass unnoticed. The balance
between atherogenic inflammatory signalling pathways underlining atherosclerosis
determines cell life and death, synthetic and degradative processes, and the development
speed of the lesion, its progression, complication, and clinical manifestation (Libby,
2002b, 2012; Libby et al., 2019).

Although LDL is the hallmark of atherosclerosis, inflammatory processes underline
all phenotypes of atherogenesis: from an EC lining activation by LDLs to the eventual
rupture of atheroma. The main distinction between innate and adaptive immune
responses lies in the cellular components, mechanisms, and receptors employed for their
immune recognition (Medzhitov & Janeway, 2000). Inflammation plays a significant
role in all the stages of atherosclerosis, and it underlines different atherosclerosis-
relevant cell types of response to various stimuli. NF-kB, MAPKs, and AP-1
intracellular cell signalling are essential in regulating atherogenic inflammation as their
therapeutic potential has been heavily investigated over the past decade.

1.3.1  NF-kB Signalling

The immune processes underlining atherogenesis are all orchestrated by the large array
of genes regulated by the NF-xB (T. Liu et al., 2017a). Typically, inflammation is
favourable and over time, it can be resolved. However, its dysregulation can cause
inflammatory diseases. The NF-kB transcriptional factor acts as one of the central
mediators of the inflammation elicitation (T. Liu et al., 2017b).

A variety of proinflammatory signals trigger the NF-kB signalling. It controls pro-
inflammatory and anti-inflammatory genes and regulates innate and adaptive immunity
pathway activation (Bonomini et al., 2015).

NF-kB family of proteins consists of p50, p52, p65, RelB, and c-Rel. All members
have an N-terminal Rel homology domain (RHD) that mediates dimerisation,
association with inhibitory proteins, and DNA binding. Only p65 (RelA), c-Rel, and
RelB have a transcriptional activation domain (de Winther et al., 2005; Silverman &
Maniatis, 2001). Moreover, based on their transactivation potential and carboxy-
terminal transactivation domains (TAD) that enable positive regulation of gene
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expression, the NF-kB family is further divided. The Rel NF-kB subfamily includes c-
Rel, RelB, and p65, as they have a C-terminal TAD. While p105, p100, and the
Drosophila Relish proteins subfamily have C- terminal domain absent of TAD but
replaced by multiples of ankyrin repeats. The NF-kB members can only bind DNA-
upon proteolysis of its precursors pl05 and pl100 to a shorter, active p50 and p52,
respectively (Oeckinghaus & Ghosh, 2009). There are two well-described NF-xB
signalling pathways, ‘the canonical or classical’ and the ‘non-canonical pathway’ (Fig.
3). There is a third axis as well described named ‘atypical signalling pathways’ initiated
only by a DNA-damage that will not be discussed here (Mussbacher et al., 2019;
Prashar et al., 2017).

PRRs, cytokine receptors, TNFR superfamily
antigen receptors, etc. members
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Figure 3. The major NF-kB signalling pathways. Canonical: Different triggers initiate canonical
pathways, such as cytokines, infectious agents, and stress-inducing factors. All signals are further
conveyed into enabling pS0/p65 subunits to enter the nucleus and trigger gene expression of its target
genes. That is only enabled on one side by phosphorylation of the IkB and its targeting of proteasome-
mediated degradation. Conversely, this pathway is enabled by processing the subunits p100/p105 to their
shorter active forms p65/p50. Non-canonical: Main executors of the signalling are p52/RelB dimers.
Likewise, consecutive phosphorylation of the NIK and IKKs, next to the p100 processing, mediates the
signalling. Eventually, both axes convey their signalling into the nucleus, regulating gene expression of
multiple atherosclerosis-relevant gene targets (Taken from: S.-C. Sun, 2017).

In steady-state, NF-xB is constrained (Fig. 3) in the cytoplasm by its inhibitory proteins,
IxBa, IkBB, IkBe, and Drosophila Cactus. Activation of the NF-xB under the
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stimulation of cytokines, infectious agents, and stress-inducing factors is possible via
phosphorylation and degradation of its inhibitory protein at conserved serine residues at
the N-terminus such ad Ser-32 and Ser-36 of IkBa by the IKK complex (Bonizzi &
Karin, 2004; Karin & Delhase, 2000; E. T. Wong & Tergaonkar, 2009). Recently, it has
been shown that the NF-kB pathway is subjected to several control mechanisms. One is
the auto-feedback regulation of the NF-kB by its protein, [kBa. Furthermore, IxBa is
being ubiquitinated by SCF-type cullin-RING E3 ligase (CRL) and proteasome
targeting, which stands under the control of the COP9 signalosome complex (CSN)
(Karin & Ben-Neriah, 2000). NF-xB signalling plays a role in every step of the
atherogenic process and all atherosclerosis-relevant cell types.

Non-canonical NF-kB activation regulates the pathogenesis of inflammatory diseases
(S.-C. Sun, 2017). Initiation and signalling of non-canonical signalling are typically
slow, persistent, and tightly regulated (S.-C. Sun, 2017). Typical cell surface
responders (Fig. 3) for the non-canonical pathway are ligands responsible for activating
tumour necrosis factor receptor (TNFR), B cell-activating factor receptor (BAFFR),
CD40, NF-kB (RANK) (Claudio et al., 2002; McPherson et al., 2012; Novack et al.,
2012; Saitoh et al., 2003; Z. Wang et al., 2011). The non-canonical receptors bind
TNFR-associated factor (TRAF) family members on the cytoplasmic side. This is
followed up by the ubiquitination of NIK, thus enabling the negative regulation of the
NF-kB non-canonical pathway. Among them, TRAF3 acts as the primary negative
regulator, regulating NIK ubiquitination under the steady state. Upon the non-canonical
signalling being triggered, TRAF3 degradation occurs, followed by the NIK
accumulation and subsequently, the p100 processing is enabled (Liao et al., 2004).
Herby, TRAF-mediated proteasomal degradation is facilitated by recruiting the CRLs
cellular inhibitor of apoptosis 1 (IAP) to the NIK (Vallabhapurapu et al., 2008; Zarnegar
et al., 2008).

Processing of the pl100 occurs through its phosphorylation by the BTrCP CRLs
recruitment (Fong & Sun, 2002; Liang et al., 2006; Xiao et al., 2001). The non-
canonical NF-xB pathway is mediated by the NF-xB-inducing kinase (NIK), which
renders the p100 phosphorylation by activation through the recruitment of the kinase
IKKa (Xiao et al., 2001). By its activation, the non-canonical axis predominantly
employs and acct through NF-kB2 p52 and RelB, although additional NF-kB members,
such as RelA, are known to be activated as well (S. C. Sun et al., 1994; Tucker et al.,
2007; Zarnegar et al., 2008).

NF-«kB signalling regulates different stages of atherosclerosis development, such as
subendothelial LDL modification, endothelial activation, and monocyte attraction to the
lesion site (de Winther et al., 2005). Enzymes responsible for LDL modification, such
as 5-lipoxygenase and 12-lipoxygenase, and secretory phospholipase Az, are all under
the NF-«B mediated gene expression regulation (Burleigh et al., 2002; Ivandic et al.,
1999; L. Zhao & Funk, 2004).

Moreover, the attraction of the monocytes in an early atherosclerotic lesion site is under
the NF-kB regulation as it exerts its action via regulating the gene expression of the
chemoattractant protein-1 (MCP-1) (Aiello et al., 1999; Gu et al., 1998).

In ECs, NF-xB signalling is in the essence of endothelial activation and its dysfunction,
as it has been demonstrated that it exerts its regulation over the adhesion molecules'
gene expression, permeability, and survival. The potent inducer of the NF-kB signalling
in endothelial cells is TNFa, IL-18, and IFNy, as well as the oxLDL (Mussbacher et al.,
2019). In endothelial lining, NF-xB stands under the expression regulation of several
adhesion molecules, including P-and E-selectin, ICAM-1, and VCAM-1, (Collins et al.,
2000; Cybulsky et al., 2001; R. C. Johnson et al., 1997).
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Prior studies showed that the NF-«xB signalling in endothelial cells of the aortic regions
atheroma-prone upon LPS stimulation or high-fat diet exposure in vivo does have more
elevated NF-«kB signalling compared to the areas that are less athero-prone (Hajra et al.,
2000). Importantly, NF-xB in ECs, by regulating the expression of adhesion molecules,
mediates inflammatory cells arrests (Rahman et al., 1999; Sprague & Khalil, 2009;
Sugama et al., 1992; Xue et al.,, 2009). Laminar flow disturbance initiates NF-xB
transcriptional activity (Petzold et al., 2009). Prior studies also show that NF-kB acts as
a survival factor in LPS-treated ECs under the acute stress (Kisseleva et al., 2006).
Thus, NF-kB, by acting as an endothelial cell apoptosis inhibitor, ensures that
endothelial lining manages to recover promptly and the endothelial barrier is preserved
(G. Liu et al., 2014). Prior in vivo studies testify that EC-specific depletion of NEMO
or the IkBa overexpression exerts atheroprotective effects over the Apoe-deficient mice
(Gareus et al., 2008).

Next to its essential role in the ECs, NF-kB signalling also exerts its regulation upon
macrophage differentiation by regulating the expression of the M-CSF expression
(Brach et al., 1991). Interestingly, upon the absence of the M-CSF, and thereby
monocyte-macrophage differentiation axis impairment, there was ablation of the
atherosclerosis development (Rajavashisth et al., 1999; J. D. Smith et al., 1995).

Furthermore, monocyte extravasation into the subendothelial space is MMP-9
dependent, which is regulated by the NF-«xB transcriptional factors (Bond et al.,
1998). Interestingly, loss of the MMP-9 in the Apoe™ mice displayed a reduction in an
overall atherosclerosis load and impairment of the macrophage infiltration (Luttun et al.,
2004). The MMP-9 enables SMC migration, which is the major contributor to the
fibrotic cap formation (Galis et al., 2002). Finally, in the atherosclerotic lesions, NF-kB
signalling regulates the expression of relevant atherogenic cytokines: TNF, IL-1p, -6, -
10, -12, and IFNy, thus determining the overall plaque environment (de Winther et al.,
2005).

In the adverse stages of atherosclerosis, SMCs migration and fibrotic cap formation are
the factors determining the stability of the atherosclerotic lesion. Prior studies have
demonstrated that blocking p65 inhibits SMC proliferation and neo-intima formation in
vivo, thus elaborating on its protective role in the VSMCs proliferation (Autieri et al.,
1995).

Moreover, expression of the NF-kB is elevated in the proliferating SMCs, and its
exacerbation of the activation, by inhibiting IkBa, induces intimal hyperplasia in vivo
(S. Hoshi et al., 2000; Selzman et al., 1999; Zuckerbraun et al., 2003). Since VSMC
proliferation may be majorly involved in the fibrous cap formation and, thereby plaque-
stabilizing process, the NF-kB may positively as well regulate the adverse stages of
atherosclerosis. Overall, the broad-range NF-«kB inhibition as a potential therapeutical
approach may be too risky.

However, understanding the NF-xB axis may unravel the essence of the
inflammatory homeostasis regulation during atherosclerosis progression. While setting
focus on a specific atherogenic pathway may yield novel therapeutic targets to modulate
the atherosclerosis progression and its adverse outcome (de Winther et al., 2005).

1.3.2 MAP Kinases (MAPKs)

MAP-kinases are inflammatory signalling pathways initiated upon many factors present
in the atherosclerotic environment, such as oxidative stress, growth factors, various
cytokines, and the chemokines (Reustle & Torzewski, 2018). This cascade is led by
sequential kinases: MAPK kinase (MKKK), MAPK kinase (MKK), and a terminal
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MAPK (Fig. 4). From the cell surface sensing to the transcriptional regulation stand
three distinct axes ERK1/2, JNK, and p38 MAP kinases (Fig. 4).

ERKSs signalling acts through the MAPKKs (MKK), MEK1, and/or 2. At the same time,
JNK signalling is enabled by MKK4 and -7 activation. The MKK3 and -6 activate the
p38 MAPKK response (Kaminska, 2005; Pearson et al., 2001; Raingeaud et al., 1996).
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Figure 4. MAPK signalling pathways. The pathways signal through the three axes: ERK, JNK, and
p38. Cell signalling starts with the sensing of the stress stimuli. That, in turn, exerts activity and activates
RAS, RAC, RHO, and CDC42. That is followed by MAPKKK RAF initiating the ERK pathway. At the
same time, MEKK initiates the JNK pathway. Finally, p38 acts through the TAK MAPKKKS. Dual
phosphorylation MAPKKs further that. MAPKKs exert cascade phosphorylation of the MAPKs.
Respective MAPKSs can move in the nucleus to phosphorylate (Taken from: Y. Liu et al., 2007).

The MAPKs are the kinases that enable its activity by phosphorylating
serine/threonine. They comprise extracellular signal-regulated kinases (ERKs), the c-
Jun N-terminal kinases (JNKs), and p38.

The p38 MAPKSs are responsive to signalling that elicits inflammation, such as
cytokines (IL-1a, -2, -7, -17, - 18; TGFB; TNFa), or they respond to extracellular stress
(ultraviolet radiation, heat shock, or hypoxia) signals (Reustle & Torzewski, 2018).
MKK3/6 experience phosphorylation on their Thr-180 and -182, enabling the p38
signalling (Kaminska, 2005; Pearson et al., 2001). p38 triggering involves stimulation
and activation of mediators, which promote inflammation that, in turn, enables
functions such as leukocyte recruitment. p38 MAPK is responsible for TNF-a, IL-1, -6,
-8, COX-2, MMP-1, and -3 (Baldassare et al., 1999; Hommes et al., 2003; Kaminska,
2005; Kyriakis & Avruch, 2001; J. C. Lee et al., 1999; Saklatvala et al., 2003). Most
notably, p38 MAPK exerts its activity via TFs (transcription factors), most renowned is
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activating transcription factor-2 (ATF-2) (Kaminska, 2005; Pearson et al., 2001;
Vermeulen et al., 2003; S. H. Yang et al., 1999).

The JNK family members essentially exert their regulation over CVD injury and
underline the disease progression. Murine in vivo studies have revealed that the JNK is
elicited in arterial intima as a result of the injury response and during the development
of aneurysm or atherosclerotic lesions (Amini et al., 2014; Metzler et al., 2000; Osto et
al., 2008; Yoshimura et al., 2005). The JNK family consists of JNK-1 and -2 members
that are both universally expressed in all cells; JNK3 is only found to be expressed and
reported in a brain tissue (Amini et al., 2014; D. D. Yang et al., 1997). Even though
JNKI1 and JNK2 expression extends along with the same cells, they initiate separate
cellular functions and regulate different protein targets (Amini et al., 2014; Kallunki et
al., 1994).

JNKs were instigated in atherosclerosis by employing JNKI/™/~ and JNK27/ in
atherogenic ApoE—/— background. JNK loss was found to be athero-protective in these
studies. Interestingly, even upon JNK1/2 signalling inhibitor (SP600125) application in
vivo, atherogenic mice developed less pronounced atherosclerosis than their control.
Moreover, bone marrow (BM) transplant studies have demonstrated the
atheroprotective capacity of the macrophage-derived JNK deficiency in vivo (Muslin,
2008; Ricci et al., 2004). Interestingly, JNK signalling was also found to underline the
foam cell regulation and the ox-LDL uptake in macrophages. The oxLDL has been
shown to up-regulate all the MAPKs, JNK, p38a, and ERK1/2. But the ERK1/2
signalling inhibition doesn’t yield fewer foam cells, elevating the importance of the p38
and JNK axes as more relevant in the foam cell formation processes (Muslin, 2008;
Rahaman et al., 2006; M. Zhao et al., 2002).

Endothelial JNK signalling loss yields are atheroprotective and only reserved in
early atherogenesis, and its effect was lost in the advanced stages of atherogenesis. It
was previously demonstrated that particularly JNKI1 expression is elevated in the
endothelial cells upon exposure to the disturbed blood flow in vivo (Amini et al., 2014;
Zakkar et al., 2008). Moreover, JNK1 regulates ECs viability as well. Upon the JNK1
deletion, apoptosis of the endothelial lining is reduced. Observed effects have been
attributed to the role of the JNK1 in promoting the transcription of the pro-apoptotic
mediator’s (Amini et al., 2014; Chaudhury et al., 2010). Yet in vivo, studies did confirm
that JNK1 deletion in LDLR” atherogenic mice plays a significant role in early
atherosclerosis development, endothelial cell turnover, and overall lowering of the
atherosclerotic lesion load (Amini et al., 2014).

1.3.3 AP-1 (Activator Protein-1) Signaling

AP-1 signalling was traditionally assumed to exert a pro-inflammatory role, but
more recent publications suggest that it might elicit both pro-and anti-inflammatory
responses in atherosclerosis-relevant cells. Yet, most in vitro and in vivo studies
implicate the common inflammatory transcription factor, AP-1, as a critical factor in the
initiation and progression of the atherogenesis (Meijer et al., 2012).

The AP-1 is comprised of TFs families: Jun that encompass c-Jun, JunB, v-Jun,
JunD); the Fos family that includes c-Fos, FosB, Fral, Fra2; moreover, Maf TFs and
finally also the cyclic AMP-responsive element-binding (CREB) TFs (Eferl & Wagner,
2003; Shaulian & Karin, 2002).

AP-1 transcription factors are either forming homo- or hetero-dimers, and they can
exert their activity by binding the DNA via the leucine zipper domain (Chinenov &
Kerppola, 2001). AP-1 family members are diverse in affinity towards the DNA-
responsive gene elements and their affinity to form homo- or hetero-dimers. Thus, Fos
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and Jun TFs have an elevated rate of gene expression capacity compared to the rest of
the AP-1 signalling members (Chiu et al., 1989). Their gene expression is stimulated by
cytokines, growth factors, infection, UV radiation, and cellular stress (Rai, 2019).

The c-Jun stabilisation is regulated by c-Jun mediated Ser-63 and Ser-73
phosphorylation embodied in their N-terminus, which reduces ubiquitin-dependent
degradation of c-Jun. The JNKs are the primary kinase that enables c-Jun stability via
phosphorylation. The COP9 signalosome (CSN) kinase activity promotes the stability of
the c-Jun and overall elevation in the AP-1 transcriptional activity (Naumann et al.,
1999). The c-Jun interaction with the COP9 signalosome is enabled by c-Jun activation
domain-binding protein 1 (Jabl), more often referred to as the CSNS5 subunit of the
COP9 signalosome (Naumann et al., 1999; Wei et al., 1998). Indeed, CSN5/Jabl was
found as an AP-1 transcription factors coactivator that does so by binding directly to c-
Jun or JunD (Claret et al., 1996). The function of the COP9 subunit, CSNS5, is a
serine/threonine kinase activity and specificity for c-Jun was characterised (Seeger et
al., 1998). COP9 signalosome formation and its assembly anew in vitro stabilise c-Jun
and elevate the AP-1 cellular activity (Naumann et al., 1999). This prior study
consequently suggests the existence of a CSN-directed c-Jun signalling pathway
(Seeger et al., 1998).

Another way of regulating the AP-1 signalling is based upon their destabilisation or
targeted degradation. The ubiquitin-proteosome system mediates the c-Jun protein
degradation via E3-CRL ligase, COP1 upon MKK1/2-Erk1/2 signalling pathway
inactivation (Migliorini et al., 2011; Ouyang & Frucht, 2021). Whereas the COP1 CRLs
are destabilised by the deNEDDyalses activity of the COP9/Keapl/Uspl5 super
complex (Sanchez-Barcelo et al., 2016). Thus, COP9 subunits are essential in stabilising
c-Jun via phosphorylation and destabilising CRLs responsible for c-Jun degradation.

The AP-1 transcriptional factor controls the gene expression underlining atherogenic
inflammation by being responsible for cytokine productions such as theTNFa, IL-1, IL-
2, IFNy, GM-CSF, MMPs, and TIMPs. The activator protein-1 directly annealing to
their promoter, AP-1 binding motifs, enables their transcriptional regulation (Gutman &
Wasylyk, 1990; Schonthal et al., 1988; Sirum-Connolly & Brinckerhoff, 1991; Ye et al.,
2014).

The AP-1 signalling is deemed an essential regulator of an atherogenic-related process
as the AP-1 activation has been previously shown throughout all the stages of the
atherosclerosis (A. Wang et al., 2013).

In the endothelial mechano-sensing systems, LOX-1 expression via fluid shear
stress at the atheroprone sites is mediated through the KLF2-AP1 triggering pathway (J.
Y. Lee et al., 2018). AP-1 signalling is also an essential TFs that regulate the expression
of MMPs (MMP9 and MMP2) as well as its inhibitors (TIMPs) that play a role in
plaque remodelling through activating the p-cJun/JNK1 signalling (Sozen et al., 2014).
The AP-1 signalling impairment, via JNK2 ablation, acts protectively in endothelial
cells against the oxidative stress (Osto et al., 2008). The endothelial-derived AP-1
signalling regulates suppression of the VCAM-1 expression upon IL-35 stimulated
inflammation (Sha et al., 2015).

Angiotensin Il (Ang II) upregulates the adhesion molecules and thus promotes
leukocyte adhesion. /n vivo study has shown that Ang II-driven inflammation up-
regulates AP-1 signalling (Y. Chen & Currie, 2005). VSMC proliferation is also
regulated via triggering the AP-1 signalling, suggesting its role in the plaque
stabilisation (Metzler et al., 2000).

Upon the atherosclerotic lesion formation, its initiator oxLDL has been
demonstrated to also stimulate MAPKs, JNK, c-JUN, and AP-1 via CD36-dependent
signalling pathway in macrophages (Rahaman et al., 2006; Y. Zhu et al., 1998).
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Moreover, macrophage AP-1 heterodimer composition has been shown to determine the
macrophage polarisation (Srivastava et al., 2017). Whereby c-Jun has been identified as
a regulator that triggers pro-and anti-inflammatory gene expression during macrophage
activation (Hannemann et al., 2017). Finally, AP-I-driven regulation might be
responsible for the MMP9 upregulation and TIMPI1/AP1 disbalance in a human
unstable lesions (F. Chen et al., 2005). Hence, AP-1 inhibition is investigated as one of
the therapeutical targets in the atherosclerosis prevention (Manning et al., 2003; Muslin,
2008; Osto et al., 2008; J. Wang et al., 2011).

Since AP-1 signalling is deemed important in all stages of vascular inflammation,
clinical study trials dampening the AP-1 signalling have been probed in recent years.
Clinical trials involving the AP-1 signalling players gave controversial results,
suggesting a more complex story behind the AP-1 signalling complex involvement in
atherogenic inflammation. One of the known pharmacological inhibitors of the AP-1
signalling, doxycycline exerts an inhibitory effect on JNK1 and JNK2 eliciting.

In one study, doxycycline inhibition has been found to have a beneficial effect only
on early atherosclerosis in vivo. Here it was demonstrated that AP-1 inhibition lowers
IL-6 and IL-8 cytokine levels and yields reduced infiltration of the cells in the intima
(Lindeman et al., 2009). While on the other hand, a clinical trial by Meijer et al.
excluded AP-1 as a human plaque instability biomarker by evaluating its active form of
c-Jun, in advanced atherosclerosis. Interestingly, up-regulation of AP-1 signalling was
found to be conveyed to an endothelial lining and SMCs in a lesion but did not
markedly show differences in the expression in stable vs unstable plaque lesions (Meijer
et al., 2012). Moreover, another study has revealed that in human carotid
endarterectomy plaques c-Jun and June levels of AP-1 complex are increased while
JunB, FosB, and c-Fos were undetectable with the disease progression (Gongalves et al.,
2011).

Mouse studies have reported that doxycycline does have a beneficial effect on an
Apoe’- mouse atherosclerosis progression (Madan et al., 2007; Pawlowska et al., 2011).
As well that, under the high-cholesterol diet, proteasomal activity is decreased, as such
is causing elevation of active c-Jun and c-Fos in a murine atherosclerosis progression
(Sozen et al., 2014).

1.4  Atherosclerotic Pathology

Atherosclerosis is initiated by an increased blood lipoprotein, of which LDL usually is
the most prominent. However, the disease develops even at lower levels of LDL in
combination with risk factors such as smoking, hypertension, diabetes mellitus, gender,
and genetic susceptibility to the disease (Soehnlein & Libby, 2021).

Nevertheless, atherosclerosis is a slow- sometimes life-long progressing disease that
involves LDL retention, inflammatory cell recruitment and turnover, foam cell
formation, SMC proliferation, media thickening, ECM synthesis and remodelling,
calcification, neo-vascularization, vessel wall remodelling, fibrotic cap rupture, and
eventually thrombosis. This pleiotropy of processes and phenotypes are in the dynamic
of the plaque lesion formation and have different importance on the atherosclerotic
lesion development outcome (Fig. 5) and clinical significance (Bentzon et al., 2014).
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Figure 5. Atherosclerotic pathology. (a) Initially, LDL in subendothelial space undergoes oxidative
modification to the oxLDL. OxLDL activates ECs and upregulates adhesion molecules (ICAM, VCAM,
and selectins) and cytokines ad chemokines, which further recruits inflammatory cells such as monocytes,
which in intima where they give rise to macrophages; (b) Macrophages excessively uptake subendothelial
modified LDL and cell debris (¢c) SMCs proliferation stabilise the atheromas(d) Foam cells experience
cell death and release cell content resulting in necrotic core formation. Finally, proteases released from
SMCs, ECs, and foam cells give rise to fibrotic cap decrease, which leads to adverse effects and possible
thrombotic event (Taken from: Steinl & Kaufmann, 2015).

The most atherosclerotic lesion will remain silent and stay clinically asymptomatic.
Still, they can evolve from fatty streaks that are possible to tackle and over-turn to a
stage of advanced fibrotic lesions that display enlarged necrotic core, ECM, and vessel
remodelling that can advance to the plaque instability and/or rupture/erosion, and
eventually give rise to the atherothrombosis (Bentzon et al., 2014; Libby, 2012; Milic et
al., 2019). Once thrombosis leads to interruption or reduction of the blood supply, it can
lead to MI or stroke (Prioreschi, 1967; Stoll et al., 2008). Hence atherosclerosis stands
behind myocardial infarction (MI), ischemic stroke, and peripheral artery disease (PAD)
(Galkina & Ley, 2009a; Lusis, 2000; Milic et al., 2019).

1.4.1 Plaque Pathology

Atherosclerotic lesions can be characterised and developed in several stages according
to histopathology, morphological changes of the vessel wall, general disease
advancement, and atherosclerosis-relevant cell players involved in these stages of
atherosclerosis.

Stary and his team performed one of the most well-known characterisations of the
atherosclerosis (Stary et al., 1994, 1995). Namely, they recognised six development
stages of atherosclerosis progression. Additionally, Virmani and his team recently
revised Stary’s atherosclerosis histopathology classification (Virmani et al., 2000).
Notably, patients who have atherosclerosis would have the capacity to develop all the
ranges from the atherosclerosis lesion development stages in their vessel wall at the
different focal sites (Bentzon et al., 2014).

Coronary atherosclerosis begins with intimal thickening (Fig. 6A), usually near the
branch points (Otsuka et al., 2016). Type I atherosclerotic lesions by Stary and his team
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are recognised as the initial arterial intimal accumulation of lipid drifts. They are often
encountered in early infancy well as in adults. Type II early atherosclerotic lesions have
fatty streaks that or on a histopathological view, visible as a narrow stretch in the intima
(Stary et al., 1994). On the other hand, Virmani and his team recognise so-called
“adaptive intimal thickening” (AIT) and “intimal xanthoma” (or so-called “fatty
streaks”) (Fig. 6B) as an early display of atherosclerosis development in humans
(Virmani et al., 2000). Whereas ‘adaptive intimal thickening’, as a manifestation of an
early lesion (Fig. 6A), is built up mainly of SMCs and ECM with the sparse presence of
the inflammatory cells. “Intimal xanthoma” is made predominantly of macrophages
within the intima (Virmani et al., 2000). These early lesions, over time, progress to
‘pathologic intimal thickening (PIT)’ (Fig. 6C). Thus, the first stage of the progressive
lesions are PITs, which have traits of observable lipid accumulation, absents of cells,
which are positioned neighbouring the vessel media. PITs’ intimal space comprises
SMCs immersed in the ECM, and sparsely, macrophages can be found (Otsuka et al.,
2016). Macrophages moving into the lipid accumulation, the PITs represent the
changeover and development of necrotic core and fibrotic atheroma formation (Virmani
et al., 2000). According to the American Heart Association (Fig. 6D), this is the same as
the first stage of advanced lesions (Stary et al., 1995; Virmani et al., 2000). The
hallmark of the advanced lesion is a necrotic core buildup of macrophages encompassed
by fibrotic tissue. Fibroatheroma is further subdivided (Virmani et al., 2000). Early
fibroatheroma has lipid accumulation with the macrophages and experiences loss of the
ECM (Nakashima et al., 2007; Otsuka et al., 2016). Late fibroatheromas comprise cells
that underwent cell death, elevated free cholesterol, and ECM depletion due to elicited
MMPs (Otsuka et al., 2016; Virmani et al., 2000).

Angiogene,.sis 'Necrotic core

Fibrocalcific plaque Fibroatheroma

Figure 6. Lesion types in human atherogenesis (Based on: Virmani et al., 2000). A, AIT: SMCs
proliferation forms the AITs. B, ‘Intimal xanthoma’: the presence of the foam cell accumulation. C, PIT:
is lipid accumulation without necrotic core presence. D, Fibroatheroma: consists of a necrotic core. At the
same time, calcification (E) can be present in the late stages of advanced atherosclerosis amounting to the
calcified fibro lesions (E) representative Movat pentachrome staining is standing next to the individual
schematic histopathology characteristics of each described atherosclerotic stages (taken from:Bentzon et
al, 2014).
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The necrotic core enlargement over time, followed by the fibrotic cap thinning,
leads to ‘thin-cap fibroatheroma (TCFA)’; This type of atherosclerotic lesion is prone
to rupture (Bentzon et al., 2014; Virmani et al., 2000). The prototypical vulnerable
plaques (Fig. 7) have big plaque size, thin-fibrotic cap, augmented necrotic core,
abundant macrophage content in fibrous cap, luminal obstruction (*’positive
remodelling’’), high neovascularisation, present adventitial inflammation, and
macrophage caused spotty patterns of calcification as well as loss of the SMCs (Otsuka
et al., 2016). The cap width of TCFA is patohistologoically defined to be less than 65
um (Fig. 7). The prevalence of TCFAs or vulnerable plaques and their capacity to
rupture as well as the death-induced rate in patients is more significant in males
compared to female patients (Burke et al., 1997).
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Figure 7. Schematic representation of plaque vulnerability. The figure is a schematic representation of
the morphologic characteristics of a plaque vulnerable that is prone to rupture. Vulnerable plaques have
been characterised by a set of morphological features: large lesions, positive remodelling (more than 50%
of the cross-sectional vascular area), thin fibrous caps (less than 65 pm in thickness), large necrotic cores,
macrophage infiltration, neointimal neovascularisation and finally leading to the red-blood-cell (RBC)
intraplaque haemorrhage (Narula et al., 2008).

Atherosclerosis is not clinically relevant except upon vessel occlusion and/or plaque
rupture. Thus, plaque progression in more than 60% of TCFAs is a thrombi formation
as a result of their rupture (Virmani et al., 2000). Thus, plaques with a thin fibrous cap
can progress into lesions with thrombi caused by plaque erosion, plaque rupture, or
calcification.

Plaque rupture and erosion, although similar, have histopathological particularities.
Namely, rupture entitles cap wearying, and thrombus material leaks in the vessel lumen.
Their fibrous caps are depleted of the SMCs, while they have infiltrated macrophage
and foam cells that produce extensive enzymes such as MMPs that digest and weaken
further the fibrous caps (Bentzon et al., 2014). Atherosclerotic plaque that is eroded
presents loss of endothelial lining. Their intima consists of the sparsely present SMCs
and ECM loss, with minimal or no inflammation. Plaque erosion mainly occurs in
younger suffering patients below the age of 50 (Bentzon et al., 2014).
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Atheroma progression can drive towards their calcification. This process entitles the
necrotic core and its surrounding calcification and gives rise to the ‘fibrocalcific
plaques’ (Bentzon et al., 2014). The vascular calcification process usually comes from
the SMC apoptosis in the lipid accumulations of the PIT, which is an early event in the
process of the vessel calcification (Kelly-Arnold et al., 2013; Otsuka et al., 2014, 2015;
Vengrenyuk et al., 2006). Macrophage apoptosis-induced calcification presents as
augmented calcified areas >15 um, compared to the SMC derived. Further calcification
progression is in the necrotic core's surroundings, while the necrotic's central area is not
affected (Otsuka et al., 2016).

In the last couple of years, common histopathological factors that play a role in
human atherosclerotic plaque proneness to forming a lesion with thrombi in the short
term have been described. Still, it is a still-evolving field (Burke et al., 2001).

1.4.2 Plaque remodelling and atherosclerotic plaque classification

Vascular remodelling encompasses changes in the vessel wall as part of the
physiological process of tissue repair and adaptation. Its regulation dysfunction
underlines cardiovascular diseases and atherosclerosis (Galis & Khatri, 2002). In the
late 1980s, Glagov and his team described that the lumen of the vessel’s capacity under
the atherosclerosis progression remains unaltered as far as the plaque burden remains
below 40% (Wissler & Vesselinovitch, 1968). In the early atherosclerosis disease
representation, the vessel wall grows outward in the lumen, described as the positive
“arterial remodelling” (Armstrong et al., 1990; Wissler & Vesselinovitch, 1968).
Positive “arterial” remodelling of the CA wall is affiliated and attributed to intimal lipid
buildup and macrophage infiltration. Overall could give rise to plaque
vulnerability/rupture and potentially intraplaque haemorrhage (Schoenhagen et al.,
2001). While on the other hand, erosion, vessel occlusion, and fibrocalcific plaques
have been shown to exhibit the so-called ‘negative vessel remodelling’ (Otsuka et al.,
2016).

Negative vessel remodelling can be described as plaque lesion formation and
disease progression without the overall reduction of the vessel luminal diameter. It is
associated with more stable human coronary artery plaques (Schoenhagen et al., 2001).
It develops in the later phases as an inward remodelling, causing the protrusion of the
atheroma (D. N. Kim et al., 1987; Otsuka et al., 2016). ECM, the regulators of the
composition of the ECMs- MMPs, and tissue inhibitors of matrix metalloproteinases
(TIMPs) are the key players in plaque remodelling and act as determining factors of the
plaque stability (Galis & Khatri, 2002).

1.4.2.1 The ECM

The extracellular matrix (ECM) is a network of structural fibrous proteins (Fig. 8A)
that comprises collagen fibres, glycoproteins, proteoglycans, elastin, etc. (Holm Nielsen
et al., 2020).

The ECM is implicated throughout the atherogenesis, from LDL accumulation to
ECs activation to the cap rupture. The extracellular matrix is in a steady state providing
structural integrity and a dynamic interactive platform for complex cellular activity —
such as attachment, interaction, proliferation, apoptosis, etc. As such, ECM is essential,
and its loss and changes are regarded as the biomarkers of the plaque stability
(Chistiakov et al., 2013; Holm Nielsen et al., 2020).

The glycocalyx layer comprises various proteoglycans, glycoproteins, and soluble
proteins. It acts as a cover on the surface of the endothelial lining as their essential ECM



Jelena V. Milic 36

point of communication. Moreover, endothelial cells participate in synthesising and
creating the ECM by giving rise to their basement membrane to which they adhere
towards the media (Mitra et al., 2017). In the media of the arterial vessel, the ECM
provides a surrounding for the SMCs, in which the secretory phenotype of the VSMCs
produces and secrete ECM proteins (Mohindra et al., 2021). At the same time, intimal
ECM composition is mainly comprised of elastin fibres and type I and III collagens
(Eble & Niland, 2009). The outer vessel layer is shaped by fibroblastic tissue and is
mainly composed of the proteoglycan versican (Eble & Niland, 2009).

The ECM in the arterial media originates from the VSMCs, whereas adventitia ECM 1is
made at a major by synthesis of fibroblasts (Xu & Shi, 2014). Collagen is architectural
and formative in building atheroma and constitutes up to 41% of lesions, whereas they
make up to 61% of calcified human lesions (E. B. Smith, 1965). ECM's uncontrolled
degradation (Fig. 8B) enables atheroprogression as it is permissive to all the processes
governing the atherogenic inflammation (Xu & Shi, 2014).
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Figure 8. Arterial remodelling of the ECM under atherogenic inflammation. Schematic view of the
arterial wall. A Healthy vessel has an undisturbed arterial wall structure. B, Atherosclerosis disturbs the
vessel wall structure as it induces intimal wall expansion, ECM deterioration and calcification, and
collagen loss (Taken from: Van Varik et al., 2012).

Within the ECM, MMPs play an essential role as are components of the ECM in a
latent form where under the homeostatic conditions, reside inactivated by the tissue
inhibitors of MMPs (TIMPs). In contrast, upon the atheroma development MMPs get
active and participate in the ECM deterioration (Mohindra et al., 2021).

1.4.2.2 The Matrix Metalloproteinases

The proteinases participating in ECM degradation are the MMPs. (MacColl & Khalil,
2015; Nagase et al., 2006). They are underlining atherosclerosis progression. Besides,
prior studies demonstrate their involvement in all the processes, from monocyte
infiltration to the atherosclerotic plaque rupture (B. A. Brown et al., 2017). Reports
show MMPs regulate important atherosclerosis-related processes such as inflammation,
ECD, SMCs migration, arterial calcification, ECM degradation, and atheroma
destabilisation (B. A. Brown et al., 2017; Olejarz et al., 2020; Serra et al., 2017).

Matrix  metalloproteinases are the family of 28 Zn** -dependent
endopeptidases, (Holm Nielsen et al., 2020; Visse & Nagase, 2003).
They have high domain homology. All the MMPs family members contain an N-
terminal pro-domain, whereby Cys- residue binds to the catalytic domain, enabling their
inactive/pro-form. MMPs' C-terminal domain contains a hemopexin-like domain of all
MMPs, except MMP-7. These two MMP domains are interconnected by a hinge region,
which is not conservative among the MMP family members (B. A. Brown et al., 2017,
Cauwe et al., 2007; Olejarz et al., 2020).
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Thus MMPs are further divided based on their substrate affinity and location (Cauwe et
al., 2007). Their classification is still evolving but is, in general, divided into
collagenases (MMP-1,-and -13), gelatinases (MMP-2 and -9), stromelysins (MMP-3, -
10, and -11), matrilysins (MMP-7and -26), membrane-type MMPs (MMP-14, -15, -16, -
17, -25 and -24), and ADAMTS (a disintegrin and metalloproteinase with
thrombospondin domains) metalloproteinases (Amin et al., 2016; Olejarz et al., 2020).
All MMPs are synthesised in an inactive/proform, and upon their proteolytic processing,
their catalytic activity is revealed (B. A. Brown et al., 2017).

MMPs gene expression is managed at the transcription. Gene and its regulatory
elements have similar arrangements, although coded on different chromosomes (Zitka et
al., 2010). MMP gene promoters contain proximal AP-1, SP-1, and NF-xB
transcription factor binding sites (Clark et al., 2008). Promoters of MMP-1, -3, -7, -9, -
10, -12, -13, -19, and -26 contain AP-1 binding promoter sites and TATA-binding sites.
Just TATA-binding sites belong to MMP8, MMP11, and -2. On the other hand, MMP1,
-2,-8,-9, -11, -13, -14, -15, -17, -19, -23, -25, -26, TIMP2, and -4 show canonical NF-
kB binding sites in their promotors (Clark et al., 2008).

Elicitors of their active forms are cytokines, which can trigger the TFs, that enable
their gene expression. Their protein regulation is also enabled by their processing and
generating active forms, which are possible and executed by their inhibitors (TIMPs).
The main signalling axis found to be underlining the MMPs' positive regulation has
been focused on NF-kB, PI3K, and JNK signalling (B. A. Brown et al., 2017).

Multiple atheromas-relevant inflammatory cells participate in the production and
secreting of MMPs (Fig. 9), including ECs, VSMCs, neutrophils, lymphocytes, and at
large fibroblasts and macrophages, (MacColl & Khalil, 2015).

Atherosclerosis-relevant cells, ECs, and VSMCs express MMP-1, MMP-2, MMP-3,
MMP-7, and MMP-9. Fibroblasts and smooth muscle cells express MMP-12
(Sansilvestri-Morel et al., 2006). Platelets are found to be the source of MMP-1 and -2

(Seizer & May, 2013).
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Figure 9. MMPs in atherosclerotic plaque. MMP-7 activity elicits VSMC apoptosis, giving rise to
atheroma instability. MMP-1, MMP-§, MMP-9, MMP-12, MMP-13, and MMP-14 enable ECM
degradation. MMP-2 and MMP-9 regulate endothelial cell (EC) migration. MMP-2 enables lymphocyte
infiltration. MMP-2, MMP-3, and MMP-9 activate VSMCs (Olejarz et al., 2020).

MMPs have been heavily implicated in the arterial wall ECM remodelling and, thus,
atheroprogression (Fig. 9) through the inflammation elicitation (J. L. Johnson, 2017).
EC-derived MMP-2 synthesis can induce endothelial dysfunction (Carmona-Rivera et
al., 2015). Moreover, by synthesising MMP2 upon reactive-oxygen species (ROS)
stimulation, it has been shown that endothelial cells are enabled to digest the basement
membrane (Belkhiri et al.,, 1997). Lozito and his team demonstrated that MMP-2
secreted from ECs instigates remodelling of the ECM (Lozito & Tuan, 2012).
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Moreover, EC-derived MMP-2 vesicles also stimulate the blood vessel formation and
development of the atheroma vulnerability (Moreno et al., 2004). Studies performed on
atherogenic prone-4ApoE *~ mice have shown that reducing the activity of MMP-2 limits
the formation of atherosclerotic lesions in the aorta (X. W. Cheng et al., 2011).
Moreover, another endothelial-derived protease, MMP-1, is paramount in remodelling
atherosclerosis lesions as its expression is initiated in ECs upon their interaction with
monocytes and stability (Hojo et al., 2000).

Macrophages are the biggest producers of the MMPs in atherosclerotic lesions.
MMP media mediates several macrophage functions, such as intimal invasion, ECM
deterioration, and atherosclerotic rupture. Enhancement of MMPs expression in
macrophage-rich lesion areas suggests their essential role in developing vulnerable
regions of atherosclerotic plaques (Shah et al., 1995). Upon differentiation of human
monocytes to non-foamy macrophages, increases of MMP-7, -8, -9, -14, and -19 and
tissue inhibitors of MMP (TIMPs), -1 to -3 are observed (Newby, 2016). GM-CSF, a
differentiation factor, elicits macrophage MMPs such as MMP-12, whereas IFN-y
stimulates MMP-12, -14, and -25 production and negatively regulates TIMP-3 in human
macrophages. At the same time, M2 skewing has been shown to stimulate the
expression of murine and human MMPs, which emphasises their role not just in
elicitation but in inflammation resolution as well (Newby, 2016).

Finally, MMPs, by remodelling the extracellular matrix, impact VSMC cells by
instigating their migration and proliferation. Namely, MMP2 upon the cytokine
stimulation such as IL-1pB and oxLDL stimulation triggers the VSMCs proliferation
(M.-S. Chen et al., 2018). While TNF-a stimulation induces the MMP9 upregulation
and enables the VSMC migration (R. Guo et al., 2008).

Most of the vascular wall atheroma-contributing cells can modify their local
surrounding by ECM remodelling through the MMPs production that affects their
signalling or aim to alternate local cell interactions that all eventually does indeed,
therefore, impact atherosclerosis development, plaque stability, and plaque remodelling
(Olejarz et al., 2020).
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1.4.2.3 Tissue inhibitors of metalloproteinases

An imbalanced ratio amidst the synthesis of MMP enzymes and their endogenous
inhibitors (TIMPs) can potentially exacerbate pathological phenotype encountered in
lesions under the atherogenic inflammation (Brew & Nagase, 2010).

Tissue inhibitors of metalloproteinases (TIMPs) are directly broad-spectrum
endogenous inhibitors of MMPs and indirectly atherosclerosis development regulators
(Brew & Nagase, 2010). The first inhibitor of MMPs to be discovered was TIMP-1 in
the early 1970s, and it was described as a collagenase inhibitor in the media of cultured
human skin fibroblasts (Bauer et al., 1975). Since then, four more TIMPs with different
inhibition spectrums have been discovered. There are four described TIMPs. They have
two distinct domains, an N-terminal domain that interacts with the catalytical domain of
MMPs and a C-terminal domain with an unknown long-term function (Fig. 10)
(Williamson et al., 1990).
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Figure 10. The structure of the TIMP-1. The N-terminal domain inhibits several MMPs and
membrane-located metalloproteinase ADAM-10 and enables CD82 interaction. The C-terminus: interacts
with prompt-9 and cell receptor CD63. (Griinwald et al., 2019).

The four TIMPs effectively inhibit 28 MMPs (Brew & Nagase, 2010). TIMP1 is
a potent inhibitor of many MMPs except for some membrane-type (MT)-MMPs,
including MMP-14, -15, -16, -19, and -24 (Baker et al., 2002). TIMP-1 and -3 are
structurally glycoproteins, whereas TIMP-2 and -4 do not contain carbohydrates
(Murphy & Nagase, 2008). Moreover, the structures of full-length TIMP-1 and TIMP-2
have been determined by X-ray crystallography, thus their interaction with the MMPs as
well (Brew & Nagase, 2010; Fernandez-Catalan et al., 1998; Iyer et al., 2007). The
TIMPs are extracellular/secreted proteins but can be bound to a cell membrane-
associated proteins (Baker et al., 2002). TIMPs, next to being MMPs inhibitors, also
enable the processing of the cytokines, chemokines, and growth factors, thus regulating
the inflammatory state of the plaques (Ries, 2014). Their network includes regulating
the MMPs that modulate the functions of cytokines (CCL7, CCL13, CCL13, CCL25,
CXCL2, and CXCL5) through precise processing and regulate the inflammatory
response, as well as MMPS that cleave cytokines and enable their release (IFN1a,
TNFa, IL-1B, TGFB) (Young et al., 2019).
Particularly the TIMP-1 molecule has a part of a highly unexplored, large network
of interactions (Griinwald et al., 2019). Firstly, TIMP-1 inhibits activity via its N-
terminal domain binding to at least 14 MMPs, regulating important biological activities
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of 10-60 substrates of each MMP target (Jobin et al., 2017). Secondly, cell surface
TIMP-1, by inhibiting surface metalloprotease Adams, such as ADAM-10, regulates
processes such as shedding cell surface molecules and thus might participate in
governing leukocyte recruitment, cell interactions, and endothelial permeability
(Ponnuchamy & Khalil, 2008).

Adenoviral administration and TIMP-1 addition ablate the incidence of

atherosclerosis (Silence et al., 2002). At the same time, the loss of TIMP-1 expression
reduces SMCs content in the brachycephalic artery of ApoE-depleted mice (Di Gregoli
et al., 2016a). Moreover, macrophage and lipid elevation in the atheroma of the
atherogenic-prone mice that were TIMP-1 depleted have been demonstrated (Silence et
al., 2002). Yet another study has shown a decrease in atherosclerosis in the aortic root
upon Timpl depletion in vivo (Rouis et al., 1999). Finally, what makes the TIMP-1 a
possible biomarker in the progression of atherosclerosis is that its levels were shown to
be impaired in the patient's plasma that had instigated a vulnerable type of lesion
compared to those with the stable atheroma (Sapienza et al., 2005).
Moreover, TIMP-1 can trigger downstream cell signalling by interacting with two cell-
surface integrins, CD63 and CD82, which downstream trigger either PI3K and/or
MAPK cell signalling that will mediate intracellular cell signalling that can regulate the
cells' survival or trigger fibrosis (Griinwald et al., 2019). TIMP-1, by triggering the
CD63/PI3K, downregulates the processes underlining the EC apoptosis, thus regulating
atherosclerosis relevant EC turnover (Boulday et al., 2004).

TIMP-2 gene loss in vivo causes plaque vulnerability and atherosclerotic plaque size
in brachiocephalic arteries, as well as eases up the monocyte/macrophage accumulation
increase via the MMP-14 activity enhancement (Di Gregoli et al., 2016a).

In human atherosclerosis progression, modulation of the MMPs/ TIMPs ratio is
critical in the pathogenesis outcome of CVDs, and it is a possible underlining cause of
human plaque vulnerability (Raffetto & Khalil, 2008; Sapienza et al., 2005). Increased
serum-derived MMP-2 and MMP-9 as a consequence of the inability of TIMPs to
regulate their levels and activity are predictive biomarkers in the detection of vulnerable
plaques as well as adverse cardiovascular events, response to the therapy as well as
mortality rate (Koenig & Khuseyinova, 2007; Loftus et al., 2000; Olejarz et al., 2020;
Sapienza et al., 2005).

LRPI is a universal cell surface receptor that recognises and internalises multiple
ligands and regulates the process of endocytosis. LRP1 transduces multiple intracellular
signal pathways, thus regulating the inflammation and tissue repair in various tissues
and the vasculature (Potere et al., 2019). In atherosclerosis studies, its role can be dual
in macrophages and VSMC cells in vitro and in vivo. The LRP1 can be either athero-
protective, as it aids macrophages to export excess cholesterol. Still, it can also skew
and trigger inflammations and athero-progressive effects as it promotes foam cell
formation and efferocytosis in macrophages. LRPI is also expressed in endothelial
cells and controls hypoxia-induced proliferation and migration, and it has anti-
inflammatory effects (J. Chen et al., 2021). LRP1 is an important surface interaction
partner of TIMP1, as it binds TIMP-1/pro-MMP9 and TIMP-1/MMP9 hetero-complex
and causes their degradation upon endocytosis. At the same time, TIMP-1-LRP1
interaction exerts TIMP-1 cytokine-like properties (Thevenard et al., 2014).

TIMP-1 possesses multiple regulatory elements in its promoters such as AP-1
proximal cis-acting elements, retinoic acid-responsive elements, GC-rich binding sites,
ETS, SRE regulatory elements as well as NF-kB responsive elements (Clark et al.,
2008; S. Lin et al., 2006; Logan et al., 1996; L. Tong et al., 2004; Wilczynska et al.,
2006a). C-Jun, c-Fos, and Jun-B are the transcriptional regulators of the proximal non-
canonical TIMP-1 gene expression. While delayed canonical AP-1 response is
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attributed to the TIMP-2 and TIMP-3 gene expression (Sampieri et al., 2008). TIMP1,
TIMP3, and TIMP4 promotors also bind Runx1l and Runx2. TIMP2, TIMP-3, and
TIMP4 promoters have canonical NF-kB regulatory binding sites. (Sampieri et al.,
2008).

1.4.3 Current Therapy Approaches in Atherosclerosis

The underlining cause of cardiovascular events remains to be atherosclerosis.
Therefore, the current therapeutical focus in primary and secondary prevention of main
cardiovascular diseases aims towards reducing its incidence and stimulating its
regression (Libby & Everett, 2019).

The main conventional risk factors for atherosclerosis are bad lifestyle choices (e.g.
tobacco exposure, obesity, physical inactivity, and high alcohol use).

Non-conventional risk factors include medical conditions such as familial
hypercholesterolemia, diabetes mellitus, and chronic inflammatory diseases (for
example, rheumatoid arthritis-RA) (Libby et al., 2019).

Atherosclerosis onset or progression is reversible by taking up a healthier lifestyle as
an act of a primary prevention measure. Prevention is effective in combating any stage
of atherosclerotic disease. (Libby et al., 2019; Piepoli et al., 2016).

Dyslipidemia is a hallmark in instigating atherosclerosis. Lipid-lowering therapy
remains the most important therapeutic strategy in the atherosclerotic disease
management (Soehnlein & Libby, 2021). Several clinical trials corroborated that
lipoprotein decreasing lowers the incidence rate and the risk of CVD events, while with
its increased serum levels, atherosclerotic lesions are initiated (X. Su et al., 2021).

Statins are up-to-date the leading therapy in the management of CVDs in a daily
practice (X. Su et al., 2021). They are essential for inhibiting the enzymes in the
cholesterol production (Libby et al., 2019). Several clinical trials over the years have
demonstrated the benefits of statin therapy in CVD prevention, such as the study termed
‘4S°, ‘LIPID’, as well as ‘JUPITER’ (Novack et al., 2012; Simes et al., 2002; X. Su et
al., 2021).

Next to lowering LDL levels, statins also improve EC function and reduce
inflammation (Wagner et al., 2000). Moreover, lipid-lowering therapy has effectively
decreased interactions between ICAM-1 and T cells and reduced the neutrophil
transmigration (Weitz-Schmidt et al., 2001; Y.-C. Zhu et al., 2019). Although the
efficacy of statins enables a 30—50% reduction in LDL levels, the efficacy of treating
patients with familial hypercholesterolemia or statin intolerance can be challenging and
may demand therapy combination in preventing cardiovascular events and anti-
inflammatory therapies have given rise to a new secondary prevention (Libby &
Everett, 2019). Hence several randomised human trials have demonstrated that CVD
patients could benefit further from lipid-lowering therapies if they also tackle the
incidence rate of inflammation (Bohula et al., 2015; Ma & Chen, 2021; Nissen et al.,
2005; Ridker, 2019; Ridker et al., 2005).

Many anti-inflammatory clinical trials have been conducted over the years. All
existing therapies can be classified into two categories, therapies with clear targets and
broad-spectrum anti-inflammatory approaches (Ma & Chen, 2021). Interestingly most
successful anti-inflammatory therapies in the past have all focused on targeting NLRP3
(NOD-like receptor family, pyrin domain-containing protein 3) inflammasome as a
therapeutic target (Libby & Everett, 2019).

Therapies with a clear target include tocilizumab, anakinra, and canakinumab.
CANTOS was the first clinical trial to demonstrate effectiveness in targeting
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inflammation as therapeutically relevant in tackling atherosclerosis (Ridker et al., 2017;
Soehnlein & Libby, 2021).

The IL-1 family of cytokines is composed of IL-la and IL-1B. IL-la exerts its
activity through the annealing to and cell surface-bound IL-1R. (Isoda & Ohsuzu, 2006;
Tousoulis, 2017). IL-1a is at large acts bound at the plasma membrane, whereas 1L-1 3
acts systemically (Dinarello, 2009). IL-1f is important in developing the atherosclerosis
(Bevilacqua et al., 1985; Khan et al., 2015; Tamaru et al., 1998).

Canakinumab was developed as a selective human monoclonal IL-1p antibody
tested in the CANTOS trial on patients that sustained acute myocardial infarction. This
trial employed patients with persistently elevated inflammatory markers such as CRP
(Ridker, 2013; Ridker et al., 2017; Soehnlein & Libby, 2021). Canakinumab enables the
IL-6 lowering and fibrinogen in patients suffering from diabetes (Ridker et al., 2012).
The results show that canakinumab significantly reduced markers of inflammation and
lowered cardiovascular events (Ridker et al., 2017). Although showing promising
results, Canakinumab has not been approved in general clinical practice so far. Its high
price largely determines this, and the application invoked a possible risk of elevated
infection (Ma & Chen, 2021; Ridker et al., 2017).

Yet another anti-inflammatory therapy aimed at targeting IL-1 signalling. Anakinra
is developed as an inhibitor of IL-1J activity. Although it benefited the patients with
RA, CAD events were significantly improved compared to the placebo group
(Ikonomidis et al., 2008). The clinical MRC-ILA-HEART Study showed that therapy
with anakinra did not reduce inflammatory markers or subsequent cardiac events (Khan
et al., 2015).

IL-6 levels were also found to be crucial in determining the incidence and rate of
CVDs. IL-6 originates from macrophages, ECs, fibroblasts, and adipose tissue (Recinos
et al.,, 2007; Sukovich et al., 1998). Il-6 cytokine exerts its activation via MAPK
signalling systems, and it promotes ECD, VSMC migration, and macrophage to foam
cells differentiation (Keidar et al., 2001; Khan et al., 2015). Thus, researchers have been
set on investigating the anti-IL-6 antibody therapeutical strategy, named tocilizumab,
and its effects on CVDs in several clinical trials.

The effect of tocilizumab was evaluated in the ‘STEMI’ clinical trial (Anstensrud et
al., 2019). The trial results publicised in 2020 demonstrated that tocilizumab therapy
acted beneficially on MI patients. Therefore, IL-6 is considered a good candidate for
developing anti-inflammatory therapeutics (Ma & Chen, 2021)

Broad-spectrum inhibitors include employing methotrexate and colchicine.

Methotrexate in higher doses serves as chemotherapy, but it has anti-inflammatory
properties at lower doses(Ridker et al., 2019). Although methotrexate is effective in RA
patients by reducing inflammatory markers, mortality, and overall cardiovascular events
of atherosclerosis, recently published results of the CIRT show that the clinical trial did
not yield fewer cardiovascular events (Khan et al., 2015; Ridker et al., 2019).

The most promising broad-spectrum anti-inflammatory drug in clinical use currently
is colchicine. Colchicine inhibits the NLRP3 inflammasome (Slobodnick et al., 2018).
NLRP3 inflammasome has been studied extensively in CADs and the atherosclerosis
(Arbel et al., 2018; Martinez et al., 2018; Toldo & Abbate, 2018). Colchicine has been
previously used to treat inflammatory disorders such as pericarditis (Lorenzatti, 2021).
The mechanism underneath the colchicine affects the NLRP3 assembly inhibition (Gorp
et al., 2016; Martinon et al., 2006; Misawa et al., 2013). In the LoDoCo study,
colchicine has been shown to reduce the incidence of cardiovascular events (Nidorf et
al., 2013). A recently publicised COPS clinical trial report in 2020 dismissed the use of
colchicine as an addition to the classical therapy as it didn’t yield promising effects and
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lowering of CVD events but was strikingly associated with an elevated mortality rate
(Ma & Chen, 2021; D. C. Tong et al., 2020).

1.5 COP9 Signalosome!

1.5.1 Structure and Function

The CSN is a protein complex found in all species, with an isopeptidase and docking
platform functions, comprising 8 subunits designated as CSN1-CSN8 by decreasing
molecular weight from 57 to 22 kDa (Lingaraju et al., 2014; Milic et al., 2019).
Chamovitz and his team originally described the CSN multi-protein complex in
cauliflower. It has been described as a regulator of the plant photo-morphogenesis
development patterns necessary for its dark-grown growth phases. Hence it was
appropriately termed constitutive photomorphogenesis 9 (COP9) (Chamovitz et al.,
1996). The CSN was described initially in mammalians in pig spleen and human
erythrocytes (Seeger et al., 1998; Wei & Deng, 1998).

The CSN (Fig. 11A) is a 400 kDa molecular size complex. Its subunits CSN1, -2, -
3, -4, -7, and -8 have structurally a PCI (proteasome, COP9 signalosome, translation
initiation factor) domain, while CSN5 and -6 have an MPN (MPR1/Pad1-N-terminal)
domain (Fig. 11C) (Hofmann & Bucher, 1998; Wei et al., 2008). These structural
characteristics exist next to the CSN holo-complex in the 19S lid of the proteasome
complex and eukaryotic translational initiation factor 3 (Hofmann & Bucher, 1998).

CSN’s crystal structure was only published in 2014 at a resolution of 3.8 A, and it
shed light on its assembly. Whereas the CSN complex harbours two organisational
centres. Therefore, the PCI domain provides a scaffolding function and a fully
assembled catalytical centre. They are all organised as previously described in a
‘horseshoe shaped-open ring” formation in a ‘CSN7-CSN4-CSN2-CSN1-CSN3—
CSN8 manner’, associated by their PCI winged-helix (WH) subdomains to form WH
subdomain ‘composite B-sheet’ at the centre of the CSN complex (Fig. 11B). While
their C-terminal helices, formed a second organisational centre, a helical bundle, over
the PCI ring. While the CSN5 and CSN6 MPN domains form a pseudo-dimer and
interact before entering and interacting with the helical bundle of the rest of the
subunits, interestingly, in the assembly, CSN5 can enter an already organised and
formed seven-subunit complex. Interestingly, in mammals, the absence of CSN§ and
CSN3 was permissive for CSN5 to integrate into the complex, while the absence of the
rest of the four subunits didn’t permit it (Lingaraju et al., 2014). The CSN5 and CSN6
are in the centre of the PCI, forming six subunit-bundle. CSNS, as a carrier of an
1sopeptidase function of the complex, is a metalloprotease with a conserved JAB1 MPN
domain metalloenzyme (JAMM) motif and requires a zinc ion as an activator in its
catalytical centre for demethylase activity (Fig. 11D) (Cope et al., 2002; Peng et al.,
2001). All eight subunits are required for the complex to function in vitro (Sharon et al.,
2009). The loss of any subunit of the complex is lethal in the development of plants or
lethal at the embryonic stage in mice (Wei et al., 2008).

! Part of this introductory chapter has been published in my first author review article
Milic, J., Tian, Y., & Bernhagen, J. (2019). Role of the COP9 Signalosome (CSN) in
Cardiovascular Diseases. Biomolecules, 9(6), 217.
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Figure 11. COP9 signalosome structure. A Schematic representation of the CSN holo-complex. B, 2D
CSN structure representation. The WH subdomains forming the ‘PCI ring’ are shown as white rings.
Two-component organisational centres of the complex stand in the CSN5—CSN6 dimer, while the
remaining subunits surround them, forming the CSN holo-complex. C, Domain organisation of the CSN
subunits (detailed descriptions are found in the main text). D, Schematic representation of the CSN5
catalytical centre, JABI MPN domain metalloenzyme (JAMM) motif, where the CRL-NEDDS
isopeptide bond (yellow) is being cleaved on a zinc ion-dependent manner (Lingaraju et al., 2014).

The CSN has been shown to regulate different biological functions: embryonic
development, cell cycle progression, cell signalling transmitting, T-cell development,
autophagy and circadian rhythm (Kato & Yoneda-Kato, 2009). Its involvement in
inflammatory processes upon atherogenic and cancerogenic progression has also been
demonstrated (Asare et al., 2017; Deng et al., 2011).

The CSN has 3D- structural similarity to the 19S proteasome lid (Cope & Deshaies,
2003; L. Li & Deng, 2003; Lingaraju et al., 2014). The most recognised intracellular
function linked to the CSN it is its capacity to regulate protein stability by governing the
activity of CRLs, i.e.ubiquitin ligase, by deNEDDylation.

CRLs are a family of proteins that are an essential part of the UPS(ubiquitin-
proteasome system).The proteasome is accountable for 90% of all intracellular protein
degradation in eukaryotic cells (Powell, 2006). Although some of these proteins will
bind directly to the proteasome, some of the proteins need ubiquitination labelling and
will be only in such a manner directed to the proteasome. Ubiquitination (Fig. 13A)
involves three successive processes for successful proteasome targeting: ubiquitin-
activating enzyme-E1 mediated activation, ubiquitin-conjugating enzymes E2 mediated-
transfer, and ubiquitin-protein ligase family E3 mediated conjugation (Ciechanover &
Schwartz, 1998; Powell et al., 2012). Whereas humans possess two El- enzymes
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(UBAL and -6), 30 E2 enzymes, and over 600 different E3 ligases (Nguyen et al., 2017;
van Wijk & Timmers, 2010). The big diversity in E3 ligases, compared to the rest of the
ubiquitination cascade, is the result of their necessary selectivity towards the substrate,
which will be degraded. E3 ligases belong to one of the three families: HECT E3
ligases, RING and U box E3 ligases, or the RBR E3 ligases (Berndsen & Wolberger,
2014).

The RING family E3 ligases are the most dominant (Deshaies & Joazeiro, 2009).
Almost 20% of cell ubiquitination happens by employing RING-type CRLs (Petroski &
Deshaies, 2005; Soucy et al., 2009). Overall CRLs have a modular and exchangeable
structure (Fig. 12) consisting of four essential components: a cullin scaffold; a ‘RING
protein’ that harbours E2 enzyme; a ‘substrate receptor’ that enables specific
recognition of its substrates; ‘adaptor’ protein that stands amid the ‘substrate receptor’
and the cullin scaffold (Nguyen et al., 2017).
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Figure 12. The modular structure of the CRL E3 ligases. Dotted outlines show the substrate hosting
(blue) section and ubiquitin transfer (purple) modules of CRLs. Overall CRLs have a modular structure
consisting of a cullin scaffold, RING protein, substrate receptor, and adaptor proteins. U- ubiquitin.
(Taken from: Emanuele & Enrico, 2019).

In mammals, there are 7 known cullin proteins: Cull, -2, -3, -4A, -4B, -5, and -
7. RING proteins (Rbx1 or Rbx2) bind to the C-terminus of the cullins (Nguyen et al.,
2017). The cullin N-terminus scaffold docks the adaptors (Skpl, Elongin BC, BTB
proteins, DDB1). Each adaptor has the capacity to bind to a family of ‘substrate
receptors’ (Nguyen et al., 2017; Sarikas et al., 2011).

To serve the dynamic demands of the intracellular signalling environment and
homeostasis maintenance, CRLs are regulated by post-translational modification and
the exchange of the 4 CRL subunit modules (cullins, RING proteins, adaptors,
receptors) (Nguyen et al., 2017).

CRLs are only active with a covalent attachment of the Neural precursor
cell Expressed Developmentally Down-regulated protein 8§ (NEDDS). NEDDylation
(Fig. 13A) is enabled by employing three sequential enzymes similar to the
ubiquitination cascade, ‘E1 NEDDylation activating enzyme’ (NAE), a heterodimer of
NAEI1(APPBP1)/UBA3, an ‘E2 NEDDylation -conjugating enzyme’ (UBC12/UBE2M
and UBE2F), and one of the several E3 NEDDylation ligases (Hori et al., 1999). A
distinctive step between NEDDylation and ubiquitination is the NEDDS8 ligation step
(Fig, 13) as NEDDylation E3 ligase (Rbx1 or Rbx2) demands a co-E3 ligase termed
‘Defective in Cullin Neddylation 1’ (DCN1) (Kurz et al., 2005). CRLs require NEDDS
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conjugation occurring at the C-terminal -Lys, which enables their structural-
conformational change, which detaches the CRLs from its negative regulators (Duda et
al., 2008; Zheng et al., 2002; L. Zhou, Jiang, Luo, et al., 2019). Cull, -2, -3, -4A, and -5
of a CRL bind CANDI1, which is their negative regulator, and which acts as their
assembly inhibitor that blocks their N- and C-terminus, and thus enables assembly of
only functional CRLs promptly (Duda et al., 2008; Goldenberg et al., 2004; J. Liu et al.,
2002; Wolf et al., 2003; Zheng et al., 2002).

DeNEDDylation opposes the process of NEDDylation. It is carried out by
1sopeptidases termed deNEDDylases (Enchev et al., 2015). The CSN’s best-studied
function is its deNEDDylase activity.
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Figure 13. Comparable ubiquitination and neddylation cascades. A, Ubiquitination: Cascade is
enabled, and acts through E1, E2, and E3 enzymes, eventually giving rise to ubiquitin (Ub) ligation to a
target substrate that is about to undergo degradation via the proteasome. B, The Neddylation Cascade.
NEDDS ligation to a target substrate acts through El, E2, and E3 enzymes. DeNEDDylation is enabled
by COP9 signalosome, which cleaves NEDDS from its targets (CRLs), releasing NEDDS. Legends are
presented at the bottom of the figures (Created with BioRender.com).

Next to the CSN holo-complex are several other deNEDDylases (Kandala et al.,
2014; Watson et al., 2011). NEDP1 (DEN1/SENPS), next to the CSN holo-complex,
can recognise NEDDS-specific substrates; all the others are also catalysing
deNEDDylation deubiquitylation (Kandala et al., 2014; Rabut & Peter, 2008;
Xirodimas, 2008). The other deNEDDylases operate under homeostatic cellular
conditions and are considered the canonical pathway of the neddylation (Lobato-Gil et
al., 2021). Non-canonical neddylation pathways have been recently described in a
certain pathological setting. It has been shown that neddylation can occur on non-cullin
targets outside of the previously described cellular proteome and regulate different
cellular functions such as transcriptional factors, synaptic plasticity, and DNA damage
response. It is still under investigation (Lobato-Gil et al., 2021).

NEDDS shares 58% homology with ubiquitin. Hence it is referred to as a ubiquitin-
like modifier (UBL), and it covalently binds to a conserved lysine (Lys- 720 in
CULT1) at the C-terminal cullins (Lydeard et al., 2013).

The CSNS5 subunit is the subunit of the CSN that has a catalytic centre to perform
deNEDDylase activity, which only is possible as part of the CSN holo-complex
(Lingaraju et al.,, 2014). In that manner, the CSN holo-complex inhibits CRLs by
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removing the NEDDS8 from its axis. CSN also has low-affinity binding to
deNEDDylated CRLs, but on the other hand, favours NEDDylated CRLs. COP9 can
also bind the CRL assembly inhibitor CANDI, which is related to the exchange
between the active and inactive state of CRLs and their modular structure exchange
(Pierce et al., 2013; Zheng et al., 2002).

The targets affected by disturbing the NEDDIlation regulation process are previously
under the immune regulation of cancer, CVDs, as well neuroinflammation, and
metabolic disorders (Asare et al., 2017; H.-S. Park et al., 2016; Soucy et al., 2010; Vogl
et al., 2015; X. Zhang et al., 2020). NEDDylation was identified in regulating
atherosclerosis-relevant cells such as neutrophils, myeloid cells, VSMCs, ECs and T
cells, where it impacts their cell metabolism, survival, autophagy, cytokine production,
maturation, proliferation, mitochondrial turnover (J. Li et al., 2020; Lu & Yang, 2020;
Milic et al., 2019). Proteosome-mediated degradation in atherogenic inflammation
dependent on the neddylation/de-neddylation cycle of CRL regulation. One of the
renowned CRLsis the SCFFTRCP E3 ligase complex, which targets IxB-a, as well as
checkpoint control proteins such as Weel and Cdc25A. Nrf2 is another target and an
anti-inflammatory regulator recognised by the Keapl adaptor of CRLs (Cul3KEAPI),
inhibiting its gene expression and targeting it for the proteasome (Cullinan et al., 2004).
Moreover, p27KIP1, as cell proliferation and vascular remodelling factors in
atherosclerosis, is targeted to degradation via active SCFS%? E3 ligase (Breitenstein et
al., 2013; Suzuki et al.,, 2014). HIF-la, an important regulator and promoter of
atherosclerosis under hypoxic atherosclerosis conditions, is also UPS-degraded via the
Cul2VHL E3 ligase (Aarup et al., 2016). CSN also stands behind the degradation of the
inflammatory proteins such as p53, 14-3-3c, or c-Jun by regulating the stability of the
CRLs, as MDM2 and COPI1 (Bianchi et al., 2003; H. H. Choi et al., 2011; Milic et al.,
2019; X.-C. Zhang et al., 2008).

The CSN also can serve as a scaffold for several important, including casein kinase
IT (CK-2) or protein kinase D (PKD). Thus it participates in their kinetic activity and
control (Seeger et al., 2001; Uhle et al., 2003). Furthermore, COP9 binds directly to
inflammatory mediators such as MIF, p53, c-Jun, Smad4, and LFA(Bianchi et al., 2000;
Claret et al., 1996; Kleemann et al., 2000). Moreover, CSN can recruit USP15 and thus
regulate deubiquitinase (DUB) in the NF-xB signalling (Schweitzer et al., 2007).
Finally, as previously mentioned, an essential interacting partner of the Csn5 outside the
complex is AP-1 signalling, where Csn5 stabilises the AP-1 signalling axis (Claret et
al., 1996; Echalier et al., 2013). Thus, the CSN is deemed important in regulating
atherogenic inflammation by governing neddylation/de-neddylation of the CRLs and
consequently determines the proteosome-mediated degradation by controlling the
ubiquitination and deubiquitinating of target proteins by docking kinases and
controlling the stability of pro-inflammatory and anti-inflammatory signalling axis and
by regulating gene expression and stability of its interacting partners.

1.5.2 Function in atherosclerosis

1.5.2.1 CSNS5 in atherogenic inflammation

CSNS is the CSN subunit that carries catalytical activity and can act as a part of the
complex or as a transcriptional coactivator (Wei & Deng, 2003).

Besides, a reduction of NF-«xB activation, an increase in the phosphorylation of its
inhibitor IkBo, and consequently a reduction in the inflammatory response has been
observed in ECs upon loss of the CSN5 unit of COP9 signalosome (Asare et al., 2013b;
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F.-M. Chang et al., 2012; Ehrentraut et al., 2013; Swords et al., 2015). This suggests
that CSN5 negatively governs NF-kB-regulated gene expression and monocyte capture
on ECs in vitro. Still, more importantly, its loss in a myeloid-specific manner
exacerbates atheroprotection in vivo (Asare et al., 2017).

CSNS is abundantly found in the EC lining of human CEAs plaque, and with the
atheroprogression in vivo, CSN5 levels were found to be elevated in the intima (Asare
et al., 2013b). Csn5 in vitro siRNA silencing in human endothelial cells causes
destabilisation of the CSN holo-complex, impaired CRL deNEDDylation, IxBa
degradation, enhanced NF-kB activity, thus untimely increased adhesion molecules
gene expression and consequently more pronounced monocyte arrest in vitro (Asare et
al., 2013b).

Moreover, CSN5 also is significant in regulating the endothelial barrier and its
integrity by regulating actin dynamics via RhoGTPases. Namely, loss of E3 CRL
functions results in F-actin stress fibres in the endothelial lining and RhoB-dependent
loss of endothelial barrier function. Thus, pharmacological CSNS5 inhibition in vitro has
shown a loss of endothelial barrier function in human endothelial cells (Majolée et al.,
2019).

Nitric oxide and endothelin released from ECs are prominent regulators of the
vascular function (Masaki & Sawamura, 2006). During atherosclerosis development,
endothelial dysfunction enhances the synthesis and circulatory levels of, ET-1which, in
turn, acts in a paracrine manner, inducing vasoconstriction by signalling on the smooth
muscle cells. CSNS5 overexpression in HEK293 cells stimulates the ubiquitin-mediated
degradation of ET(A)R after the protein synthesis (Nishimoto et al., 2010). These
receptors were found abundantly on medial vascular smooth muscle cells, which is how
ET-1 exerts its vasoconstrictive function (Rich & McLaughlin, 2003). As ET-1
aggravates atherosclerosis, the inability to exert its effects might be athero-protective
upon CSNS5 overexpression. Therefore, in vitro studies have shown CSNS5
overexpression to be beneficial and its loss to compromise endothelial integrity and
activation.

More is known and studied about the role of the CSN’s subunit CSN5 in vivo in
myeloid cells upon atherosclerosis progression. As the macrophages are leading the
atherosclerosis progression, loss of CSN5 was studied on their cellular inflammatory
signalling. It has been reported that myeloid specific-CSNS5 loss lowers the levels of
IxBa and instigates p65 transcription, lowering the HIF-1a transcription in murine
myeloid cells in vivo. While on the other hand, ‘CSNS5 hyperactivity’ abolishes cytokine
and chemokine expression (Asare et al., 2017). Thus proposing that CSN5 is an
important regulator of the inflammatory response in myeloid cells and essentially
controls the atherosclerosis progression in vivo.
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Figure 14. COP9 regulates NF-kB signalling. A Receptor on the surface is responsive to different stress
signals and acts by positive regulation of the IKK complex activity. That is followed by the proteasomal
degradation IkBa and positive regulation of NF-kB. B, Similarly, upon COP9 signalosome, exerted
deNEDDylase upon E3-CRL activity, thus destabilising E3-CRL SCFB—""*, inducing their disassembly
attenuates proteasome-mediated IkBa degradation, thus ablation of NF-kB signalling. Abbreviations:
IKK-, kinase complex; p50/p65- NF-kB heterodimer; E3- cullin-RING E3 ligase; E2- ubiquitin-
conjugating enzyme; IkBa-inhibitor of NF-kB; Ub-Ubiquitin; N-NEDDS; (Created with BioRender.com)

Schwarz and his team further corroborated this. They studied the role of the CSN in
macrophage-to-foam cell development and its effects on the NF-kB and MAPK
signalling axis in macrophages upon oxLDL stimulation. Interestingly, it has been
shown that under the oxLDL stimulation, expression of the CSN5 in macrophages/foam
cells is altered upon p38 MAPK signalling employment, which for the first time
emphasised in myeloid-derived CSNS5's role in atherogenic stimulation. Conversely,
previous studies for the first time showed that CSNS5 silencing affects myeloid cells and
depletes secreted levels of IL-6 and TNFa (Schwarz et al., 2017). This study also
outlined the abundance of the CSNS5 positive cells in a shoulder region of the
atherosclerotic plaques of the hypercholesterolemic ApoE~~ mice, which might indicate
its involvement in plaque stability as well (Schwarz et al., 2017).

As previously described, foam cell formation is mediated by scavenger receptors
and several influx/efflux pumps. The macrophage cellular free cholesterol removal is
enabled via HDL-mediated export, which requires the activity of ATP-binding cassette
protein A1 (ABCAL1) (Hsieh et al., 2014). Murine ABCA1 is degraded via proteasome
(Nagelin et al., 2009; Ogura et al., 2011). The study by Azuma and co-workers has
shown that CSN controls the ubiquitination and deubiquitylation of ABCA1. Both
CSN2 and -5 subunits of the CSN were shown to be the players in poly-ubiquitinating
ABCAL1, and their over-expression has decreased ABCA1 degradation in murine foam
cells (Azuma et al., 2009). Interestingly, another study corroborated this and found that
another subunit of the CSN complex, Csn3, stabilises macrophage and smooth-muscle
cells ABCA1 expression, rescues cholesterol discharge and reduces foam cell
generation in atheroma. The overall novel study suggests that COP9 holo-complex
might be a relevant player rather than individual subunits of the CSN complex (Boro et
al., 2021).

CSNS5 subunit and the CSN, as previously mentioned, are the signalling platform of
the regulators of the cell cycle mediators, proliferation factor, protein kinases, and
deubiquitinates (DUBs) (Dubiel et al., 2020). The most important DUBs that interact
with the COP9 signalosome are the ubiquitin-specific proteases USP48 and USPI5.
USP15 deubiquitylates IkBa, enhances its stability, and essentially contributes to the
resolution of the NF-kB signalling (Schweitzer et al., 2007). In contrast, USP48
deubiquitinase has been shown to stabilise NF-kB transcriptional factor RelA nuclear
pool (Ghanem et al., 2019).

Yet another important DUB has been found to interact with the CSN in macrophages
named USP36 (ubiquitin-specific protease 36). USP36 has been shown to promote the
macrophage antioxidative pathway by prompting CSN and SOD2 (superoxide
dismutase 2) interaction (Pariano et al., 2021). The anakinra application Field promotes
COP9/USP36/SOD2 interaction (Banda et al.,, 2005). Anakinra targets the
inflammasome NLRP3 activity (Banda et al., 2005; Pariano et al., 2021). The
inflammasome mediates cytokine production and contributes to the vascular
inflammation driving atherosclerosis development and progression (Grebe et al., 2018).
As anakinra promotes sustained COP9/USP36/SOD2 activity, thus inhibiting cytokine
signalling and the inflammasome activity, it also exerts an overall strong anti-
inflammatory response by inhibiting the p38 MAPK signal transduction pathway in
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macrophages (Banda et al., 2005). Thus, the CSN could still promote the anti-
inflammatory effects even by inverting the classical promotion of ubiquitination.

1.5.2.2 CSN8 in atherogenic inflammation

The CSNS8 subunit, by being 21kDa in size, is the smallest subunit of the CSN
complexes (C. Liu et al., 2013; J. Wang et al., 2010; Wee et al., 2002).

It was reported that loss of CSN8 in vivo impaired CSN complex assembly. CSNS,
as an essential component of the CSN holo-complex, is deemed important for the fully
functioning complex. For instance, it has been shown that germline loss of the CSN8
causes early murine embryonic lethality (C. Liu et al., 2013; Menon et al., 2007). Also,
Csn8 conditional deletion throughout T-cell development has revealed its involvement
in T-cell activation. It is crucial for quiescent T-cells response to the immune
stimulation (Menon et al., 2007). In contrast, conditional deletion of CSN8 in the liver
causes cell death and impedes liver regeneration (Lei et al., 2011). Additionally, a prior
study testified that depletion of CSN8 is linked to UPS-mediated proteolysis in
cardiomyocytes and severe defects in the autophagosome maturation (H. Su, Li, Menon,
et al.,, 2011; H. Su, Li, Ranek, et al., 2011). Recent studies reinstated the myocardial
transcriptome of CSN8-conditional knock-out mice and have outlined CSN8 importance
as a transcription regulator of multiple cellular networks was revealed in oxidative
stress, cytoskeleton dynamics, and intracellular vesicle maturation. Curiously, also it
was outlined that CSN8 deficiency impairs histone gene expression. Hence, CSNS8
might govern transcription via the chromatin remodelling (Abdullah et al., 2017).

Thus, although not previously explored in atherosclerosis, it could be hypothesised
that CSNS is essential in maintaining the structural integrity of the COP9 complex and
the regulatory network behind the inflammatory process of atherosclerosis.

1.5.2.3 Potential therapies based on the CSN

Dysfunction of the UPS has been shown to alter atherosclerosis development, as
proteasome activity is increased in early atherosclerotic plaques and unstable
atherosclerotic lesions (Herrmann et al., 2002; Marfella et al., 2006). UPS dysfunction
is specific to certain atherosclerosis stages (Wilck et al., 2017). As the proteasome
regulates the degradation of 90% of all the cellular proteins, especially encompassing
the signalling cascades underlying inflammatory pathways and regulators of oxidative
stress, it has been investigated as a valid therapeutic target by employing its inhibitor
bortezomib (Wilck et al., 2017).

Proteasome inhibitors have been investigated for their anti-inflammatory therapeutic
potential. Their probing in vitro demonstrated application they impede NF-xB and their
target genes (Ludwig et al., 2009). However, the in vivo application of bortezomib has
revealed controversial effects in atherogenesis. Namely, inhibitor positively hinders an
early lesion formation (Wilck et al., 2012). On the other hand, in explanted murine
atherosclerotic plaques, the application of proteasome inhibitors bortezomib lowers
SMC and macrophage content. /n vivo application of the bortezomib promotes features
of destabilising plaque phenotype in advanced plaques of ApoE~~ mice (Van Herck et
al., 2010). Therefore, the therapeutic potential of UPS modulation in atherosclerosis
treatment is still unclear. At the same time, it enables furthering the understanding of
ubiquitin-proteasome axis-associated targets as a therapeutic option in the early lesion
formation treatment. In comparison, most studies concluded that inhibition of
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proteasome activity suppresses bulk intracellular protein turnover and can lead to
adverse effects.

Among the ubiquitination-related players, the CSN, a critical UPS regulator and
UBL post-translational modification regulator of neddylation/deneddylation, has
emerged as a valid therapeutic target for probing atherosclerosis.

Currently, the therapeutic potential of targeting the CSN is mostly based on cancer
trials, its underlying inflammatory pathways, and cardiovascular and neuronal diseases
(Milic et al., 2019). This is due to its governing role in the cell cycle, apoptosis, UPS
axis regulation, and complex interactome relationships that partly underly inflammatory
responses.

One of the therapeutic approaches of modulating the UPS axis relates to modulating
the neddylation cascade and leads to reductions in the degree of ubiquitination of certain
substrates by impairing the neddylation of the responsible E3 ubiquitin ligase. In fact,
the small molecule pharmacological inhibitor MLN4924 (Pevonedistat or 1S,2S,4R)-4-
(4-(((S)-2,3-dihydro-1H-indent-1-yl)amino)-7H-pyrrolo  [2,3-d]  pyrimidine-7-yl)-2
hydroxy cyclopentyl) methyl sulfamate) has been described in 2009 and has been
shown to effectively ablate cullin NEDDylation by inhibiting NAE (Soucy et al., 2009).
MLN4924 has been employed in cancer (non-haematological malignancies, acute
myeloid leukaemia, and myelodysplastic syndromes) and, more recently, murine
atherogenic inflammation (Asare et al., 2017; Sarantopoulos et al., 2016; Soucy et al.,
2009; Swords et al., 2015). MLN4924 is structurally analogue to adenosine 5'-
monophosphate and competitively binds the NAE enzyme's ATP sites. Thus,
downstream degradation of CRL-mediated ubiquitination is impaired by the inhibition
of NAEs(Soucy et al., 2009).
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Figure 15. Neddylation inhibitors activity. Free NEDD8(N) conjugation occurs on an ATP-dependent
to an NAE(E1). MLN4924, as an analogue of ATP, competitively binds the ATP-binding site in the E1
enzyme and enables ablation of neddylation. DCNI1 inhibitors exert activity on a NEDDS-E3 ligase
complex, which blocks N-terminal acetylation of the E2-conjugating enzyme for NEDDS) with the
DCNI1, thus blocking the Neddylation downstream cycle (Created with BioRender.com).
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MLN4924 also has been explored in modulating the inflammatory response in
atherogenesis-relevant cells and atherosclerosis in vivo. My laboratory has been
instrumental in important parts of this preliminary work, an important basis for this PhD
thesis.

MLN4924 treatment has been evaluated in atherosclerosis in ApoE~~ mouse model,
and it has been shown that it leads to a decrease of mouse lesion size in the overall aorta
and inhibits the growth of early lesions of the aortic root but not in advanced lesions
(Asare et al., 2017). Moreover, a recent study has shown that MLLN4924 application can
potentially target endothelial dysfunction and atherosclerosis, as in vivo MLN4924
administration inhibits human neointimal hyperplasia while it increases VSMC intimal
apoptosis (Ai et al., 2018). Another study scrutinised the signalling cascade involved in
the MLN4924 treated TNFo-—activated endothelial cells, as it destabilises the NF-xB
signalling triggering upon the atherogenic stimulation in vitro (Asare et al., 2013b). As
a result, NF-xB regulated genes are downregulated due to reduced NF-«kB activation
(Asare et al., 2013b, 2017). Therefore, MLN4924 reduced adhesion molecule
expression levels and monocyte arrest in the endothelium (Asare et al., 2013b). The
protective activity of MLN4924 in HAoOECs is also confirmed by its effects on
improved endothelial barrier integrity and NEDDylation-dependent endothelial
dysfunction regulation (Nomura et al., 2021; Pandey et al., 2015). Conversely, one other
study reveals controversial study shows that impairment of CRLs, Cullin-3—Rbx1-—
KCTD10 E3 ligase, by employing small molecule inhibitor MLN4924, impairs
endothelial barrier function by inhibiting Rho GTPases ubiquitination (RhoB) and its
degradation. Thus showing two sides of the neddylation impairment in the endothelial
activation (Kovacevi¢ et al., 2018).

MLN4924 effects were also probed in another atherogenic relevant driver cells-
neutrophils. It was corroborated that NF-kB axis is being ablated upon neddylation
inhibition of the SCFPTRCPE3  ligase activation. Consequently, IkBa/p-IkBa
accumulation ablates the underlining atherogenic inflammation (Jin et al., 2018; Y.
Wang et al., 2015). Hence, this study revealed the essential role of neddylation in
neutrophil recruitment to the lesion site (Asare et al., 2017; Z. Zhu et al., 2017).

Mononuclear-phagocytic cells such as monocyte and macrophages were heavily
investigated under the effects of the MLLN4924 treatments and have revealed intriguing
effects of employing this small molecule inhibitor in their immunoregulation, as
neddylation has been observed as a critical mechanism in their proliferation recruitment
as well polarisation regulation (Jiang et al., 2021). Asare and colleagues show that
MLN4924 ablates atherogenic stimulated bone marrow-derived macrophage synthesis
of pro-inflammatory cytokine (Asare et al., 2017; Jiang et al., 2021). Moreover,
MLN4924-stimulated RAW264.2 cells have shown that next to the NF-«B driven gene
expression ablation, there is broad down-regulation of the gene expression affecting
classical inflammatory cytokines (IL-6, TNF-o, IFN-y, IL-1B, and CRP), chemokines
(CCL-1,-2, -3, 4, -5, -7, -8, -12, -17, -19, -20, -22) and C-X-C type of chemokines
(CXCL1, CXCLS5, CXCL 10, CXCLI11) and the related receptors (CCR1, CCR3,
CCR7, CXCR4) (Jiang et al., 2021).

Moreover, MLLN4924 treatment by diminishing the levels of IL-1B led to the
ablation of an important atherogenic driver- inflammasome (Segovia et al., 2015). The
chemokines such as CCL2 are downregulated in the MLN4924 stimulated bone-
marrow-derived macrophages, consequently monocyte recruitment into the
atherosclerotic lesions was reported (Asare et al., 2017; L. Zhou, Jiang, Liu, et al.,
2019). Although the cancer studies do suggest that MLLN4924 treated macrophages have
lower anti-apoptotic protein Bcl-2 expression, thus challenging the cell proliferation,
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this was not shown to be the fact for the atherogenic stimulated MLN4924 pretreated
BMDMs proliferation (Asare et al.,, 2017; S. C. Chang & Ding, 2014). Interestingly
MLN4924 can decrease MAPK signalling in pro-inflammatory stimulated
macrophages, as ERK1/2 and p38 phosphorylation partially are shown to be
downregulated in the macrophages (Asare et al., 2017; X. Zhou et al., 2010).
Interestingly, MLN4924 treatment drives BMDM macrophage skewing towards the
anti-inflammatory M2 phenotype by elevating arginase-1 and IL-13 gene expression
while on the other hand, pro-inflammatory "M1” type of markers, e.g. IL-6, and -12 are
decreasing under the neddylation ablation, urging thereby resolving inflammation in
atherosclerotic plaques (Asare et al., 2017). Moreover, next to M2-like-gene expression
being elevated, overall cell population counts have been skewed under the MLLN4924
treatment by CD11b"/F4/807/CD206" expression of typical "M2” anti-inflammatory
markers in BMDMs being stimulated (Jiang et al., 2021). Thus collectively, neddylation
ablation by employing small molecule inhibitor MLN4924 mimics “CSN5
overexpression” by inversing effects observed upon Csn5 depletion, and it regulating
macrophage polarisation, survival, and the inflammatory responses generated under the
atherogenic inflammation.

Next to innate immunity, adaptive immunity is affected by neddylation inhibition.
For example, NF-kB axis ablation by phospho-IkBa accumulation, decreased p65/p52
nuclear translocation, and pro-apoptotic effects ablation upon MLN4924 treatment of
the B-cells (Godbersen et al., 2014). As part of adaptive immunity, T cells are crucial
players in atherogenesis. Naive T cells- named Th cells, are present in lesions, and they
are athero-promoting (Th manner) or athero-protective (Treg) depending on the antigen-
presenting cells (APCs) (Koltsova et al., 2012). Most T-cells in atherosclerotic lesions
are Tul cells (Fernandez et al., 2019). Hence colloquially, T helper 1 (Tul) cells have
atherosclerosis-promoting, and regulatory T (T.,) cells have anti-atherogenic
roles. MLN4924 treated T-cells shift toward the Thl cytotoxic type of T-cells in cancer
patients, and neddylation ablation tends to downregulate Treg cell type (Best et al.,
2021). This remains to be elucidated in atherogenic inflammation, and it is unclear, not
reported so far if it holds in atherosclerotic plaque lesions.

Finally, a significant therapeutic potential of MLN4924 lies in its potential to elicit
HIF-1o (Asare et al., 2017). In steady-state conditions, HIF-la is hydroxylated.
Hydroxylated HIF-1a regularly interacts with the CRLs’ VHL protein to be targeted for
the proteasomal degradation (Lu & Yang, 2020). HIF-1a is strongly associated with the
pro-inflammatory response in inflammatory cells, angiogenesis, ECs, macrophages, and
VCMC:s proliferation (X. Li et al., 2020; Tabata et al., 2019). Conversely, HIF-1a has a
dual role and can mediate adaptive responses under compromised oxygen conditions
and was described as providing the myocardial ischemia/reperfusion injury protection
(X. Lietal., 2020; Loor & Schumacker, 2008; Veith et al., 2016).

Although well over ten years of research have yielded significant beneficial data and
extensive knowledge on the role of NEDDylation in different cell models and murine
and human inflammatory signalling regulation, complete neddylation inhibition may
have significant side effects. This has triggered the search for druggable targets
downstream of the NEDDS8 E2 conjugates and/or E3 ligases to target more specific
NEDDS&-ablation effects and reduce adverse signalling effects. Moreover, MLLN4924
has been described to already at nanomolar concentrations, lead to activation of MAPK
and stimulate stem cell proliferation, self-renewal, and differentiation in both tumours
and normal stem cell models. On the other hand, MLLN4924 activates and promotes
mitochondrial oxidative phosphorylation (OXPHOS) as a non-specific targets (Q. Yu et
al., 2020).
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The success of MLLN4924 therapy led to the development of novel small molecule
inhibitors that target the DCN1 protein of the NEDDylation axis (Fig.15) (Hammill et
al., 2018).

DCN1 inhibitors target multi-protein E3 ligase complexes. It does so by inhibiting
the N-terminal acetylation of the E2-conjugating enzyme with DCN1 (the E3-co ligase)
and, consequently, blocking NEDDS from being ligated to the cullin proteins (Hammill
et al., 2018; Scott et al., 2017).

DCNI inhibiting compound has been so far probed in murine cancer but has not yet
been used in combating inflammation or atherogenic processes (Hammill et al., 2018).

The CSN and its subunits have a complex role in inflammation regulation.
Therefore, a therapeutic compound, CSN5i-3, has been recently developed, which
specifically targets CSNS5, and inhibits deNEDDylation activity over the CRLs, hence
keeping them NEDDylated and consequently active- CRL (Schlierf et al., 2016). This
small molecule inhibitor exerts sustained neddylation of Cullin RING-ligases and thus
excessive activations of the NF-kB pathway. In ECs, it has been shown to elevate the
expression of RhoGTPases via Rho/ROCK-dependent activation, cause disruption of
the endothelial barrier, and increase the macromolecule leakage (Majolée et al., 2019).

Several other small molecule inhibitors of neddylation were generated over well
over 10 years. Still, none yielded solid evidence in atherosclerosis studies or clinical
trials in cardiovascular patients.

In recent years anti-inflammatory therapies have set the ground for further
exploration of the inflammatory pathways modulation and confirmed the anti-
inflammatory theory underlining cardiovascular disease.
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2. Material and Methods

2.1 Materials

2.1.1 Chemical and reagents

Chemicals

Manufacturer

10% formalin

30% acrylamide/ bis solution 29:1
Acetone

Acrylamide (30%)

Ammonium persulfate (APS)
Albumin bovine serum (BSA)
DAPI

DMSO

DTT

EDTA

Eosin Y

Ethanol

Fetal calf serum (FCS)

Glycine

GoTaq® qPCR Master Mix
Hanks Buffered Saline Solution (HBSS)
Heparin

Hydrochloric acid (HCI)
Isopropanol

Mayer hematoxylin solution
Methanol

Miglyol

NaHPOq4

Novex Tris-glycin-SDS running buffer
Novex zymogram developing buffer
Novex Zymogram renaturing buffer
NuPAGE LDS sample buffer (4x)
Oil-red-O solution
Penicillin-streptomycin

PFA

Phosphate-buffered saline (PBS)
PhosStop

Pico-sirius red solution
Potassium chloride (KCI)
Potassium dihydrogen phosphate
Propylene glycol

RBC lysis buffer

Recombinant human M-CSF
RNAIMAX transfection reagent
SimplyBlue safestain

Sodium chloride (NaCl)

Sodium dodecylsulfate (SDS)
Sodium hydroxide (NaOH)

Sigma Aldrich (St. Louis, USA)
Biorad (Hercules, USA)

Merck (Darmstadt, Germany )
Biorad, (Hercules, USA)

Sigma Aldrich (St. Louis, USA
Carl Roth (Karlsruhe, Germany)
Sigma Aldrich (St. Louis, USA)
Carl Roth (Karlsruhe, Germany)
Sigma Aldrich (St. Louis, USA)
AppliChem Panreac (Chicago, USA)
Sigma Aldrich (St. Louis, USA)
Carl Roth (Karlsruhe, Germany)
Invitrogen (Waltham, USA)
Fluka Chemie (Buchs,Switzerland )
Promega (Madison, USA)
Sigma Aldrich (St. Louis, USA)
Ratiopharm (Ulm, Germany)
Fluka Chemie (Buchs, Switzerland)
KMF Laborchemie (Lohmar, Germany)
Sigma Aldrich (St. Louis, USA)
Carl Roth (Karlsruhe, Germany)
Caelo (Hilden, Germany)

Sigma Aldrich (St. Louis, USA)
Invitrogen (Waltham, USA)
Invitrogen (Waltham, USA)
Invitrogen (Waltham, USA)
Novex (Hochdorf, Switzerland)
Sigma Aldrich (St. Louis, USA)
Gibco (Carlsbad, USA)
Morphisto (Hessen, Germany)
Invitrogen (Waltham, USA)
Roche (Basel, Switzerland)
Sigma Aldrich (St. Louis, USA)
Sigma Aldrich (St. Louis, USA)
Sigma Aldrich (St. Louis, USA)
Sigma Aldrich (St. Louis, USA)
BioLegend (San Diego, USA)
PreproTech (Rocky Hill, USA)
Invitrogen (Waltham, USA)
Invitrogen (Waltham, USA)
Sigma Aldrich (St. Louis, USA)
Sigma Aldrich (St. Louis, USA
Sigma Aldrich (St. Louis, USA)
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SuperSignal west pico substrate Thermo Fischer (Waltham, USA)

Tissue-Tek O.C.T
TMB substrate

Sakura Finetek (Tokyo, Japan)
Thermo Fisher (Watham, MA, USA)

TNFa (human) PeproTech (Rocky Hill, USA)
TNFa (murine) PeproTech (Rocky Hill, USA)

Tris Carl Roth (Karlsruhe, Germany)
Tris-HCl Carl Roth (Karlsruhe, Germany)
Triton X-100 Fluka Chemie (Buchs, Switzerland)
Trypan blue Biorad (Hercules, USA)

Tween 20 Fluka Chemie (Buchs, Switzerland)
Weigert’s hematoxylin solution Sigma Aldrich (St. Louis, USA)
2.1.3. Enzymes and buffers for the enzymes

Description Manufacturer

Green GoTaq Flexi buffer Promega (Madison, USA)

GoTaq polymerase Promega (Madison, USA)

Revert Aid RT (200 U/uL) Thermo Scientific (Waltham, USA)

5X reaction buffer

250 mM Tris-HCI (pH 8.3),
250 mM KCl1

20 mM MgCI2

50 mM DTT

Thermo Scientific (Waltham, USA)
Invitrogen (Waltham, USA)

Sigma Aldrich (St. Louis, USA)
Invitrogen (Waltham, USA)

Sigma Aldrich (St. Louis, USA)

2.1.2 Primer pairs for qPCR

2.1.2.1 Mouse primers

Primers used

Sequence 5°—>3’

Mouse Timpl
Mouse Timp2
Mouse Mmp?2
Mouse Mmp9
Mouse c-Jun
Mous c-Fos
Mouse JunB
Mouse Csn5
Mouse Csn8
Mouse Csnl

Mouse Csn2

Left Primer gcaaagagctttctcaaagacc
Right Primer agggatagataaacagggaaacact
Left Primer cccagaaatcaacgaga
Right Primer tgggacttgtgggcata

Left Primer gcctcatacacagcgtcaatctt
Right Primer cggtttattiggcggacagt
Left Primer cgtgtctggagattcgacttga
Right Primer tggaagatgtcgtgtgagttcc
Left Primer tgggcacatcaccactacac
Right Primer tctggctatgcagttcagcc
Left Primer cgaagggaacggaataag
Right Primer ctctgggaagccaaggtc
Left Primer cctgcgcccagtccttce
Right Primer caatatgaattcagtctctttgc
Left Primer tcacctccggtctcaagtg
Right Primer ccaatgctgagattttgcag
Left Primer gccagtgtacggtcagcttc
Right Primer ttccacagatatcttgcattattcat
Left Primer caggagctgcaacgaaatg
Right Primer agatgatgtctctgacctgtgg
Left Primer ttgctggtgcagtgcatact
Right Primer acccctcttctgatgatcca
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Mouse Csn3
Mouse Csn4
Mouse Csn6
Mouse Csn7
Mouse Tnfa
Mouse Ccl2
Mouse II-6
Mouse Rplp0

Mouse Actin

2.1.2.2 Human primers

Primers used

Left Primer catgcttcataacatcgacca
Right Primer tcctggtccatagecttcag
Left Primer aaatgcagcccaagtgttg
Right Primer gcaatcttcaggtaagtctccag
Left Primer cagcactgacaagttcaagacag
Right Primer caaactggttcattgtgttge
Left Primer aagcagcagatcgaaagtgag
Right Primer ctgtcaggtgttgctcagga
Left Primer catcttctcaaaattcgagtgaca
Right Primer tgggagtagacaaggtacaac
Left Primer catccacgtgttggctca

Right Primer gatcatcttgctggtgaatgagt
Left Primer atggatgctaccaaactg gat
Right Primer tgaaggactctggctttgtct
Left actggtctaggacccgagaag

Right ctcccaccttgtctccagtc

Left Ggagggggtigaggigtt

Right gtgtgcacttttattggtctcaa

Sequences 5°—>3’

Human TIMP]

Human C-JUN

Human C-FOS

Human JUNB

Human MMP2

Human MMP9

Human CSN5

Human CSNS§

Human TNFa

Human CCL2

Human RPLPO

Human ACTIN

Left Primer ctgttgtigctgtggctgat

Right Primer aacttggccctgatgacg

Left Primer ggaaacgaccttctatgacgatgccctcaa
Right Primer gaacccctcctgctcatctgtcacgtictt
Left Primer ggaggagggagctgactgata
Right Primer ggcaatctcggtctgcaa

Left Primer gtcaccgaggagcaggagg
Right Primer tcttgtgcagatcgtccagg
Left Primer gcagatgcctggaatgccat
Right Primer agggttctgtgagccacaga
Left Primer ttcaaggctgggaagtactg
Right Primer tccggagggccccggtcacct
Left Primer cgaagccctggactaaggat
Right Primer tggcatgcatcaccatct

Left Primer ccagccaattatggaagcac
Right Primer gcgatgattgaagtatacgcttg
Left Primer agcccatgttgtagcaaacc
Right Primer tctcagctccacgccatt

Left Primer agtctctgccgececttct

Right Primer gtgactggggcattgattg
Left Primer tggcaccattgaaatcctgag
Right Primer gaccagcccaaaggagaag
Left Primer agagctacgagctgcctgac
Right Primer cgtggatgccacaggact

All primers above were manufactured by Euorfins, Germany.
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2.1.3 Antibodies
2.1.3.1 Primary Antibodies
Description Species Manufacturer and Use
catalog #
Anti-B-actin mouse  Santa Cruz (sc-47778) WB
1:1000
Anti-o-tubulin rabbit  Invitrogen (T5168) WB
1:100
Anti-CSNS5 mouse  Santa Cruz WB
Biotechnolog 1:1000
(sc-13157) IHC
1:100
Anti-Jabl mouse  Gentex (GTX70207) IHC
1:100
Anti-CSNS rabbit  Enzo (BML-PW8290) WB
1:1000
IHC
1:100
Anti-CSNS rabbit  Abcam (EPR5139) WB
1:1000
[HC
1:100
Anti-TIMP-1 mouse  Thermo Fisher (MAS- WB
13688) 1:100
IHC 1:50
Anti- c-Jun (60AS8) rabbit  Cell Signaling (9165) WB
1:1000
Anti-Phospho-c-Jun (Ser63) rabbit  Cell Signaling (9261) WB
1:1000
Anti-JunB rabbit  Cell Signaling (3753) WB
1:1000
Anti-c-Fos rabbit  Cell Signaling (2250) WB
1:1000
Anti-ERK1/2 rabbit  Cell Signaling (9120) WB
1:1000
Anti-p-ERK1/2 (Thr202/Tyr204) rabbit  Cell Signaling (9101S) WB
1:1000
Anti-p38 rabbit  Cell Signaling (9212) WB
1:1000
Anti-p-p38 rabbit  Cell Signaling (9211) WB
(Thr180/Tyr182) 1:1000
Anti-Cd68 rabbit  Sigma Aldrich IHC
(HPA048982) 1:200
Anti-Mac?2 rat Cedarlane (CL8942AP) IHC
1:200
Anti-SMC akin-Cy3 mouse  Sigma Aldrich (C6198) IHC
1:200
Anti-CD31 rabbit  Thermo Scientific [HC
(PAS-32321) 1:200
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CD3, anti-mouse, FITC, REAfinity, Milteny Biotec (130- FACS
clone REA641 119-798) 1:100
APC/Cyanine7 anti-mouse CD19 BioLegend (115530) FACS
Antibody, Clone 6D5 1:100
APC anti-mouse Ly-6C, Clone HK 1.4 BioLegend (128016) FACS
1:100
PE/Cyanin7 anti-mouse/human Cd11b, BioLegend (101216) FACS
Clone M1/70 1:100
PerCP anti-mouse Ly-6G, Clonel A8 BioLegend (127654) FACS
1:100
PE anti-mouse CD11c, Clone N418, BioLegend (17308) FACS
1:100
V450 Rat Anti-Mouse CD45 BD Biosciences FACS
(560501) 1:100
Detailed antibodies application is described in the methods section.
2.1.3.2 Secondary Antibodies
Description Host Manufacturer and Use
catalog #
Anti-Mouse IgG -HRP Goat Abcam WB
(ab97023) 1:5000
Anti-Rabbit IgG -HRP goat Abcam WB
(ab6721) 1:5000
Anti-Rat IgG- Alexa Fluor 488 goat Thermo Fisher IHC
(A-11006) 1:500
Anti-Rat IgG- Alexa Fluor 647 goat Thermo Fisher IHC
(A-21247) 1:500
Anti-Mouse IgG -Alexa Fluor 647 goat Thermo Fisher IHC
(A-21235) 1:500
Anti-Mouse IgG-Alexa Fluor 488 goat Thermo Fisher IHC
(A-11001) 1:500
Anti-Rabbit IgG -Alexa Fluor 555 goat Thermo Fisher IHC
(A27039) 1:500
anti-Mouse IgG -IRDye® 800CW donkey Licor WB
(926-32212) 1:5000
anti-Rabbit-IgG IRDye® 800CW donkey Licor WB
(926-32213) 1:5000
anti-Mouse IgG-IRDye® 680RD donkey Licor WB
(926-68072) 1:5000
anti-Rabbit IgG-IRDye® 680RD donkey Licor WB
(926-68073) 1:5000

Detailed antibodies application is described in the methods section.
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2.1.4 Media, buffers, and solutions

2.1.4.1 Cell culture media

Cell culture media Formulation Used for Manufacturer and
culturing  catalog #
EGM-2 Endothelial EBM-2 basal medium  MAEC
Cell Growth Medium- (Lonza, CC-3156) HUVEC Lonza (CC-3162)
2 Bullet Kit Single Quotes HAO0EC
Supplements (Lonza,
CC-4176)

Dulbecco’s Modified
Eagle Medium

nutrient mixture F-12
(DMEM/ F12)

Gibco Roswell Park
Memorial Institute
(RPMI 1640)

Opti-MEM I Reduced
Serum Medium

DMEM-F12, Glutamax NIH/3T3
(Gibco, 31331093) MEFs
10% fetal bovine

serum (FBS) (Gibco,

26140079)

1% Penicillin-

streptomycin (10.000

U/ml) (Gibco,15140-

163)

RPMI 1640 (Gibco, PBMCs
21875034,) BMDMs
10% Fetal bovine

serum (FBS) (Gibco,

26140079)

1% Penicillin-

streptomycin (10.000

U/ml) (Gibco,15140-

163

Opti-MEM I reduced MAEC
serum medium (Gibco, HAOEC
31985962) BMDMs
10% Fetal bovine

serum (FBS) (Gibco,

26140079)

1% penicillin

streptomycin (10.000

U/ml) (Gibco,15140-

163)

2.1.4.2 Buffers and solutions

Thermo Fisher
(31331093)

Thermo Fisher
(21875034)

Thermo Fisher
(31985962)

GENERAL BUFFERS
Description Concentration
PBS 137 mM NacCl
2.7 mM KC1
1.5 mM KH2POq4
8.1 mM Na2HPO4
TBS (pH 7.3) 20 mM Tris-HCI

150 mM NacCl
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TE buffer (pH 8) 10 mM Tris
1 mM EDTA
TBE 8.9 mM Tris-HCl
8.9 mM Boric acid
0.2 mM EDTA
GENOTYPING
Description Concentration

1 M Tris-Cl (pH 7.0)

30,275 g Tris-Cl
100 ml ddH20

21 ml HC1 (pH: 7.0),

250 ml ddH-20
5 M NaOH 50,01 g NaOH
250 ml ddH20
WESTERN BLOT
Description Concentration
Resolving gel 12% (w/v) acrylamide/Bis
375 mM Tris-HCI, pH 8.8
0.1% (w/v) SDS
0.1% (w/v) ammonium persulfate
0.1% (v/v) TEMED
Stacking gel 5% (w/v) Acrylamid/ bis-solution
125 mM Tris-HCL 1M pH 6.8
7.8 ml ddH20
0.1% (w/v) SDS (sodium-dodecyl sulfate)
0.1% (w/v) ammonium persulfate (APS)
0.1% (v/v) TEMED
Running buffer (5x) 15,14g Tris
72,05¢g glycine
50 ml 10% SDS
950 ml ddH20
1x LDS buffer 500 puL 4x Nu-PAGE LDS
250 uL 1M DTT
1250 puL distilled H20
Blocking buffer 1-5% BSA in TBS-T
Washing buffer (TBS-T) 0.05% Tween dissolved in TBS buffer
ELISA
Description Concentration
Reagent diluent 1% BSA in PBS
Washing buffer 0.05% Tween dissolved in PBS buffer
Stop solution 2 M H>S0O41n ddH>0
2.1.5 Inhibitors
Inhibitor Use Manufacturer
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MLN4924 NEDDS8-Activating Enzyme Chemgood (Glen Allen, USA)
Inhibitor
JNK inhibitor II JNK signaling inhibitor Calbiochem (San Diego, USA)

2.1.6 Multi-component systems

Description

Manufacturer

Human Pan Monocyte Isolation Kit
First Strand cDNA Synthesis Kit
TIMP-1 mouse DuoSet ELISA kit
TIMP-1 human DuoSet ELISA kit
Proteome Profiler Mouse XL Cytokine
Array

MMP Activity assay Kit
(Fluorometric-green)

Cholesterol

Triglyceride

GoTaq® qPCR Master Mix
siPOOL-5 kit Cops5

siPOOL-5 kit Cops8

2.1.7 Equipment and consumables

Miltenyi Biotec (USA)
Thermo Scientific (Germany)
R&D (USA)

R&D (USA)

R&D (USA)

Abcam (UK)

Cayman (USA)
Cayman (USA)
Promega (USA)
Biotech siTOOLs (Germany)
Biotech siTOOLs (Germany)

Equipment Manufacturer

-152 °C Freezer ULT Thermo Scientific (USA)
-20 °C Freezer Premium NoFrost Liebherr (Switzerland)

-80 °C Freezer HeraFreeze HFU T Thermo Scientific (USA)

4 °C Fridge Premium BioFresh Liebherr (Switzerland)
Analytic balance Analytical Mettler Toledo (USA)
Analytic balance PCB Kern&Sohn (Germany)
Automatic blood counter Scil Vet ABC Scil Animal Care (Germany)
TMHematology Analyze

Biometra TRIO PCR Thermocycler
Centrifuge accuSpin Micro 17
Centrifuge Heraeus Megafuge 16R
Clean bench HER Asafe

Clean bench Biowizard Silverline
DMi8 Fluorescent Microscope

DMIL LED Microscope

Elmasonic S40

EnSpire Plate Reader

FACSVerseTM Flow Cytometer
Heating magnetic stirrer

Heracell™ VIOS 1601 CO2 Incubator
Ice machine

Microbiological Safety Cabinet class II
Mini Blot Modul

Mini Gel Tank

NanodropTM ONE

Analytik Jena AG (Germany)
Thermo Fisher (USA)
Thermo Fisher (USA)
Heraeus (Germany)

Kojair (Finland)

Leica (Germany)

Leica (Germany)

Elma Electronics AG (Germany)

Perkin Elmer (USA)

BD Bioscience (USA)
VELP Scientifica (Italy)
Thermo Fisher (USA)
Manitowoc (USA)
Kojair (Finland)

Life Technologies (USA)
Life Technologies (USA)

Thermo Fisher Scientific (USA)
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Oddysey Fc Imaging System

LI-COR (USA)

Olympus IX81 (fluorescent microscope)  Olympus (Japan)

Ph meter FiveEasy Mettler Toledo (USA)
Pipettes Gilson, Middleton (USA)
Pipettor accu-jet® pro Brand, Wertheim (Germany)
Quadro MACS Separator Miltenyi Biotec (USA)
Real-Time PCR machine Rotorgene Q Quiagen (Germany)
Rocking shaker VIBRAX VXR basic Janke&Kunkel (Germany)
Roller Mixer SRT6D Stuart Equipment (USA)
TC20TM - Automated Cell Counter Biorad (USA)

Thermo Shaker 7001200 4 more Labor (Germany)
Vortex VV3 VWR(USA)

Water bath type 1004 GFL (Germany)

2.1.8 Consumables

Equipment Manufacturer

Cell counting slides Biorad (USA)

Cell scrapers Falcon (USA)

Cell strainers (40um Nylon)
FACS tubes

Falcon tubes 15 ml and 50 ml
Flasks 25 cm?

Flasks 75 cm?

LS columns

Rotor-Gene Strip Tubes

Syringe 10 ml/ 30 ml

Microtube

Cryotubes

Parafilm “M” — Laboratory Film
Pipette tips (200 pl, 10 pl and 1000 pl)
Plastic vials

12/ 24/ 96 well cell culture plates
Empty gel cassettes, Mini, 1.0 Mm
Amicon® Ultra 0.5ml filters

PCR Soft tubes 0,2ml

Roti-PVDF membranes (0,45um)
Reaction tubes (0.5 ml, 1.5 ml; 2ml)
6.5 mm transwell ,5.0 um pore
polycarbonate membrane inserts

2.1.9 Software

Corning Incorporated (Germany)
Corning Incorporated (Germany)
Corning Incorporated (Germany)
Corning Incorporated (Germany)
Thermo Fisher Scientific (USA)
Miltenyi Biotec (USA)

Starlab (Germany)

Braun (Germany)

Eppendorf (Germany)

Nalgene (USA)

American National Can (USA)
Sarstedt (Germany)

Sarstedt (Germany)

Corning Incorporatedcity Germany)
Thermo Fisher Scientific (USA)
Merck (Germany)

Biozym Scientific Gmbh (Germany)
Carl Roth (Germany)

Carl Roth (Germany)

Corning Incorporated (Germany)

Software Company

FIJI (Created by: Schindelin et al., 2012)
FlowJo Becton, Dickinson & Company (USA)
Leica Application Suite X (LAS X) Leica Microsystems (Germany)
Q-Rex Qiagen (Germany)

GraphPad Prism 9.3.1 GraphPad Prism 9.0 (USA)

Image Studio Ver. 5.2.

LI-COR Biosciences, (USA)



Jelena V. Milic

64

2.1.10 Cell lines

Cell line

Origin

Manufacturer

Bone marrow derived macrophages (BMDM)

Human aortic endothelial cells (HAoEC)
Human umbilical vein cord cells (HUVEC)

mouse

human
human

Bernhagen lab

this thesis

Promocell, C-12272
Provided by Prof. Hans
Schnittler, Universitét

Miinster

Mouse aortic endothelial cells (MAEC) mouse Innoprot, P10427

Mouse embryonic fibroblasts (MEF CSN5"-)  mouse Kindly provided by Prof.
Junya Kato, Japan

Mouse embryonic fibroblasts (MEF WT) mouse Kindly provided by Prof.
Junya Kato, Japan

Mouse embryonic fibroblasts (NIH/3T3 mouse Kindly provided by Prof.

CSN5*+) Johannes Schmid, University
of Vienna, Austria

Mouse embryonic fibroblasts (NIH/3T3 mouse Kindly provided by Prof.

CSN5™) Johannes Schmid, University
of Vienna, Austria

Peripheral blood mononuclear cells (PBMCs) human Healthy blood donors
(Blutbank LMU Klinikum)

2.1.11 Mice

Description of the mouse line Source

C57BL/6 Apoe™’~ The Jackson Laboratory

(Termed Apoe™'~ or Csn5"'Apoe™")

C57BL/6 LysM-Cre/Csn5"/ox 4poe™"~
(Termed Csn54meloidgpoe™")

C57BL/6 Tg(Bmx-cre/ERT2) Mif'*/'o* Apoe™/~
(Termed MifZ!arterialApoe*/f)

C57BL/6 Tg(Bmx-cre/ERT2) Csn5/"*1x Apoe™~

(Termed Csn54@rial 4poe™")
Csn8-flox flox

C57Bl/6 Tg(Vill-Cre”/Csn8 /"
C57BI/6 LysM-Cre/ Csn8"/Apoe™"~
(Termed Csn84" i 4poe™"")

2.2 Methods

Dr. Ruggero Pardi, San Raffaele,
School of Medicine, Milano, Italy
Bernhagen lab

CRC1123

This thesis

Dr. Ning Wei, Yale University,
Molecular, Cellular and
Developmental Biology
Bernhagen lab

this thesis

2.2.1 Primary cell culture and Csn5/Csn8 siPOOL depletion in vitro

All the employed primary cells and cell lines were cultured in their appropriate medium
in 75 cm? or 25 cm? flasks. All the cell culturing was done under sterile conditions in a
laminar flow hood. The flasks were stored in a tissue culture incubator under a
humidified atmosphere, 5% CO2 at 37°C. Cells were subcultured once they reached
80% confluency. To perform passaging, cells were washed initially with cold PBS, and
their detachment from the culturing dish was enabled by using TrypLE. Trypsin enabled
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cleavage of the protein bonds, encouraging adherence to the flask. Adding a complete
growth media stopped the process. Cells were further diluted and transferred into a new
culture flask depending on the cell culturing protocols.

Mouse aortic endothelial cells (MAoEC) (Innoprot, P10427) were cultured as adherent
monolayers on collagen (Gibco) plated dishes (Sarstedt) in EGM-2 endothelial growth
media (Lonza, CC-3162) supplemented with 1% Pen/Strep. There were subcultured and
used between passages 3 and 8.

Usually, 120,000 cells per well were seeded into 12-well tissue culture plates. To
achieve Csn5 or Csn8 down-regulation, transfection of MAOECs with the siPOOL-5 kit
(Biotech siTOOLs) was employed. Overall, 10 nM siPOOL-5 kit Cops5 (Biotech
siTOOLs, 26754) or 15 nM siPOOL-35 kit Cops8 (Biotech siTOOLS, 108679) solution
were mixed with Opti-MEM® I medium for each well. Non-targeting scrambled control
(sctRNA, Biotech siTOOLs) was used per the manufacturer's protocol for both
treatments. To efficiently deliver a solution of the 30 siRNAs demonstrated to remove
off-target effects, siPOOL Csn5 and Csn8, Invitrogen 4 pL Lipofectamine RNAIMAX
Transfection Reagent™ (Thermo Fisher, 13778100) in the OptiMEM® I Reduced
Serum Medium (Gibco™) was added per well. 48 to 72 h later, transfected cells were
further treated or harvested.

Mouse aortic endothelial cells were stimulated with 20 ng/ml human TNF-a
(PeproTech) at different indicated time intervals.

Neddylation activation inhibition was achieved in MAECs by applying 500nM
MIN4924 treatment as indicated for 4h or16 h or DMSO, vehicle treatment was used as
a control.

The human umbilical vein chord primary cell line (HUVEC) was kindly provided by
Prof. Prof. Hans Schnittler (Universitdt Miinster). HUVECs were cultured on collagen
(Gibco)-plated dishes (Sarstedt) in EGM-2 endothelial growth media (Lonza, CC-3162)
and were used between passages 2 and 7. Endothelial cells were exposed to the 20
ng/ml human TNF-a (PeproTech) stimulation at indicated time intervals.

Human aortic endothelial cells (HA0oECs) were obtained from Promocell and were
cultured in T75 flasks at a density of 500.000 cells in 10 ml. They were cultured on
collagen (Gibco)-pre-coated dishes (Sarstedt) and were grown in EGM-2 endothelial
growth media (Lonza, CC-3162) and 1% Pen/Strep. They were cultured and used
between passages 3 and 6. To achieve effective CSN5 depletion, CSN5 siTOOL
(Biotech siTOOLs, 10987) technology was employed. Or on the other hand, scrambled
RNA control was used as a control. Where indicated, 500 nM MLN4924 was used for
4h or 16 h.

To further understand the mechanism underlying the Csn5 overexpression, primary
mouse embryonic fibroblast cells (N/H/3T3 CSN5**") were used. NIH/3T3 CSN5"" and
NIH/3T3 CSN5*** were kindly provided by Prof. Junya Kato (Japan). NIH/3T3s were
cultured in Dulbecco's Modified Eagle's Medium containing 10% FCS and 1%
Pen/Strep. Mouse primary fibroblastic cells were used in the experiment at passage 9 at
the latest.

To inhibit JNK signalling, 10 uM, JNK inhibitor II (Calbiochem, 420119) was used on
mouse embryonic fibroblast cells cultured in a low serum media (1% FCS) for 1h.
Moreover, TNF (20ng/ml) stimulation was applied to investigate atherogenic signalling.
Mouse primary fibroblastic cell lines used to decipher the signalling mechanisms
underlining the Csn5 depletion were MEF CSN5* and MEF CSN5*~ kindly provided
by Prof. Johannes Schmid (University of Vienna, Austria). MEFs were cultured in
Dulbecco's Modified Eagle's Medium containing 10% FCS and 1% Pen/Strep. Primary
mouse embryonic fibroblast cells were exposed to the 20 ng/ml human TNF-a
(PeproTech) at the indicated time intervals.
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2.2.1.1 Freezing and thawing

For long-term storage, frozen cells were stored in cryovials in a cryogenic freezer (-
150C).

Upon harvesting cells, they were resuspended, usually at the concertation of 0.5-1x10°
cells/ml in a medium containing 5% DMSO and 20% FCS. The cryovials were
temporarily stored at -80°C and in a 150°C freezer for long-term storage.

Thawing of the cells included placing a cryovial briefly in a 37°C water bath, followed
by adding a warm growth medium and finally centrifuging at 300xg for 5 min before
resuspending and culturing in their respective growth medium.

2.2.2 Cell lysis and Western blot

The cells were initially washed with cold PBS, and total cell lysates were prepared by
lysis in LDS-DTT buffer, containing phosphatase inhibitors (PhosSTOP, Roche) if
necessary. Total cell lysates were prepared by lysis in 1x NuPAGE-LDS sample buffer
(Thermo Scientific, NPO008) containing 1 mmol/L DTT, protease, and phosphatase
inhibitors for immunoblotting analysis. Before usage, the samples were boiled (95°C for
Smin), syringed, and sonicated. The Western Blots were performed using the standard
protocols using homemade gels (7.5% and 11%) and running- buffers. The transfer
buffer was purchased from Invitrogen (Novex™ Tris-Glycine SDS Running Buffer,
Thermos Scientific).

Running of the gels was performed at 120V for 90 min. The transfer was performed
at 20V for 90 min by using polyvinylidendifluorid (PVDF) membranes (Invitrogen) that
were first activated in pure Methanol (Carl Roth). After the transfer, the membranes
were blocked in sterile-filtered blocking buffer,1%- 5% BSA in TBS for lhr at room
temperature or overnight at 4°C. Antibodies were diluted according to the
manufacturer’s recommendations in 1% BSA in TBS-T.

Signals from the cell lysates were developed by employing the following primary
antibodies: CSN5 (Santa Cruz, B-7), CSN8 (Enzo, BML-PW8290), Timp-1 (Thermo
Fisher, MAS5-13688,), c-Jun (Cell Signaling, 9165), p-c-Jun (cell Signaling, 9261), JunB
(Cell Signaling, 3753), c-FOS (Cell Signaling, 2250), ERK1/2 (Cell Signaling, 9120),
p38 (Cell Signaling, 9212), p-p38 (Cell Signaling, 9211), Actin (Santa Cruz, sc-47778).

While secondary antibodies used were IRDye 800CW donkey anti-mouse (Licor,
926-32212), IRDye 800CW donkey anti-rabbit (Licor, 926-32213), IRDye® 680RD
donkey anti-mouse (Licor,926-68072), IRDye® 680RD donkey anti-rabbit (Licor, 926-
68073). Rabbit anti-mouse-HRP (Abcam, ab97023), donkey anti-rabbit-HRP (Abcam,
ab6721).

The membranes were incubated with primary antibodies overnight at 4°C, then
washed 3x15min with TBS-T and incubated with secondary antibodies for 1hr at room
temperature. Before imaging, the membranes were washed 3x15min with TBS-T. The
blots were developed using SuperSignal™ West Femto- substrate. Protein bands were
obtained with a LICOR Odyssey FC and visualised and quantified using Image Studio
Version 5.2.

2.2.3 Real-time qPCR

Trisol reagent (Invitrogen, Germany) was used according to the standard protocol to
isolate high-quality RNA. Briefly, after removal of the growth media, cells in
monolayer (approximately 200 000 cells/12 well) were lysed in 300 pl TRIzol™
Reagent. Lysates were either snap-frozen or immediately used in the RNA isolation
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procedure. After a brief incubation period to allow complete dissociation of the
nucleoproteins complex, 0.2 mL of chloroform per 1 mL of TRIzol™ Reagent was used
for lysis. After centrifugation, the mixture separates into a lower red phenol chloroform,
interphase, and a colourless upper aqueous phase. RNA is in the upper aqueous phase.
The Upper colourless phase is used further in isolation, and RNA is precipitated by
adding 0.5 mL of isopropanol to the aqueous phase per 1 mL of TRIzol™. After brief
incubation and centrifugation, total RNA precipitates and forms a white gel-like pellet,
washed in 1 mL of 75% ethanol per 1 mL of TRIzol™. To solubilise the pellet at the
bottom after washing, RNA is resuspended in 20-30 pL of RNase-free water, 0.1 mM
EDTA, and exposed to the heat block at 60°C for 15 minutes. Finally, to determine the
RNA vyield absorbance at 260 nm and 280 nm without prior dilution is managed by
using NanoDrop™ Spectrophotometer (Thermo Fisher, USA). Absorbance at 260 nm
provides total nucleic acid content, while absorbance at 280 nm determines sample
purity as such, only high-quality RNA is used further on.

To isolate RNA from the paraffin-embedded human CEA sections, 10 sections from
the same patient were used per one RNA isolation. Herby, High Pure FFPET RNA
Isolation Kit was used (Roche, Germany). Briefly, the deparaffinisation step includes
exposure of the sections collected in a 1.5 ml Eppendorf tube to the xylene, and 2
changes of absolute ethanol, before air drying the pellet. Pellets were further exposed to
the RNA Tissue Lysis Buffer, 10% SDS, and Proteinase K working solution and were
incubated for 30 minutes at +85°C. Further, RNA Binding Buffer and absolute ethanol
were applied to the pellets to be finally separated by the High Pure Filter Tube.
Whereby centrifuged material was discarded, whereas columns with the remaining
sample were exposed to the working DNasel working solution. After three steps of
washing, RNA elution buffer was applied to the columns to gain high-purity RNA from
CEA paraffin sections, which was further evaluated using NanoDrop™
Spectrophotometer (Thermo Fisher, USA).

RNA was employed in the cDNA synthesis reaction and the real-time PCR gene
expression analysis to proceed with the analysis. Quantitative real-time PCR analysis
was performed with primers, as listed in Table 1 (Methabion). Quantitative PCR was
performed by using the RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific,
K1621), GoTag® qPCR Master Mix (Promega, A6002) on a Rotor-Gene Q real-time
PCR cycler (Qiagen). Data obtained was analysed in a Q-Rex operating and analysis
software (Qiagen).

cDNA synthesis reaction

Components Amount (uL)
5X Reaction Buffer 4 uL

Oligo (dT)18 Primer 1 uL
RiboLock RNase Inhibitor (20 U/uL) 1 uL

10mM dNTP Mix 2 uL
RevertAid RT (200 U/uL) 1 uL

Water, nuclease-free 9uL

cDNA synthesis program

Step Temperature, °C Time Number of cycles
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Initial denaturation 94 3 min 1 cycle
Denaturation 94 30s 35 cyles
Annealing 58 30s

Extension 72 45 s

Real-time PCR mix reaction contained

Components Amount (uL)

GoTaq® qPCR Master Mix 7.5 pul

(Promega, A6002)

Forward primer (0.2 pM) 1.25 uL

Reverse primer (0.2 uM) 1.25 uL

cDNA To a final concentration of 100 ng/uLL
Water, nuclease-free To a final volume of 20 ul

RT-PCR programme

Step Temperature, °C Duration Cycles
Denaturation 95°C 10 min 1
Amplification 95°C 30 sec 40
60°C 1 min
Melting curve 95°C 10 sec 1
60°C 10sec
95°C Continuous

The relative mRNA expression was estimated as relative mRNA expression: 2 (-AACH)

Ct.

2.2.4 The mouse cytokine array

Cytokine Multiplex Assay Kits (R&D, ARY006) enabled simultaneous detection and
screening of the levels of multiple cytokines in a single sample. It utilises capture
antibodies spotted onto a nitrocellulose membrane to allow high-throughput multi-
analyte profiling of 40-120 cytokines and chemokines in a single sample as a
membrane-based sandwich immunoassay. Mouse plasma was used here upon allowing
blood samples to clot for 30 minutes at room temperature before centrifuging for 15
minutes at approximately 2000 x g. Plasma was immediately used to detect store
samples at < -80 °C. Mouse plasma was initially diluted with a biotinylated detection
antibody. That was followed by incubation with the Mouse Cytokine Array. Finally,
membranes were incubated with streptavidin-horseradish peroxidase. The signal was
detected via chemiluminescence. (Licor). After detection, the signal found on the
membranes was quantitated to generate a protein profile (histogram) using FIJI. The
table (Fig. 16) shows the organisation of the cytokines and chemokines in both kits used
one is Mouse Cytokine Antibody Array, Panel A (R&D, ARYO006), allowing 40
cytokine analysis and the other one is Proteome Profiler Mouse XL Cytokine Array
(R&D, ARY028) allowing 111 simultaneous cytokine analysis per one plasma sample
used.

List of analysed cytokines and chemokines in this assay:
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1 2 3 4 516 7 8 9 1 11 1 1 1 1 1 1 1 1 2 2 2 2 2
0 2 3 4 5 6 7 9 0 1 2 3 4
A Ref Ref
B Cxcll cs/C G-csf Gm- Ccll Cclll slcam- Ifn-y I-1la -8 Il-1ra -2
3 a csf 1
C 1I-3 II-4 1I-5 1I-6 1I-7 1I-10 1I-13 II- I-16 11-17 11-23 11-27
12p70
D Cxcll Cxcll Cxcll M-csf Ccl2 Ccl12 Cxcl9 Ccl3 Ccla Cxcl2 Ccl5 Cxcl12
0 1
E Ccl17 Timp Tnfa Trem-
-1 1
F Ref

1 2 3|14 )|5]|6 718|9 1 1 1 1 1 1 1 1 1 1 212|122 2
0 1 2| 3|4 )|5)|6|7]|8 9 0 1 2|3 4
A Ref Adipo SDG Ang-1 Ang-2 Angpt CD25 CD93 Ccl2 Ccl3 Ccl5 Ref
q F -13 7
B Cclé Ccl11 Ccl12 Ccl17 Ccl19 Ccl20 Ccl21 Ccl22 Cd14 Cd40
Cd16 Tig-2 Chi3l TF C5/C CFD CRP Cx3cl Cxcl1 Cxcl2
0 1 5a 1
D Cxcl9 Cxcl1 Cxcl1 Cxcl1 Cxcl1 Cst3 Dkk-1 Cd26 Egf Cd10 Col18 Ahsg
0 1 3 6 5 a1l
E Fgf-1 Fgf- FIt3iG Gas6 G-csf Gdf- Gm- Hgf Ilcam Ifn—y Igfbp- Igfbp-
21 15 csf 1 1 2
F Igfbp- Igfbp- Igfbp- -1 -18 Il-1ra 1I-2 1I-3 -4 -5 11-6 -7
3 5 6
G 1I-10 1I-11 1I- 1-13 I-15 II-17a 11-22 11-23 1I- 11-28 11-33 Ldir
12p4 27p2
0 8
H Ob Lif Ngal Cxcl5 M-csf Mmp- Mmp- Mmp- Mpo Spp1 Opg Pd-
2 3 9 ecgf
| Pdgf- Ptx2 Ptx3 Osf-2 Pref- Mrp PCS RAG RBP4 Reg3 Fizz3
bb 1 K9 E g
J Ref E-sel P-sel Pai-1 Pedf Mgdf Tim-1 Tnf-a Vcam Vegf Wisp- Neg.
-1 1

Figure 16. List of analysed cytokines and chemokines in this assay. The upper grid is the organisation
of the Mouse Cytokine Antibody Array, Panel A, allowing 40 cytokine analyses. Below is the Proteome
Profiler Mouse XL Cytokine Array grid allowing 111 cytokine analyses. Red labelled cytokines from the
table are the cytokine shown in the analysis in the results. Acronyms of the individual cytokine are
discussed in the main text.

2.2.5 Zymography

Zymography was used to evaluate whether the enzymatic activity of the MMP9 and/or
MMP2 was impacted in the cell supernatant of MAECS and HAOECS, after the
MLN4924 treatment or CSNS5 depletion by using CSN5 siPOOL kit. Cell supernatants
from the mouse aortic endothelial cells and human aortic endothelial cells after the
treatment with 500 nM MLN4924 or CSN5 siPOOL (10 nM/15 nM), as previously
described, were collected. Cell supernatants were concentrated using Amicon® Ultra
0.5ml filters (Merck) for protein concentration according to the manufacturer's protocol.
Concentrated cell supernatants (16 puL) together with the Nu-PAGE LDS sample buffer
(Thermo Fischer Sci xxx) were loaded on the pre-made Zymography gels (Novex 10%
gelatin zymogram gels 1.0mm, 12 wells, Invitrogen). They could develop on a stable
current and 120V for 90 min in the 1X running buffer (Novex Tris-Glycin-SDS running
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buffer, Invitrogen). Gels were further incubated in renaturing buffer (Novex Zymogram
renaturing buffer, Invitrogen for 30 minutes, followed by 30 minutes of developing
buffer (Novex zymogram developing buffer, Invitrogen) a room temperature and
overnight (16-18h) at 37 degrees. Gels were stained by using SimplyBlue Safestain
(Invitrogen) for one hour. De-staining was performed in deionised water (3x15 min).
Images were scanned, and data analysis was performed in Image] as previously
described (Hu & Beeton, 2010).

2.2.6 MMP activity assay

The MMP activity assay kit (fluorometric-green) (Abcam, ab112146) is used to
evaluate general MMP enzyme activity in human and mouse aortic cell supernatants
and was purchased from Abcam. Per the manufacturer’s instruction, the protocol was
used to analyse MMP activity changes over time in an endothelial cell culture
supernatant. Briefly, HAoECs and MAECs were seeded in the 500 pl cell culture media
at a total density of 60 000 cells in a 12-well plate format. Before being used in the
experiment, HAOECs/MAECS were treated with either (500nM) MLN4924 Vs. Vehicle
for 4h or human or mouse CSN5/CSN8 siPOOL kit vs scrRNA for 48h. IM AMPA (4-
Aminophenylmecrcuric Acetate) was diluted (1:500) in a provided assay buffer. That
was followed by cell supernatants (25 ul) being activated with (25ul) 2mM AMPA in a
black 96-well plate for 20-30 min on a 37 °C. MMP green (1:100) substrate was further
applied to the wells. Kinetic reading was performed on every 10 minutes for 60 minutes
on a microplate reader (EnSpire Plate Reader) to give readouts regarding the total MMP
activity in each well.

2.2.7 ELISA

The ELISA assay is an antibody-based technique to identify proteins quantitatively and
qualitatively in solutions. TIMP-1 mouse (R&D, DY970) or human (R&D, DY980)
DuoSet ELISA kit capture antibody was incubated in the indicated working
concentration overnight at room temperature on a 96-well microplate. After washing the
plates, they were blocked for unspecific binding with the reagent diluent (1% BSA in
PBS, pH 7.2-7.4, 0.2 pum filtered). That was followed by the 100 pl/well sample and
standards addition. Samples were collected in mouse serums (1:500) or cell culture
supernatants (1:100) diluted in a cell culture grade PBS. Afterwards, plates were
washed (400 pl/well) with wash buffer, and detection antibody solution was added to
each well. After an incubation time at RT, the plate was rewashed. Before adding the
substrate solution, each well was exposed to a Streptavidin-HRP conjugate for 20 min at
RT in the dark. After washing, a substrate solution (Thermo Scientific) was added. The
reaction was stopped by applying a stop solution (2N H2SO4). Each well's optical
density was determined using a microplate reader (EnSpire Plate Reader) set to 450 nm.
And the wavelength correction is enabled by using a microplate reader set to 540 nm or
570 nm. Generating standard curve concentrations of available mouse and human
TIMP-1 in supernatants and serums was evaluated.

2.2.8 Mouse work

All mice had access to food and water and were housed in a pathogen-free animal
facility under a 12 h light-dark cycle. We conducted a gender-balanced study. Data were
excluded for mice with broken aortic root valves after sectioning of the heart. All
animal experiments were approved by the institutional animal care committee of
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Regierung von Oberbayern (ROB- 55.2-2532.Vet (02-16-165; ROB-55.2-2532.Vet 02-18-
84).

Mice were anaesthetised using medetomidine-midazolam-fentanyl. Blood was
collected via cardiac puncture. Upon sacrifice, blood was collected in the EDTA-coated
Microtube, K3 EDTA (Sarstedt). Mice were perfused through the left ventricle
consecutively with sterile, cold PBS containing 5 IU/ml heparin and 2 mM EDTA.
Hearts were directly embedded in Tissue-Tek® O.C.T. compound to perform frozen
section procedure of the heart tissue and later analyse atherosclerotic lesion load in their
aortic roots. At the same time, aortas were directly fixed in the cold 1% PFA
(Morphisto).

2.2.8.1 Generation of tamoxifen-inducible arterial endothelial cell-specific deletion
of Csn5

C57BL/6 Csn5'°x mice were kindly provided by Dr. Ruggero Pardi (San Raffaele,
School of Medicine, Milano, Italy). They were crossed with C57BL/6 LysM-Cre/
Apoe”~ mice to obtain a myeloid-specific deletion of Csn5onan atherogenic
Apoe™’~ background (termed Csn54™<id4poe~") as previously described (Asare et al.,
2017). To achieve a tamoxifen-inducible arterial endothelial cell-specific deletion of
Csn5, Csn54meloid gApoe™~ mice were crossed with Tg(Bmx-cre/ERT2) expressing mice
(termed Bmx-Cre) (kindly provided by the CRC1123) for > 10 generations. Finally,
the genotyping verified cohort was C57BL/6 Tg(Bmx-Cre/ERT2)/ Csn5"*f°x Apoe™'~
was out of convenience termed herein the thesis Csn54%4! 4poe™"~ mice. C57BL/6
Csn3fox Apoe™~ were used as a control littermate group' To induce Csn5 deletion, 6-7
weeks-old mice were intraperitoneally injected with 50 mg/kg (per mouse body weight)
with the tamoxifen (Sigma-Aldrich) dissolved in Miglyol, Caelo). All mice received one
for 5 consecutive days one injection. Mice were fed a Western-type high-fat diet (HFD)
containing 21% fat and 0.21% cholesterol (TD88137, Sniff) for 4 weeks to induce early
atherosclerosis or 12 weeks to achieve medium to advanced atherosclerosis.

2.2.9 Generation of myeloid-specific deletion of Csné8

To investigate the role of the CSN holo-complex, mice with the myeloid-specific
deletion of yet another CSN subunit, i.e. Csn8, were studied. C57Bl/6 Tg(Vil-Cre”/Csn8
J were developed in the Bernhagen Lab, whereas C57BIl/6 Csn8 /¥/°X mice were
kindly provided by Dr. Ning Wei (Yale University,USA). C57B1/6 Tg(Vil-Cre’/Csn8 "/
were crossed with atherosclerosis prone C57Bl/6 LysM-Cre/Csn5""""/ Apoe™"in order
to generate myeloid-specific Csn8 /" Apoe™ mice (termed Csn84"°d 4poe™"). Mice
were fed a Western-type high-fat diet (HFD) containing 21% fat and 0.21% cholesterol
(TD88137, Sniff) for 12 weeks to evaluate atherosclerosis load.

2.2.9.1 MLN4924 treatment of mice

Neddylation activation inhibitor MLN4924 (Pevonedistat, MCE, HY-70062) was
evaluated on an early atherosclerotic lesion in Apoe mice. 6 weeks old male and
female Apoe”” mice were injected with the MLN4924 i.p. by administering 15 mg/kg
MLN4924 or control solvent twice per day on two days per week for 4 weeks under
continued HFD as previously reported (Asare et al., 2017). MLN4924 was diluted in
10% DMSO (AppliChem, No: A3672)/45% PG (Sigma-Aldrich, P50404)/45% PBS).
Finally, bone marrow, heart and aorta were harvested upon mice being sacrificed for
processing. A cohort of Apoe™ mice was further evaluated in a long-term study as after
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the initial 4-week MLLN4924 treatment. They were continued on a further 8 weeks HFD
without the MLN4924 application.

2.2.9.2 Genotyping of mice

To examine the genotype of newly generated genetically modified mouse lines, DNA
was isolated from mouse-ear punch biopsies and analysed via PCR.

2.2.9.2.1 DNA isolation protocol

Three to five weeks old mice were mouse-ear punch tissue was lysed in 25 pul 50 mM
NaOH after brief centrifugation. The mouse biopsies were exposed to NaOH on a
heating block for 30 min at 95°C and 300 x g. This was followed by the addition of 7.5
ul 1 M Tris-HCI (pH 7.0). Finally, the solution was centrifuged at the room temperature
for 1 minute at full speed in accuSpin Micro 17 centrifuge (Thermo Scientific) and
supernatants containing DNA were either temporary stored on -20°C or directly used
for the PCR reaction.

2.2.9.2.2 Genotyping primers

Primer name Sequences 5°—>3’
IMRO180 gcectagecgagggagagecyg
IMRO181 tgtgactigggagcictgeagce
IMRO182 gcegeeccgactgceatct
Bmx-s7 aaataccttcagttttcatct
PAC-Cre-asl ttgcgaacctcatcactcgtt
E5SD gactccaccacaagaatggtt
C916R gtaggtgaccttcaatgtcac

In II for ggtcagaaagctaggcctaagaag g
Ex Il rev ggcatgcatcaccattttcagtag
MLysl1 cttgggctgccagaattictc
MLys2 ttacagtcggccaggctgac
Cre8 cccagaaatgccagattacg
MIF-B1 tcteactgtictggtgtgagg
MIF-C1 ggctcctggtctcagtecagg
VilCrel caagcctggctcgacggec
VilCre2 cgcgaacatcttcaggtict

All primers above were manufactured by Euorfins Germany.

2.2.9.2.3 Genotyping protocols

The DNA isolated from mouse biopsies was checked for status of the genes Apoe,
LysM-Cre, BmxCre, Csn5 and Csn8 respectively. Weather mice contained genes from
the parental breeding line VillCre or Mif was also analyzed.

1. Apoe tm protocol

Components Volume

2x GoTaq Master Mix  12.5 ul
PCR H20 2.5l
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Primer IMRO 180 4.0 ul
Primer IMRO 181 2.0 ul
Primer IMRO 182 2.0 ul
DNA — Mouse 2.0 ul

2. LysMCre protocol

Components Volume
2x GoTaq Master Mix  12.5 ul
PCR H20 6.5 ul
Primer MLys 1 4.0 ul
Primer MLys 2 2.0 ul
Primer Cre8 2.0 ul
DNA — Mouse 2.1l

3. BmxCre protocol

Components Volume
2x GoTaq Master Mix  12.5 ul
PCR H20 8.5l
Primer BMx-s7 1.0 ul
Primer PAC-Cre-asl 1.0 ul
DNA — Mouse 2.0 ul

4. Csn5 flox protocol

Components Volume
2x GoTaq Master Mix  12.5 ul
PCR H20 6.5 ul
Primer InlIFor 2.0 ul
Primer IniiREV 2.0 ul
DNA — Mouse 2.0 ul

5. Csn8 flox protocol

Components Volume
2x GoTaq Master Mix  12.5 ul
PCR H20 6.5 ul
Primer C9/6R 2.0 ul
Primer ESD 2.0 ul
DNA — Mouse 2.0 ul

6. VillCre protocol

Components Volume
2x GoTaq Master Mix  12.5 ul
PCR H20 6.5 ul
Primer VilllCre 1 2.0 ul
Primer VilllCre 2 2.0 ul

DNA — Mouse 2.0 ul
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7. Mif flox protocol

Components Volume
2x GoTaq Master Mix  12.5 ul
PCR H20 6.5 ul
Primer MIF-B1 2.0 ul
Primer MIF-C1 2.0 ul
DNA — Mouse 2.0 ul

2.2.9.2.4 Genotyping PCR programme

1. ApoFE tm PCR programme:

Step Temperature (°C) Time Number
of
cycles

Initial 95°C Imin 1x

denaturation

Denaturation 95°C 20sec 35x

Annealing 58°C 20 sec

Extension 72°C 20 sec

Extension 72°C 5 min

Results: ApoE WT- 155bp; ApoE KO- 245 bp

2. LysM-Cre PCR programme

Step Temperature, (°C) Time Number
of
cycles

Initial 94°C 3 min

denaturation

Denaturation 94°C 30sec 35x

Annealing 58°C 30sec

Extension 72°C 5 sec

Extension 72°C 3min

Results: LysMCre WT- 350 bp; LysMCre KO- 700 bp

3. Bmx-Cre PCR programme

Step Temperature, (°C) Time Number
of
cycles

Initial 94°C 2 min

denaturation

Denaturation 94°C 30sec 35x

Annealing 58°C 4.5sec

Extension 72°C 1 min



Jelena V. Milic 75

Extension 72°C 5 min

Results: Bmx-Cre +/+ or +/- 770 bp;

4. Csn)5 flox PCR programme

Step Temperature, (°C) Time Number
of
cycles

Initial 94°C 1 min

denaturation

Denaturation 94°C 45sec 35x

Annealing 60°C 30 sec

Extension 72°C 30 sec

Extension 72°C 5 min

Results: CsnS WT- 400 bp; CsnS flox- 500 bp

5. Csné flox PCR programme

Step Temperature (°C) Time Number
of
cycles

Initial 94°C 2 min

denaturation

Denaturation 94°C 35sec 35x

Annealing 56°C 45 sec

Extension 72°C 1 min

Extension 72°C 5 min

Results: Csn8 WT- 130 bp; CsnS5 flox- 190 bp

6. Vill-Cre PCR programme

Step Temperature (°C) Time Number
of
cycles

Initial 94°C 5 min

denaturation

Denaturation 94°C 45sec 35x

Annealing 55°C 45 sec

Extension 72°C 45 sec

Extension 72°C 5 min
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Results: Vill-Cre 300 bp

7. Mif flox PCR program

Step Temperature (°C) Time Number
of
cycles
Initial 94°C 2 min
denaturation
Denaturation 94°C I min 35x 2.2.9.2.5 Agarose gel
Annealing 62°C 45 sec
. PCR  products  were
ExtenS}on 72°C 45 sec analysed in gel
Extension 72°C 10 electrophoresis. To enable
min

visualisation, gels were
Results: MIF WT- 544 bp; MIF flox- 683 bp stained with SYBR™ Safe

DNA Gel Stain (Thermo
Fischer, S33102). DNA gels were made by exposing the different concentrated gels to a
high temperature, moulding them, and allowing them to polymerase in a gel chamber
dish (Biorad). Polymerised gels were run in a TBE buffer. 1 kB or 500 bp DNA marker
(Thermo Fisher) was used to evaluate the band size of the amplified products. Gells
were running under constant current conditions and voltage set to 110 V.
The Oddysey Fc Imaging System (Licor) monitored and recorded DNA bands.
Indicated band size was placed under each PCR programme.

2.2.10 Mouse model of atherosclerotic disease progression

After the previously described mouse models were sacrificed by employing isoflurane
flowed my midazolam/medetomidine/fentanyl, the heart and its vasculature were rinsed
with PBS until the liver was uncoloured.

Spleen, liver, lung, kidney, femur, and tibia were harvested, flash-frozen, and stored at -
80°C for further use. After harvesting these organs, the heart and its vasculature were
rinsed with a 4% PFA solution. The heart, aortic arch, and descending aorta were
harvested by in situ perfusion fixation with 4% PFA. The heart was sectioned with a
microtome to access the aortic root.

The extent of atherosclerosis was assessed in the aortic roots and the descending aorta
by either staining transversal sections or the prepared aorta, respectively for lipid
deposition with Oil-red-O. All animal experiments were conducted according to
German animal protection law.
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2.2.11 Phenotyping mouse atherosclerosis

2.2.11.1 En-face aorta preparation

The whole aorta (‘en-face) preparation enables staining of the aorta for the
atherosclerotic lesions in situ, from the aortic root to the common iliac arteries. It can
also give solid information on the regio-specificity and atheroprone sites in the vessel
and the locus of potential disturbed blood flow effects and mechano-signalling in
endothelial cells. Upon removal, the aorta was placed in a fixative solution containing
4% PFA and incubated for 48 h at +4 °C. Finally, the vessel was briefly incubated in
cold ethanol for a couple of hours and washed in PBS. Upon fixation, vessels were
transferred into the Petri dishes and carefully removed under a dissecting
stereomicroscope (Leica) and the adventitia, perivascular fat, and connective tissue. The
aorta and carotid arteries were longitudinally opened, and endothelium was exposed and
pinned on the surface. Vessels were pinned down on the rubber surface coated with the
black isolation tape and were preincubated with the absolute Propylene glycol (Sigma
Aldrich, 54347) for 15 minutes and then were stained in pre-warmed Oil-red-O (ORO)
(Sigma Aldrich, 01516) solution on the 37°C for 3 hours. Staining was finally
differentiated in 85 % propylene glycol. Finally, pins were removed, and aortas were
mounted (Sigma, F4680) on the glass side and imaged under the microscope for lesions
(Dmi8, Leica).

2.2.11.2  ORO staining of aortic root

The aortic roots assessed the atherosclerosis burden in general by staining lipid
depositions with ORO solution (Sigma Aldrich, 01516).

Murine hearts were embedded in Tissue-Tek® O.C.T. Compound (Sakura Finetek USA
Inc, 4583) for cryo-sectioning. Atherosclerotic lesions were quantified in 8§ pum
transverse serial sections, and averages were calculated from 2-3 sections.

Aortic roots were preincubated with the absolute Propylene-glycol (Sigma Aldrich,
54347) for 15 minutes and stained in pre-warmed ORO (Sigma Aldrich, 01516) solution
at 37°C for 1 hour. Staining was finally differentiated in 85% propylene glycol.
Subsequently, tissue slices were differentiated in 85% propylene glycol. Fresh frozen
tissues were stained in Mayer’s hematoxylin solution, mounted on the slides, and
imaged (DmIS, Leica).

2.2.11.3  Pico-Sirius red staining

To evaluate the total collagen and fibrous cap thickness, pico-Sirius red staining was
performed on a fresh frozen aortic root section. Pico-Sirius red method used here was
previously described (Junqueira et al., 1979; Puchtler et al., 1973).

After briefly drying the aortic root sections for 30 minutes, slides were fixed in a neutral
buffered formaldehyde solution at +4°C for 30 minutes. This was followed by nuclei
staining with Weigert's hematoxylin for 8 minutes. Sirius red/Direct Red 80 (Sigma-
Aldrich, 365548) was diluted in the saturated aqueous solution of picric acid, as such,
was applied upon aortic roots for 1h at room temperature. Finally, excess Sirius red was
washed in two changes of acidified water. Upon this step, slides were mounted and
imaged under the bright field modality as well as the polarisation light filter of the
fluorescent microscope (Leica, Dmi8).

2.2.11.4 Hematoxylin and Eosin staining
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To evaluate total lesion size and necrotic core size in atheroprone-mice, fresh frozen
aortic root tissues were stained with Hematoxylin (Sigma Aldrich, 51275) and Eosin Y
(Sigma, E4009) solutions according to the manufacturer’s protocols. Briefly, slides with
the frozen aortic tissue slices were immersed in a water-based hematoxylin for 8
minutes to stain the cell nuclei. After the washing step, hematoxylin was applied for
another 2 minutes. Finally, slides were mounted and imaged under the fluorescent
microscope (Leica, Dmi8).

2.2.12 Immunohistochemistry and immunofluorescence

The immunohistochemical methods were applied to stain specific proteins in tissue and
sections by antibody binding or chemical reactions.

After briefly drying the slides containing mouse aortic root slices on a hot plate at 37
degrees, slides were fixed in cold 10% formalin. That was followed by employing 1h of
blocking solution containing 3% BSA and serum of donkey/goat (depending on the
secondary antibody host). Slides were either stained for 16 h on +4°C with the
corresponding antibody or were stained with the vehicle, 3% BSA in PBS as a control
of the staining. After the washing step of the primary antibody, the slide was all exposed
to the corresponding secondary antibody. Finally, after washing the secondary access
antibody, slides containing the mouse aortic root cross-sections were mounted in a
water-based mounting media and covered with the coverslips to be imaged.

The aortic roots of female and male mice after 12 weeks of an HFD were visualised
by immunofluorescent staining for the macrophage and smooth muscle cell (SMC)
content. Macrophages were stained with the anti-CD68 (1:200, Sigma, HPA048982) or
anti-Mac2 (1:200, Cedarlane, CL8942AP) primary antibodies. Smooth muscle cells
were visualised using an anti-Sma-cy3 conjugated primary antibody (1:200 Sigma,
C6198). The endothelial layer was effectively visualised by using the anti-CD31
antibody (Thermo Scientific, PA5-32321). Cre recombinase was visualised in the aortic
cross-sections by using an anti-Cre antibody (1:100) (Novus Biologicals, NB100-
56133)

To evaluate the efficiency of the COP9 subunit depletion in the lesion, fresh frozen
tissues were stained with the Csn5 antibody (B-7, Santa Cruz) and Csn8 (Enzo, BML-
PW8290) antibody. Anti-TIMP-1 (Thermo Fisher, MA5-13688) (1:50) antibody was
used to determine the levels of the MMP inhibitor in the frozen aortic cross-section.

Secondary antibodies employed following primary antibody staining were Alexa

488- and Alexa 647- secondary antibodies conjugated (1:500, Thermo Fisher). Nuclei
were counterstained by 4', 6-diamidino-2-phenylindol (DAPI) (Thermo Fisher, D1306).
Incubation with secondary antibody alone without prior primary antibody use served as
a negative staining control.
All images were recorded with a Dmi8 fluorescence microscope (Leica). The software
used to visualise stained aortic root cross-sections was Leica Application Suite X
(Leica). Lesion size and composition were quantified using Fiji analysis software
(Schindelin et al., 2012).

2.2.13 Analysis of vulnerability

Plenty of studies are conducted on mouse atherosclerotic vulnerability in the existing
literature. Although many new markers are being discovered, there is no single way of
approximating mouse atherosclerotic plaque vulnerability. Here I used histological
sections and analysed them by using ImageJ software (Schindelin et al., 2012). Several
factors were considered. Lesion size as a factor was quantified by employing the Oil-
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red-O staining as well as Hematoxylin and Eosin-stained tissues as previously described
(Fig. 17). Lesion size was quantified by using FIJI software as area (um?). Necrotic core
(NC) size was defined as an area without nuclei underneath a formed fibrous cap (FC).
FC thickness was defined as the average length measurements from the lumen to an
underlining necrotic core.

The Vulnerability Index (VI) was used to evaluate the overall degree of lesion
vulnerability by integrating all plaque features analysed in the prior study (Shiomi et al.,
2001). To calculate the vulnerability index (V7) relation between the analysed unstable
(U) and stable (S) features of the plaque was evaluated. The formula for VI was
expressed as:

Vici) = (Uw/Sw)
i- individual mouse
U= NC area (% of intima) x CD68+ area (% of intima).

S=SMA+ area (% of intima) x collagen+ area (% of intima).

Analysis of vulnerability and respective cross-section frozen slices staining was
performed on lesions with the same lesion severity.

Figure 17. Images of a single lesion. Representative views of ORO (A) Sirius Red (B) and H&E (C); D,
MAC-2(green), and SMC (cyan).

2.2.14 FACS

To analyse blood cell content and cell subtypes, an EDTA-buffered blood samples vial
was used. To achieve a single-cell suspension blood sample was prepared and filtered
over a 70 um cell strainer (Corning, CLS431751). Cells were treated with erythrocyte
lysis buffer and RBC lysis buffer (BioLegend, 420301). Finally, cell suspensions were
stained with FACS staining buffer and combinations of antibodies against Cd45 (BD
Biosciences 560501), Cd19 (BioLegend, 115530), Cd11b (BioLegend, 101216), Cdl1c
(BioLegend, 17308), Ly-6C (BioLegend, 128016), Ly-6G (BioLegend, 127654) and
Cd3 (Milteny Biotec, 130-119-798) was used. Flow cytometry was performed using
FACSVerse and FACSuite software (BD Biosciences). Leukocyte subsets were gated
using FlowJo software (Treestar). B cells were identified as Cd457Cd19*; T cells as
Cd45*Cd3"; neutrophils as Cd45"CD11b*, Ly6G*; monocytes as Cd45" Cd11b* Ly6C*.

2.3 Blood analysis

Upon sacrificing the mice by cardiac puncture and blood collection in the EDTA-coated
Microtube, K3 EDTA (Sarstedt), mouse blood was used to collect plasma and for the
blood cell count analysis. Blood cell count was performed by using the Automatic blood
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counter Scil Vet ABC ™Hematology Analyze (Scil Animal Care). The generated
parameters are summed up in a table in the results section. Each of the blood cell result
tables contains the same parameters acronyms: WBC-White blood cell; RBC-Red blood
cell, HGB- Hemoglobin; HCT- Hematocrit; MCV- Mean corpuscular volume; MCH-
Mean corpuscular haemoglobin; MCHC- Mean corpuscular haemoglobin concentration;
PLT- Platelet count; MPV- Mean platelet volume; RDW- Red cell distribution width;
LYM- Lymphocytes; MO- Monocytes; GRA- Granulocytes—SD-standard deviation;
N- number of individual experiments. Units are written in a table.

Cholesterol and triglyceride (Cayman) levels in plasma were quantified using enzymatic
assays (Cayman) according to the manufacturer’s protocol, and the signal from the
perspective plates was developed by using Plate reader EnSpire™ Multimode Plate
Reader (PerkinElmer, Inc).

2.4 Isolation of bone marrow cells and generation of bone marrow-
derived macrophages

Bone marrow-derived macrophages (BMDMs) were generated by flushing them from
the bone marrow of mice femurs and tibiae with ice-cold PBS. Bone marrow flushes
were resuspended in PBS and filtered through a 40 pum cell strainer (Corning). The cell
suspension was exposed to centrifugation at 300 g for 10 min. Finally, the pellet was
resuspended in a culture medium RPMI 1640 containing L929-conditioned medium
(LCM) and was plated on 12 well-culture plates. 15 % fresh L929-conditioned medium
(LCM) was added again on days 3 and 6 of culturing.

Once macrophages were used in a simulation experiment as indicated, macrophages
were left for 24h in a full RPMI 1640 media without the LCM. Cells were then
stimulated with 20 ng/ml mouse recombinant Tnfa (Peprotech) at different intervals or
left untreated.

2.5 Immunohistochemistry and immunofluorescence on human
lesions

The collection of human carotid artery sections from autopsied individuals and early
and advanced human carotid artery lesions from patients undergoing endarterectomy
was approved by an institutional review committee and, with the patient’s informed
consent, by institutional guidelines.

Tissue sections on microscopic slides were deparaffinised by three changes and 10 min
incubation in xylene. Sections of incubation follow that in a descending alcohol series
(100% / 96% / 70% ethanol / deionised water). Sodium Citrate Buffer (10mM Sodium
Citrate, 0.05% Tween 20, pH 6.0) was used for heat-induced antigen retravel in a water
bath at 60°C. All further incubations were carried out in a humidified chamber.
Peroxide solution (0.3% H202) in TBS for 15 min was used to block endogenous
peroxidase. After the washing step, the slides were immersed in TBS /0.025% Triton X-
100 with gentle agitation. Human CEAs were blocked in 10% normal serum with 1%
BSA in TBS for 2 hours at room temperature Primary antibody was applied and diluted
in TBS with 1% BSA overnight at 4°C, which was followed by enzyme-conjugated
secondary antibody in TBS with 1% BSA for 2h on a room temperature. Where
fluorescent signal was developed, fluorophore-conjugated secondary antibody in TBS
with 1% BSA was incubated for 1 hour at room temperature. In the DAB staining
development, chromogen was added to the samples to visualise the tissues. This was
followed by counterstain with Mayer’s Hematoxylin solution (Sigma Aldrich). After
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staining, the sections were exposed to an ascending alcohol series (70 % / 96 % / 100 %
EtOH). After incubation in xylene, coverslips were mounted on the sections using
Roti®-Histokitt.

On the other hand, if using fluorescent detection, the end step is counterstaining by
using DAPI, dehydrating, clearing, and applying a coverslip with a mounting medium.
For immunohistochemistry, an antibody against CSN5 (FL-337, Santa Cruz
Biotechnology), TIMP-1(Thermo Fisher, MA5-13688), or an appropriate isotype
control antibody was used and visualized by the avidin-biotin complex method with
alkaline phosphatase enzyme development by employing Dako REAL EnVDetectSys
Perox/DAB+, Rb/M from Agilent Technologies (DAKO REAL, Agilent, USA). Secondary
antibodies were either HRP (Abcam) or fluorophore AF-488/-647 conjugated (Thermo
Fisher). Nuclei were counterstained by either 4, 6-diamidino-2-phenylindole (DAPI,
Thermo Fisher), or Mayer’s hematoxylin solution. Images were recorded with a Leica
DMiS8 fluorescence microscope and charge-coupled device camera, and image analysis
was performed with FIJI software.

2.5.1 Isolation of human PBMCs

Monocytes were isolated from Peripheral Blood Mononuclear Cells (PBMCs) using a
Human Pan Monocyte Isolation Kit (Miltenyi Biotec).

The cells were centrifuged and resuspended in MACS buffer (40ul per 107 cells).
Blocking reagent (10ul per 107 cells) and Biotin- Antibody Cocktail (10ul per 107
cells) were added. The cell suspension was incubated at 4°C for 20min. After that,
MACS buffer (30ul per 107 cells) and Anti-Biotin Micro Beads (20ul per 107 cells)
were added, and the mixture was put at 4°C for 30min. After that, another 500ul of
MACS- buffer per 107 cells was added.

Magnetic cell separation was performed using LS columns (Miltenyi Biotec). The
columns were placed in the magnetic field of a MACS separator and prepared by
rinsing them with 3ml of MACS buffer. After that, the cell suspension was added to the
columns, and they were washed with 3x3ml of MACS buffer. The flow-through was
collected and centrifuged (300 x g, Smin). The cell pellet was resuspended in RPMI-
media containing 10% FCS and 1% Pen-Strep and the cells were used for the following
experiments.

PBMCs were obtained from healthy donors. The cells were placed in RPMI-media
containing 10% FCS, 1% Pen-Strep and MCSF (100ng/ml). Half of the media was
replaced with fresh media every other day to guarantee stable levels of MCSF. After
seven days, the macrophages were adherent and could be used for the following
experiments.

2.6  Statistical analysis

Statistical analysis was performed with GraphPad Prism 9 (GraphPad Software Inc.).
Data are represented as means = SD. After testing for normality with the Shapiro-Wilks
test and visual inspection of the QQ-plots, data were analyzed by Two-tailed t-test Two-
sided Mann—Whitney test, or One-way ANOVA with Newman-Keuls post-test as
appropriate. P-value was rated: *p<0.05, **p<0.01, ***p<0.001. N- represents a
number of biological replicates(mice, patients, and experimental biological replicates).
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3. Aims

Atherosclerosis is a lipid-driven, progressive, chronic inflammatory disease that starts
with EC dysfunction and activation at the focal area of disturbed shear stress or laminar
flow. It is followed by multiple processes, such as inflammation, vascular proliferation,
and extracellular matrix (ECM) degradation. While the atherogenic process is initially
clinically asymptomatic, it can evolve into an irreversible advanced fibrous lesion and a
necrotic core, which can potentially lead to vessel occlusion and adverse cardiovascular
events over time. In many cases, atherosclerosis is, therefore, not life-threatening or
clinically symptomatic unless there is an event of plaque rupture. The permissive
requirement for this to occur is the development of lesions defined as thin-cap
fibroatheroma. Identifying the mechanisms that lead to plaques prone to rupturing
would be key to understanding which therapies would effectively prevent major life-
threatening events such as heart attacks and ischemic strokes. On the other hand,
understanding the inflammatory mechanisms underlying vulnerable atherosclerotic
plaques would enable the establishment of effective screening marker panels.

The CSN is a multi-functional protein complex that regulates the degradation of critical
cell cycle and inflammatory proteins by controlling another family of proteins named
the CRLs, via the removal of the ubiquitin-like modifier NEDDS, by a posttranslational
modification process called “NEDDylation”. So far, studies on the role of the CSN as a
regulator of inflammatory mechanisms involved in atherosclerosis development have
focused on investigating the NF-kB signalling axis. The catalytical centre of the CSN5
subunit carries out the function of the CSN complex. Also, CSNS5 has been described to
act as a negative regulator of NF-kB-dependent pro-inflammatory gene expression,
which aligns with its potential beneficial role in atheroprotection.

Hence, the focus of my thesis has been to understand the role of the COP9 signalosome
in atherosclerosis development and decipher the mechanism(s) through which the COP9
signalosome controls inflammatory mechanisms in atherogenesis. Also, I wanted to
evaluate if the COP9 signalosome is a reliable biomarker in preventing the devastating
outcome of atherosclerosis and cardiovascular diseases. I sought to investigate if
arterial-/endothelial-specific Csn5 knock-out mice in the atherogenic ApoE”
background recapitulated the exacerbated atherosclerotic phenotype found previously in
myeloid-specific Csn5 knock-out mice and what inflammatory mechanism stands
behind it. Since the intact holo complex of all 8 subunits of the CSN appears necessary
to exert deNEDDylation activity, the loss of one of the CSN subunits destabilises the
CSN complex structure and leads to impaired deNEDDylation activity. I aimed to
evaluate if CSNS solely confers the atheroprotection or if it is a function of the CSN
holo-complex. The smallest subunit, CSN8, has been studied in the context of heart
failure but hasn’t been investigated in atherosclerosis, although it can be found
overexpressed in advanced human lesions. Accordingly, the study of CSN8 and the
holo-complex is one of the key questions I am addressing in my PhD thesis.

Recent studies have identified and described a first-in-class potent pharmacological
inhibitor of the NEDDS system that has been in trials for cancer therapy, MLN4924.
MLN4924 mimics CSN hyperactivity in atherosclerosis-relevant mouse models and
shows a strong anti-atherogenic effect, as demonstrated by previous studies. Thus, I also
investigated the therapeutic potential and the mechanism of the small molecule inhibitor
on early lesion formation.
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4. Results
4.1 Arterial-endothelial Csn5S deletion

The global deletion of the Csn5 gene is embryonically lethal (Tomoda et al., 2004). For
the functional study of the CsnJ in arterial endothelial cells and vascular inflammation,
we developed a conditional atherosclerosis-prone mouse model in which CSN5 was
tissue-specifically deleted in arterial endothelial cells only in an inducible manner.

We generated mice with a tamoxifen-inducible arterial endothelial Csn5 deletion,
C57BL/6 Bmx-Cre-ERT2/Csn5""*/4poe™""tm (Csn5%""“4poe”~). Bone marrow x
(Bmx-Cre) promoter -under the estrogen receptor (ERT2) conditional expression enables
arterial-endothelial tissue-specific recombinase activity. Tamoxifen administration
induces nuclear translocation of the Cre-ERT2 fusion protein and activation of the Cre
recombinase, allowing the knockout of loxP-flanked genes in endothelial cells. The
loxP-flanked gene used here was Csn5, which was efficiently excised in arterial
endothelial cells upon five days of continuous tamoxifen induction in Apoe’~ mice. The
most widely used murine models to study atherosclerosis, as they can develop
hypercholesterolemia, are apolipoprotein E knockout (Apoe ") and low-density
lipoprotein (LDL) receptor-deficient Ldlr~~ mice. Hence, in generating an appropriate
mouse model, Apoe’~ mice were found to be more suitable for this study. To verify if
the breeding strategy was successful and if mice indeed did express the Bmx-Cre ERT2
gene and Csn)S floxP gene and were Apoe knock-out mice, PCR was performed on the
mouse biopsies. PCR-based genotyping did verify that the mice exhibited the
appropriate genotype and that arterial-specific Csn5 gene excision was efficient (Fig. 18
and 19).
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Figure 18. PCR products of genomic DNA of Csn54* 4poe” mice run on an agarose gel.
Genomic DNA samples of the Csn54*l4poe”~ mice were used to investigate mouse
genotypes. A Bmx-Cre-ERT2 conditional expression was confirmed on a gel-electrophoresis
development as a PCR amplified product size of 770 bp. B, Csn5 floxed (flox/flox) gene
presence was observed as an amplified PCR product size of 500bp (knock-out) or as a 400 bp
band (wild-type)*. C, Apoe knock-out was confirmed on a gel as a single PCR amplified product
of 245 bp size. D, Apoe wild-type band was investigated as a 155 bp PCR product size. E, MIF
floxed (flox/flox) gene was investigated as an amplified PCR gene product of 544 bp (wild-type)
or 683 bp (knock-out) size. F-G, LysM-Cre expression was evaluated on the gel as PCR
amplified gene product size of 350bp (wild-type) (F) as well as 700 bp (knock-out)*(G). Black
arrowheads indicate the respective sizes of the amplified gene products according to DNA gene
ladders. The first two lanes in each electrophoresis-gel development are DNA gene ladders of
100 bp (1) and 50 bp (2). 3-11, PCR samples of the first generated Csn5%"“'4poe”~ mouse
cohort. bp- base pairs; PCR- polymerase chain reaction; Bmx- Bone marrow X; Apoe-
apolipoprotein E; WT-wild-type; LysM - lysozyme M gene; Cre- Cre recombinase; MIF-
migration inhibitory factor; KO- knock-out.

*Gene knock-out (KO) indicates the loss of the respective gene, while wild-type indicates
unaltered gene expression (in the case of LoxP genes, it indicates the absence of the gene
floxing).

At six weeks, mice were treated with tamoxifen (50 mg/kg of mouse BW) and
consumed an HFD for 4 or 12 weeks, only to be sacrificed at the age of 10 or 18 weeks.
Atherosclerosis lesion development was evaluated in the aortic root and aorta or the
Csn54erterial 4poe~~ mice and compared to their littermate control mice, Csn5"'Apoe™".
Next, to confirm the genotypes of mice (Fig. 18), immunohistochemical staining was
employed the confirm the successful generation of the appropriate mouse model. CSNS5
positive area was evaluated in the CD31(PECAM-1)" cells in the aortic roots (Fig. 19).
PECAM-1 is well-known to be exclusively expressed on the surface of the ECs, hence
here, it is used as an endothelial-specific marker. The general tyrosine recombinase
enzyme derived from the P1 bacteriophage (Cre-recombinase) expression in the
endothelial-tissue specific expression was also validated in the mouse aortic roots (Fig.
20). The aortic root endothelial layer of the tamoxifen-treated Csn54"44poe~ and
control Csn5""Apoe” mice were investigated (Fig. 19).

The CSN5" area was depleted in the endothelial layer of the Csn354¥*ri@4poe~
mouse aortic roots, compared to the Csn5"'Apoe”~ mouse aortic roots (Fig. 19, A-C).

The activity of Cre recombinase in the endothelial lining was detected only in the
mice receiving tamoxifen (Csn54“*" @ 4poe~") and was absent in the control mouse
group (Csn5"'Apoe™") (Fig. 19, D-F). Thus, general observations sufficed to conclude
the efficacy of the CSNS loss in an arterial-endothelial manner in sifu.
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Figure 19. Csn5 depletion in the endothelial lining of the Csn54*i4poe”~ mice.
Csn54@teria 4poe~~ mice were injected with tamoxifen or vehicle to induce Csn5 depletion in the
arterial endothelial lining and early atherosclerosis. Representative immunostaining of the aortic
roots shows the efficacy of the depletion of the CSN5" area (magenta) in the CD31" endothelial
area lining (cyan). B, Representative control staining of the aortic roots of the CSNS5 area
(magenta) and CD31 (cyan) of the Csn54“* ! 4poe”~ and Csn5"" Apoe™ mice. C-D, Magnified
area of the Csn5%4poe”~ aortic roots compared to their Csn5"'Apoe” controls. A-D,
Arrowheads indicate CD31" area in Csn5%"“!4poe” aortic roots and Csn5"'Apoe” control
aortic roots; Magenta is distinct CSN5" area. Dotted squares represent enlarged areas of the
root. Scale bar, 50 um. E-F, Representative Cre recombinase staining activity (magenta) in the
aortic root of Csn54*Apoe~~ and control littermates Csn5""Apoe”". E-G, Cre recombinase
positive area (magenta) in aortic roots with (D) or without DAPI staining (E). Scale bar, 500
pm. F, Representative enlarged Cre recombinase staining. Magenta arrowheads show the Cre
recombinase-positive areas reside in the endothelial lining (intercepted white line) of the
Csn5%rterial 4poe™~ aortic roots are absent in the Csn5"'Apoe™" control aortic roots: scale bar, 50
pm.
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4.2  Arterial-specific deletion of CsnS enhances early atherosclerosis

The role of the COP9 signalosome or its subunit CSN5 has yet to be explored explicitly
in early lesion development. The previous study has shown that the MLN4924 might
effectively treat the small atherosclerotic lesion progression by mimicking the Csn5
hyperactivity intracellular conditions. Conversely, Csn5 loss of functions accelerates
vascular inflammation by triggering the NF-kB signalling in endothelial cells in vitro
(Asare et al.,, 2017). Since endothelial dysfunction is an early event that initiates
atherosclerosis progression, we aimed to determine the role of Csn5 loss in arterial-
endothelial cells in early lesion development.

Lesion size in the aortic root and aorta was assessed by lipid staining. The ORO area
was accounted for as the percentage of the total lesion area (Fig. 20A). In the aorta of a
male cohort of mice, it could be observed that already after four weeks of HFD
Csn54erial 4n0e~~ had higher plaque load in the aortic arch as well as abdominal aorta,
while this wasn’t observed on thoracic aorta compared to the control mice (Fig. 20, B-
C). Moreover, Csn54@ridl4poe~ already in early atherosclerotic lesions had higher
plaque load (ORO" area) in the aortic roots than the vehicle-treated controls
Csn5""Apoe™~ (Fig. 20, D-E). There was no significant impact of Csn5 endothelial loss
on lipid metabolism, e.g. triglyceride or cholesterol circulating levels (Fig.20, F-G).
Conversely, female Csn54“*"4l4poe~'~ mice showed no differences in an overall aortic
root atherosclerotic lesion size after 4 weeks HFD (Fig.20 H-I). They suggested that
there is a potential Csn5 dependent gender-specific effect on an early lesion
progression.

Overall, arterial-endothelial CSN5 loss exacerbates early atherosclerosis in the
aortic root and aorta, and it does so in a gender-specific manner.
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Figure 20. Arterial-endothelial specific depletion of CsnS enhances early atherosclerosis.
A, An experimental outline. Csn354*4poe~~ mice were injected with tamoxifen to induce
Csn5 depletion in the arterial endothelial lining and were consuming HFD for 4 weeks to elicit
early atherosclerosis. B, Representative images of en-face murine aortas of Csn54* @ Apoe'
and Csn5"'Apoe”~ mice. Black arrowheads indicated Oil-red-O positive areas (ORO"). Scale
bars, 3 mm. C, Quantification of the lesion sizes (ORO™ area) in the Csn3* " 4poe”~ (n=>5)
and vehicle-treated Csn5"'Apoe” (n= 5- 6) aorta. D, Representative image of the ORO-stained
aortic root of male Csn54*ilqpoe” and Csn5"'Apoe”~ mice after 4 weeks of HFD
consumption. Scale bars, 500 pm. E, Quantification of the male atherosclerotic plaque load in
Csn5%rterialgpoe™ (n= 6-7) and Csn5"'Apoe” (n= 6-9) aortic roots. Cholesterol (F) and
triglyceride (G) levels of Csn5%*4poe~~ (n=3-8) and Csn5"'Apoe” (n=5-9) male mice. H,
Representative image of the ORO-stained aortic root of female Csn3“4poe”~ and
Csn5"'Apoe”~ mice after the 4 weeks of HFD consumption. I, Quantification of the male
atherosclerotic plaque load in Csn34*4poe™ (n= 6-7) and Csn5"'Apoe” (n= 6-9) aortic
roots. These data represent means = SD.
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4.3 MLN4924 mimics athero-protection by CSNS in vivo after 4
weeks of the Western diet

MLN4924, a novel therapeutical approach to treating inflammatory disease, has
been at the essence of this thesis. Prior work has established its beneficial effects on
small lesion progression and determined its limitation in combating the advanced stages
of atherosclerosis (Asare et al., 2017). Moreover, as an ATP analogue, its ablates
neddylation, and in that manner, MLN4924 simulates Csn5 overexpression conditions
(Asare et al., 2013b, 2017). To clarify the effects of the ‘Csn5 overexpression’ on an
early lesion progression, we employed the pharmacological modelling approach and
treated the Apoe” mice with the small molecule inhibitor, MLN4924 (Pevonedistat), as
previously described (Asare et al., 2017), MLN4924 was applied for 4 weeks, while
atherogenic-prone Apoe”~ mice consumed HFD (Fig.21A). Atherosclerosis was
evaluated in a gender-equal study.

In the aorta of the MLN4924 treated males, we could observe that neddylation
ablation lowered the lesion size in the aortic arch and the thoracic aorta. In contrast, the
abdominal aorta was unaffected compared to their vehicle-treated littermate controls
(Fig.21, B-C).  Atherosclerosis progression in the male aortic root (Fig.21, D-E)
revealed that MLN4924-treated male mice had less pronounced atherosclerotic lesions
in the aortic root. Moreover, no impact of the NAE inhibitor was observed on
cholesterol or triglyceride blood content (Fig.21, F-G, Table 1). Also, blood analysis
has revealed no effect on the monocyte blood count, while there was a decline in the
lymphocyte count observed and elevated granulocyte percentage (Fig. 21H). Thus,
MLN4924 has a protective role on early lesion atherosclerosis in male mice and might
exert its effects by lowering the lymphocyte count.

To further understand if the MLLN4924 application has only a short-term effect, a
preliminary experiment has been set to evaluate the long-term effects of the inhibitor of
male atherosclerosis. Namely, after the 4-week MLN4924 application or a vehicle
treatment application, mice receiving the treatment were continued on a high-fat diet
regimen for 8§ more weeks without the MLN4924 or vehicle treatments. Intriguingly, it
has been shown that MLLN4924 lowers the lesion size in the aortic arch and the
abdominal aorta. On the other hand, MLLN4924 protective effects are lost in the male
thoracic aorta (Fig. 211). Thus, suggesting that the short-term application of neddylation
inhibitor might have long-term protective consequences on atherosclerosis progression.
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Figure 21. MLN4924 mimics atheroprotection by Csn5 after 4 weeks of HFD and impacts

small lesions. A, Experimental Outline. Male Apoe

/-

mice were fed HFD in parallel and

received MLN4924 or vehicle treatment. B, Representative images of ORO-stained aortic
arches. Black arrowheads indicate the ORO" areas. Scale bars, 3 mm. C, Quantification of
lesion sizes in the mouse aorta after the MLLN4924 treatment (n=4-7) compared to the vehicle-
treated mouse aortas (n=5-10) D, Representative image of the ORO-stained aortic root of male
MLN4924 (n=5-10) or vehicle-treated (n=5-8) mice. Scale bars, 500 um. F-G, Triglyceride, and
cholesterol levels of mice receiving MLN4924 (n=8) or vehicle (n=6) treatment. H, Blood cell
count of MLN4924 (n=7) treated male Apoe” mice compared to the vehicle-treated (n=8)
controls. Male Apoe” mice consumed HFD for 12 weeks while receiving MLN4924 (n=3-4) or
vehicle (n=3) treatment only for the first 4 weeks. I, Quantification of lesion sizes in aortas of
MLN4924 treatment compared to the controls. Two-sided Mann—Whitney test was used. Data
are mean + SD: *p<0.05, **p<0.01, ***p<0.001. These data represent means + SD.
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Table 1. Male Apoe™~ blood cell count after receiving the MLN4924 or Vehicle treatment

Vehicle MILN4924
Parameters* Mean SD N Mean SD N P-value
'WBC (/mm3) 5,757143 5,42582 7 3,211429 |1,763778] 7 0,053078
RBC (/mm3l) 2,802625 2,779181 8 2,943333  [2,206122] 9 0,506174
HGB (g/dl) 15,18571 6,027832 7 9,267778 |5,178667| 9 0,360028
HCT (%) 25,02857 9,550866 7 41,62222 63,3011 9 0,954541
MCV 136,125 82,58751 8 97,73333 [84,62155] 9 0,169700
MCH 103,9429 80,36948 7 106,4111 [87,28954] 9 0,934073
MCHC 57,2 22,4153 8 93,76667 68,2855 | 9 0,183060
PLT (103 /ul) 189,95 232,619 8 199,8556  [250,5307] 9 0,211686
MPV 6 3,000476 8 30,43333 |49,24505] 9 0,146075
RDW 13,86667 1,457166 3 10,31667 [4,222519] 6 0,007569
LYM (%) 72,18571 11,13664 7 60,76667 [16,92011] 9 0,210391
MO (%) 3,942857 1,213613 7 6,344444 |1,727796| 9 0,655413
GRA (%) 23,87143 10,35273 7 32,93333 |15,74738] 9 0,451855
LYM (/mm3) 4,514286 5,386226 7 8,088889 120,04379| 9 0,539125
MO (/mms) 0,157143 0,113389 7 0,333333 [0,589491] 9 0,053078
GRA (/mm3) 1,085714 0,313202 7 1,377778 1,1872 9 0,506174

* Acronyms are explained in the Material and methods.

The previous study demonstrated that MLLN4924 only exerts its athero-protectiveness
on male mice (Asare et al., 2017). Hence it might not have any beneficial outcome for
the female atherogenic mice. The reason might sand behind that CSN5/Jab1 stimulates
estrogen-receptor degradation, and estrogen receptors are known to mediate several
athero-protective effects on cells and molecules implicated in the vascular inflammation
(Calligé et al., 2005; Kassi et al., 2015). Hence, we here aimed to investigate if
MLN4924 treatment benefits an early lesion progression in female mice (Figure 22).

MLN4924 treatment of the Apoe”~ female mice didn’t yield less pronounced
atherosclerotic lesions than their vehicle-treated controls, the athero-protective effect
previously observed in the equally treated Apoe” males. Apoe™~ ™3l after receiving
the MLN4924 treatment, didn’t show a less pronounced lesion found in their aortic root
(Fig. 22, A-B), or the plaque load in the aorta (Fig. 22, C-D) compared to their vehicle-
treated controls, after the 4 weeks of HFD consumption. In conclusion, suggesting yet
again that MLLN4924, as previously observed, has only a beneficial effect in a gender-
specific manner, as it seems it is ineffective in combating early lesion progression in
female atherogenic, Apoe™ mice.
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Figure 22. MLLN4924 does not confer atheroprotection in female Apoe™ mice. Six weeks
old female Apoe” mice were fed an HFD for 4 weeks and received MLLN4924 or vehicle
treatment. A Representative ORO-stained aortic roots of females Apoe” mice receiving
MLN4924 or vehicle treatment. The black intercepted line outlines the lesion area. Scale bar,
500 pm. B, Quantification of the percentage of the ORO-stained lesion area of the female aortic
roots after receiving MLN4924 treatment (n = 3) or vehicle treatment (n = 3). C, Representative
images of the en-face ORO-stained aortas, with indicated (black arrowheads) lesion sites. Scale
bars, 3 mm. D, Quantification of lesion sizes in mouse aorta after the MLLN4924 treatment (n =
3) compared to the vehicle-treated mouse aortas (n = 3). These data represent means + SD.

4.4 CsnS depletion in arterial endothelial cells promotes advanced
atherosclerosis

Starry and his team define atherosclerotic lesions advanced by several marked
phenotypes. Firstly, advanced stages as every stage of atherosclerosis have notable lipid
accumulations. Matrix components of the advanced lesion, together with the cells of the
vessel, are structurally disorganized, causing significant structural changes in the vessel
wall formation. Advanced lesions have significant intimal thickening, with lumen
narrowing and possible histologically visible clinical manifestations (Stary et al., 1994,
1995). Previous studies have demonstrated that the Csn3 depletion and myeloid-
specific-Csn5  depletion in athero-prone Apoe”~ mice exacerbate advanced
atherosclerosis (Asare et al., 2017; Boro et al., 2021). Hence, I wanted to investigate if
arterial-/endothelial-specific Csn5 knock-out (KO) in an atherogenic Apoe ™~
background (Csn5¥*r@ 4poe~'") upon Western-type diet recapitulates the exacerbated
atherosclerotic phenotype in vivo. Atherosclerosis progression of the Csn54¥ 4l 4poe™'~
male (Fig. 23) and female mice (Fig. 23) was investigated after 12 weeks of HFD
consumption.

Initially, I could conclude that the body weight, blood count, and lipid levels showed
no differences in Csn54¥*"!/4poe™"~ compared to the Csn5"" /Apoe ~~ male mice (Fig.
23, A-B, Table 2). Atherosclerotic lesion size found in the male aorta was exacerbated
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in the whole aorta of the Csn54*"4/4poe™~ mice (Fig. 23, C-D) compared to the
vehicle-treated male mice, Csn5"'/Apoe ~/~. Investigation of the lesion prone-sites in the
total aorta revealed that Csn5 deletion in the endothelial lining was affecting lesion size
more profoundly in the aortic arch and abdominal aorta (Fig. 23 C-D).
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Figure 23. Arterial-endothelial specific depletion of Csn5 promotes advanced
atherosclerosis in the aorta but doesn’t impact mouse well-being and lipid mouse
metabolism. Csn54“"//4poe”~ male mice were injected with tamoxifen or vehicle to induce
Csn5 depletion in the arterial endothelial lining. They were fed a high-fat diet for 12 weeks to
cause advanced-stage atherosclerosis. A, Male Csn3%"*/4poe” (n = 7) weight over the 12
weeks compared to the Csn5""/Apoe”controls (n = 7). B, Triglyceride and cholesterol levels are
shown. Csn54@tria/gpoe” (n = 7), Csn5""/Apoe”” (n = 5). C, Representative images of aortic
arches of Csn54i/4Apoe” ™ Csn5"'/Apoe”~ mice. Black arrowheads indicate the Oil-red-O
positive areas. Scale bars, 3 mm. D, Quantification of lesion sizes in mouse aorta of the
Csn54arterial/gpoe”” (n= 6- 7) compared to the vehicle-treated mouse Csn35"'Apoe™ aortas (n = 6).
These data represent means + SD.

Table 2. Blood cell count of male Csn54“*"“//4poe”” compared to the Csn5"/Apoe” controls

Csn5w’/Apoe-/- Csn5Ameria’/Apoe-/-

Parameters* Mean SD N Mean SD N p- value
WBC (/mm3) 4,017 1,447 6 5,53 7,145 6 0,621343
RBC (/mm3l) 3,917 2,051 3 5,8 1,451 6 0,148390
|HGB (g/dl) 10,4 5,381 5 10,612 3,073 6 0,934844
HCT (%) 21,8 11,677 3 29,433 6,15 6 0,225482
MCV 55,3 1,155 3 51,167 3,126 6 0,066377
MCH 18,067 5,977 3 18,517 4,039 6 0,895555
MCHC 32,53 10,22 3 98,517 156,13 6 0,502689
PLT (103 /ul) 131,33 69,3 6 145 150,4 6 0,843849
MPV 5,933 1,93 6 6,8 0,87 6 0,338013
RDW 13,3 1,34 3 15,683 3,397 6 0,292357
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LYM (%) 67,083 9521 |6 71,417 7,225 6| 0395359
MO (%) 4367 0773 6| 4867 1,109 6| 0342579
GRA (%) 28,6 9203 |6| 23717 7,524 6| 033799
LYM (/mm’) 2,55 0872 |6 1,75 0,6 6| 0093538
MO (/mm’) 0,15 0,084 |6 0,083 0,040 6| 0,109946
GRA (/mm’) 1317 0,686 |6 0,7 0,364 6| 0080097

* Acronyms are described in material and methods.

Once the role of Csn5 loss in the endothelial lining was investigated in female
Csn54ererial/Anoe” mice after 12 weeks HFD, no differences could be observed in lesion
size in the aorta (Fig. 24, B-C) or aortic root (Fig. 24, D, E-F) compared to their
Csn5"/Apoe”~ control. Furthermore, advanced marking of arterial remodelling was
investigated, and no collagen content or fibrous cap thickness changes were observed
(Fig.24, G-H) between the
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Figure 24. Arterial-endothelial specific depletion of Csn5S isn’t affecting atherosclerosis
progression in female mice after 12 weeks of HFD. Six weeks old, Csn54"/4poe”” female
mice were injected with tamoxifen or vehicle to induce Csn5 depletion in the endothelial lining.
They were consuming a high-fat diet for 12 weeks to induce advanced atherosclerosis. A
Female’s well-being was evaluated on their weight progression over the 12 weeks.
Csn54arterial/gAnoe” (n = 8) and Csn5"/Apoe”~ (n = 6) B, Representative female ORO-stained
aortas are shown. Black arrowheads outline the lesion sites in the aortic arch, aortic root, and
abdominal aorta. Scale size, 3mm. D, Representative hematoxylin and eosin-stained female
aortic roots (up) and ORO-stained aortic root areas (down). Scale size, 500 um. E-F,
Quantification of the females ORO" aortic root area and lesion size. Csn54"/4poe” (n= 6- 7)
and Csn3"'/Apoe” (n= 5- 6) controls. G, Sirius red collagen staining of the female aortic roots
after 12 weeks of HFD is shown in lower (up, scale size bar 500 um) and higher magnification
(down, scale size bar 50 pm). Black arrowheads outline the fibrous cap. H, Quantification of the
total collagen lesion fibrous cap thickens is shown. Csn54“*"/4poe” (n = 7) and Csn5""/Apoe™
(n = 6) controls. These data represent means = SD.

Csn54arerial/Apoe” and Csn3"'/Apoe”~ female mice. Female weight showed no
significant differences change over the period of 12 weeks western type of diet (Fig.
24A), nor was the

blood cell count altered between the Csn379"/4poe”- and Csn5""/Apoe”~ female mice
(Table 3).

Table 3. Blood cell count of female Csn54“*"!/4poe”~ compared to the Csn5"/Apoe” controls.

Csn5""/Apoe” Csn54rerial/ A poe”
*Prametars |[MEAN SD N MEAN SD N
WBC (/mm°) 3.4 0,72 3 5.1 2,82 4
RBC (/mm?l) 7,81 1,90 3 6,96 2,41 4
IHGB (g/d1) 12,6 2,70 3 11,75 5,72 4
HCT (%) 38 7,9 3 36,62 11,98 4
MCV 49 1,73 3 53 2,45 4
MCH 17,03 5,92 3 16,37 5,01 4
MCHC 34,5 11,01 3 30,85 9,28 4
PLT (10°/ul) 109,3 18,15 3 140,5 57,49 4
MPV 7,3 1,05 3 6,62 0,56 4
RDW 15,27 2,89 3 14,05 0,87 4
LYM (%) 69,37 3,70 3 71,97 4,29 4
MO (%) 5,53 0,23 3 532 134 4
GRA (%) 25,1 3,57 3 22,7 4,18 4
LYM (/mm?) 23 0.5 3 9,65 11,69 4
MO (/mm?®) 0,13 0,06 3 0,275 0,22 4
GRA (/mm?) 0,96 0,21 3 1,25 0,75 4

* Acronyms are described in material and methods.

4.5 CsnS loss in arterial endothelial lining enhances atherosclerotic
plaque vulnerability

Atherosclerosis can evolve over a lifetime, and often enough, it cannot be clinically
symptomatic unless there is an event of plaque rupture and, thus, exposure to thrombus
material. One of the necessities for advanced lesions to become clinically relevant is the
thinning of the fibrous cap. The mechanism behind plaques being prone to rupture is
largely unknown. But understanding the players and factors contributing to its
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vulnerable atherosclerotic phenotype would be crucial in preventing major life-
threatening events as a consequence of adverse atherosclerosis. Several studies have
previously demonstrated that the loss of COP9 function promotes lesion advancement in
vivo (Asare et al., 2017; Boro et al., 2021). So far there to our knowledge, there is no
available data on the atherosclerotic plaque’s content and phenotype upon the COP9
signalosome loss of function described in the literature. Hence, I aimed here to decipher
for the first time the contributing factor and mechanism behind observed advanced
lesion size exacerbation and plaque lesion cell content and phenotype. Moreover, as
many cell-derived factors determine atherosclerosis development, I aimed to investigate
the most crucial ones, such as overall lesion size and lesion macrophage content, and
smooth muscle cell content.

Firstly, atherosclerotic lesion size upon arterial-endothelial specific depletion of
Csn5 in Apoe™’ mice after 12 weeks of HFD is significantly more elevated than
controls Csn5"" /Apoe ~~. This was testified by the percentage of the ORO-stained
lesion area (Fig. 25, C-D) and via overall lesion size by employing H&E staining (Fig.
25, A-B). H&E staining is also an effective tool to analyse necrotic core size (Fig. 26D).
As necrotic core enlargement is effectively impacting the thinning of the fibrous cap.
Also, the necrotic core is formed mainly by the macrophage population, whereby
macrophages and the SMCs are the major producers of matrix remodelling factors.
SMC:s loss plays a big role in the loss of plaque stability (Bentzon et al., 2014; Virmani
et al., 2000). Mouse lesions with advanced atherosclerosis after consuming 12 weeks of
HFD were probed for these vulnerability factors. Hereby, it could be observed that
macrophage content was elevated in the Csn54“*i/4poe~"~ mice (Fig. 25, E-F). In
contrast, the smooth muscle cell ("SMC) content in a lesion of arterial-endothelial
specific Csn5 knockout mice was significantly reduced compared to the vehicle-treated
mice (Fig. 25, G-H).
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Figure 25. Arterial-endothelial specific depletion of Csn5 promotes advanced
atherosclerosis and enhances factors of atherosclerotic plaque vulnerability after 12 weeks
of HFD. A, C, Representative image of Hematoxylin and Eosin (A) and ORO stained (C) aortic
root lesion. Scale bars, 500 um. B, D, Quantification of lesion sizes in the aortic root of
Csn5"'Apoe”~ (n=4 -7), Csn5%*@/gpoe”~ (n= 6 -9 mice). E, G, Representative
immunostainings of the lesion MAC2" area (E) in green and (F) SMA™ cell area in magenta. F,
H, Quantification of immunostainings Csn3“*!/4poe™" (n=6 -11 mice) Csn5"'Apoe” (n=8 -
10 mice). These data represent means + SD.

Lesion phenotype with elevated macrophage and SMCs content could be more
prone to plaque vulnerability. To further evaluate plaque vulnerability, atherosclerotic
lesions of the Csn544*r4l/4poe™"mice were analyzed for total collagen content (Fig.
26B) and cap thickness (Fig. 26, A-C), by employing the Sirius red staining. Although
total collagen content was not significantly  different among the
Csn54@rterial/4poe~"mice, and its control littermates (Fig. 26, A-C), fibrous cap
thickness was significantly decreased in arterial-endothelial Csn5 depleted mice (Fig.
26C). Collectively, factors of vulnerability were combined, and we could determine that
Csn34 @erial/4poe™’~ male mice have more vulnerable plaques and more pronounced
advanced atherosclerosis compared to the Csn5"' /Apoe =~ mice (Fig. 26E).
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Figure 26. Csn5 depletion in arterial endothelial lining enhances atherosclerotic plaque
vulnerability after 12 weeks of HFD. A Representative Sirius red-stained lesions with fibrous
cap indicated with black arrowheads. Scale bars, 50 pm. B-C, Quantification of collagen
content and FC thickness. Csn54®helidl gpoe~~ (n= 6-8 mice) Csn5"'Apoe”” (n=4-6 mice). D,
Quantification of the necrotic core size of the Csn54"@heliel 4poe~~ (n= 8 mice) and Csn5"'Apoe
= (n=6 mice). E, Vulnerability plaque index quantification of Csn54<"%%elial 4p0e~~ (n= 9 mice)
compared to the Csn5""Apoe” (n=7 mice). These data represent means = SD.

4.6 Arterial-endothelial specific depletion of CsnS downregulates
TIMP1 levels in vivo

Much effort has been invested in understanding the vulnerability phenotype in the
last couple of years (Bentzon et al., 2014; Otsuka et al., 2016;). Many circulatory
markers have been evaluated over the years to predict the atherosclerosis outcome
and/or investigate the appropriate therapy. Hereby, we aimed to perform unbiased
screening for the markers of atherogenic inflammation, endothelial-derived factors, and
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factors of plaque vulnerability to understand the signalling pathways elicited upon
arterial-endothelial specific CSN5 deletion (Fig. 27, A-G).

The multiplex cytokine panel enabled us to evaluate systemically inflammatory
cytokines in the mouse serums (Fig. 27, A-B). Firstly, we could observe arterial-
endothelial specific CSNS5 deletion caused an upregulation of atherogenic markers, such
as M-CSF and a system of complement component C5-C5a, which are well established
in the lesion promotion (Fig. 27C). Surprisingly, levels of TIMP-1 were strikingly low
upon Csn5 depletion. Thus, for the first-time involving matrix remodelling component
and potentially justifying encountered plaque vulnerability of the phenotype (Fig. 27G).
Atherosclerosis is led by endothelial dysfunction and, consequently, adhesion molecules
up-regulation. Moreover, Csn5 in the endothelial cells negatively regulates the gene
expression of the adhesion molecules by regulating the NF-kB signalling axis in vitro
(Asare et al., 2013b). Hence here we wanted to verify this for the first time in vivo.
Adhesion molecules, such as ICAM-1 and VCAM-1, have been up-regulated in
Csn5%ereria/Anoe™~ mice compared to the serums of their controls (Fig. 27D).
Furthermore, circulating chemokines such as CX3CL, CXCL13 and CXCLI10 were
elevated signalling more pronounced atherogenic inflammation (Fig. 27E). Moreover,
cytokines such as IL1-ra, IL-4, IL-6, IL-10, and IL-13 are more elevated. At the same
time, IL-12p40 is seemingly less expressed upon CSN5 depletion in the endothelial
lining suggesting a more complex picture in systemic atherogenic inflammation (Fig.
27F).

As the systemic murine Timp-1 levels were impaired with the arterial-endothelial
Csn5 depletion, its functionality was probed on the systemic levels of the MMPs as
TIMP-1 known substrates. Interestingly, the most pronounced effects could be seen
systemically on the MMP3 elevated levels, while MMP2 and MMP9 were unchanged
(Fig. 27H). Vascular cell types that upregulate and secrete OPN include ECs, VSMCs,
and macrophages (Lok & Lyle, 2019). OPN (osteopontin) is a secreted multifunctional
glycol-phospho-protein and is one of the predictive markers of adverse atherosclerotic
events as it accelerates the cardiovascular remodelling process through TGFp signalling
and MMPs. Myeloperoxidase (MPO) and its end product HOCI activate MMP and
deactivate inhibitors of MMPs, thus promoting untimely the weakening of the fibrous
cap and destabilisation of atherosclerotic plaque (Fig. 27H,) (Koenig & Khuseyinova,
2007; Okamoto, 2007).

After analysing more than 150 biomarkers in the serums of Csn54¥*"!/4poe™~ and
Csn5"" /Apoe ~'~ mice, markers were sorted according to the existing literature either
marker of plaque vulnerability (Fig. 27H) or endothelial-derived factors (Fig. 26G).

Cytokines such as TNFa, IL-6, RAGE, and CCL2 are majorly produced by either
monocyte/macrophages or endothelial cells, as they amplify atherogenic inflammation.
TNFa is well known pro-atherogenic stimulus, but as it has been shown, it can also
elevate the expression of the MMPs (Y. Y. Li et al., 2000). Circulatory TNFa levels
didn’t change upon Csn5 depletion in the endothelial lining (Fig. 27G). IL-6 expression
is elevated in atherosclerotic lesions and coincides with the TIMP-1 depletion while
favouring MMP elicited activity (Schieffer et al., 2004). Once Csn5 was depleted in the
endothelial lining of atherogenic Apoe =~ male mice, it could be observed that there is a
slight trendline towards IL-6 cytokine elevation in these mouse serums (Fig. 27G).
Pentraxin-related protein (PTX3) is elevated by IL-1 or TNF in ECs (Breviario et al.,
1992; G. W. Lee et al, 1993). State-of-the-art suggests PTX3 protects the
atherosclerosis development (Norata et al., 2010). Herby, PTX3 is noticeably elevated
in mice upon loss of CSN5 in the endothelial lining and 12 weeks of HFD consumption
(Fig. 27G).
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The most widely used marker for evaluating adverse atherosclerosis effects,
atherosclerotic plaque vulnerability, and the main factor for evaluating atherogenic
inflammation in mice and humans is C-reactive protein (CRP) (Koenig & Khuseyinova,
2007). Interestingly, although there were few biological replicates, the significance
wasn’t achieved. 1 could determine much higher CRP levels in
Csn54@rterial/gnoe~~compared to the Csn5" /Apoe ~~ mice, representing the elevated
atherogenic inflammation status (Fig. 27G).

oxLDL stimulation, proinflammatory environment, and endothelial activation up-
regulate the adhesion molecules expression of VCAM-1, ICAM-1, P-sel, and E-sel,
which in turn participate in cell recruitment of the blood-derived leukocytes and
monocytes into the subendothelial space (Koenig & Khuseyinova, 2007). Once their
shedding was evaluated in serums of the CSN5-depleted mice, adhesion molecules were
elevated, suggesting more pronounced atherosclerosis (Fig. 27G).

One of the ECs dysfunction promoters is the platelet-derived growth factor (PDGF-
BB). Upon CSNS5 depletion in the endothelial lining, mice responded by noticeably
higher expression of PDGF-BB circulatory levels compared to their vehicle-treated
vehicle-treated controls (Fig. 27F). Finally, proprotein convertase subtilisin/Kexin 9
(PCSKDY) is up-regulated in endothelial cells under the pro-inflammatory stimuli in vivo,
as such is a strong promotes of the ECs apoptosis which can lead to a disturbed
endothelial barrier (Leucker et al., 2021; J. Li et al., 2017). Interestingly, PCSK9 is
trend-line elevated in serums of Csn544%i/4poe™~ mice compared to their Csn5"
/Apoe '~ controls.

Overall, several markers of plaque vulnerability are elevated in mice upon
endothelial CSN5 loss elaborating on the systemic response and more complex
mechanism underlining endothelial activation. I analysed here as well endothelial-
derived biomarkers as COP9 has been associated with endothelial dysfunction in vivo
(Fig. 27G). Among the more pronounced endothelial-derived factors are Angiotensin II
and -L3, which might be, as previously shown, one of the driving forces behind NF-kB
regulation of the VCAM-1, as well as a direct inducer of endothelial dysfunction via
regulation of RhoA/ROCK pathway (Piqueras & Sanz, 2020; Pueyo et al., 2000; Silva
et al., 2020)

CD93 is majorly expressed in ECs, but also neutrophils and monocytes (Fonseca et al.,
2001). A matrix metalloproteinase that mediates soluble CD93 cleavage in human
patients was associated with adverse clinical outcomes(Newby, 2007; Youn et al.,
2014). CD93 is strongly elevated in mouse serums upon arterial-endothelial specific
depletion of Csn5 (Fig. 27H).

Endothelial homeostatic CCL21 chemokine dysregulation has been shown to enable T-
cell mediated atherosclerosis progression (Damaés et al., 2007). We could observe that
the CCL21 chemokine is upregulated in Csn54%/4poe~"~ mouse serums (Fig. 27H).
Insulin-like growth factor-binding protein showed diverse profiles in male mouse
serums upon CSNS5 loss in an endothelial arterial manner. Namely, IGFBP1 plays a
crucial protective role in vascular remodelling and stimulates EC regeneration, and has
been demonstrated to possibly play a role in the plaque stability (Martin et al., 2008; C.-
M. Wu et al., 2021). IGFBP-2 concentrations correlate negatively with arterial intima-
media thickness (Martin et al., 2008). In contrast, IGFBP-3 plays a role in angiogenesis-
related gene expression and modulating matrix remodelling by increasing the MMP2
and MMP9 activation (Forbes et al., 2012; Granata et al., 2007). Thereby, in serums of
the Csn5499l/Apoe™~ mice, insulin-like growth factors 1 and 2 were decreased, while
on the other hand, IGFBP-3 was increased compared to the Csn3" /Apoe ~~ suggesting
possible adverse effects upon matrix remodelling players and induce higher intimal
vessel thickness (Fig. 27H). Adipokine, chemerin, also known as tazarotene-induced
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gene 2 (TIG2), is shown to be elevated here upon CSNS5 depletions (Fig. 27H). Previous
studies have shown that chemerin inductions worsen the atherosclerosis progression in
vivo and promote endothelial angiogenesis and MMP production and activity (Kaur et
al., 2010; H. Liu et al., 2019). Chitinase-3-like protein 1 (CHI3L1) Chi31l1 mediates EC
inflammation and VSMC activation, accelerating the atherosclerosis progression (Jung
et al., 2018).

Overall many of the outlined factors triggered by the arterial-endothelial Csn5
deletion can be endothelial-derived or systemic. Their plausible contribution to the
plaque vulnerability can be only speculated as there is not enough evidence to outline
their importance. Future studies might be designed to investigate them individually.

As one of the most strikingly affected factors to be altered by this unbiased assay is
the TIMP-1 levels, I strived to validate this observation by evaluating its systemic levels
in serums of the Csn54“*/4poe~"~ by employing ELISA. Indeed, TIMP-1 levels were
significantly lower in the Csn34"!/4poe™"~ mice compared to the serums of their
controls (Fig. 27K). Moreover, as seemingly systemic levels of TIMP-1 are altered, |
wanted to evaluate if its loss in circulation can be recorded in the atherosclerotic lesions
of the Csn54¥*ral/4poe~~ mice. Immunofluorescence staining against TIMP-1 was
performed on the aortic roots of the arterial-endothelial CSN5 mice and their respective
controls. Interestingly, it was shown that there is less TIMP-1" area in the mice's plaque
with down-regulated endothelial Csn5 levels (Fig. 27, I-K). On the other hand, this was
only observed on the male lesions, while female atherosclerotic lesions were not
affected, and their atherosclerotic plaque Timp-1 levels were non-altered (Fig. 27L).

Overall, initial unbiased screening of the Csn54*"“//4poe™ atherosclerotic lesions
and mouse serum has revealed that matrix remodelling factor and biomarkers
determining the vulnerable atherosclerotic phenotype has been somewhat affected, and
for the first time link between endothelial-CSNS5 and systemic Timp-1 has been
demonstrated.
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Figure 27. Arterial-endothelial CsnS depletion downregulates the systemic TIMP1 levels in
vivo. Tamoxifen treated Csn5%""““//Apoe”~ mice and their respective control, vehicle-treated
Csn5"'Apoe™" littermates were exposed to the HFD diet for 12 weeks and their serums were
probed on the multiplex mouse cytokine panel. A-B, Representative immuno-blots of the
cytokine panels of the Csn5%*!/4poe™~ (n= 2 - 3) and Csn5""Apoe” (n= 2 - 3) male mouse
serums. Red rectangles outline the signal areas of the atherosclerosis-relevant cytokines
measured in serums. C-H, Immuno-blot quantification of the cytokine panel signals of the
processed mouse plasma. Csn5%*i@/4poe™ (n= 2- 3), Csn3"'Apoe”’~ (n= 2 - 3). I,
Representative immunostainings of the TIMP1" area (yellow), in the lesions of the male aortic
roots. Scale bars, 50 um. J, Quantification of the TIMP1" area in the plaque lesions of the male
Csn5%rterial/gnoe™ (n = 8 mice) and Csn5"'Apoe” (n= 6 mice) after the 12 weeks HFD. K,
Quantiﬁcation of the TIMP1 in the male mouse serums of Csn34*/4poe™"" (n= 7 mice) and
Csn5""Apoe”~ (n= 10 mice) mice. L, Representatwe 1mmun0sta1n1ngs of the TIMP1" area in the
aortic root (yellow) of the Csn34"!/4poe™"~ and Csn5"'Apoe”~ female mice, after 12 weeks of
HFD. These data represent means + SD.
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4.7 Timpl is downregulated in mouse aortic endothelial cells upon
arterial-endothelial specific depletion of CsnS in vitro

The endothelial-derived CSNS5 is previously described as a negative regulator of
human atherosclerosis. It suppresses NF-kB-driven pro-inflammatory gene expression
and inhibits monocyte arrest in vitro (Asare et al., 2013b). A previous study did report
that COP9 regulates certain groups of NF-kB-driven gene sets, as some of the NF-kB
gene targets don’t seem to be affected upon Csn5 depletion in vitro (Asare et al., 2017).
Thus, I aimed to describe the underlining mechanism for the observed phenotype by
employing the mouse aortic endothelial cells and confirming in vivo obtained data, and
tackling the underlining mechanism (Fig. 28). MAECs were used to comprehend the
role of Timp-1lesional and systemic depletion and comprehend its interaction between
the Csn5 depletion and Timp-1 levels in the endothelial lining (Fig. 28).

The mechanism that interplays between Csn5 and Timpl in aortic endothelial cells is
unknown. Although, Timp-1 target, Mmp9 gene expression elevation was reported in
the Csn5-KO macrophages (Asare et al., 2017).

As isolating primary arterial endothelial cells from the Csn54¢"othelial 4poe~~ mouse
aorta was shown to be deemed an inconsistent method in our hands, Csn5 knock-down
was enabled by employing the Csn5 siPOOL technology, while its wild-type controls
were scrambled RNA (scrRNA) treated cells (Fig. 28A). The efficacy of the CSN5
knock-down was evaluated on the qPCR gene expression and showed a reduction of
more than 60% CSN5 gene expression in MAECs compared to their sc¥rRNA controls
(Fig. 28B). Csn5 lowering down induced 10-20 % Timpl mRNA gene expression (Fig.
28C), which yet again aligned with the previously obtained in vivo data. To confirm
that observed Timp-1 and Csn5 gene expression reflects on the protein expression
levels, total MAEC cell lysates were analysed by employing Western blot (Fig. 28C).
We could confirm as well that there is a Timp1 protein depletion (Fig. 28, D, F) upon
Csn5 effective protein depletion in vitro (Fig. 28D, E). Moreover, I could evaluate that
mouse aortic endothelial cell (MAEC) supernatants, upon siPOOL-induced Csn5
depletion, decreased secretion of the extracellular levels of Timp-1 compared to the
scrambled control (Fig 28G).

Tissue inhibitor of matrix-metalloproteinase expression has previously been
described in endothelial cells as it was shown to up-regulated upon low shear stress
(Uchida & Haas, 2014). While the majority of studies on the TIMP-1 expression
regulation have been shown on macrophages and fibroblasts in cancer inflammation and
tissue-remodelling (Di Gregoli et al., 2016a; L. Tong et al., 2004), only recently has
been described to figure in atherosclerosis progression (Di Gregoli et al., 2016a; Silence
et al., 2002). Interestingly, Timp-1 loss has been shown to suppress VSMC proliferation
in vivo (Di Gregoli et al., 2016a). Yet another study has shown that Timp-1~"/~
significantly increased atherosclerotic burden in Apoe™~ mice after 36 weeks of HFD
(Kremastiotis et al., 2021). Hence, in the interest of this study, we wanted to understand
how CSNS5 depletion affects secretory TIMP-1 levels.

TIMP-1 functions as an endogenous inhibitor of MMPs (Introduction). Timpl, the
MMP9, and MMP2 are governed by NF-kB (Clark et al., 2008). Thus, I have tested if
the expression of Mmps and Timps changes upon CSNJ loss (Fig. 28, H-L). TIMP-2
loss has been shown to elevate the atherosclerosis lesion progression in Apoe™~ mice
(Di Gregoli et al., 2016a). On that basis, I aimed to investigate whether its gene
expression levels are also changing with the Csn5 depletion in ECs, which I couldn’t
detect (Fig. 28H). From the analysed MMPs, only MMP9 has been shown to be a
significantly up-regulated gene in CSN5 siPOOL- treated endothelial cells, while
MMP2 gene expression was not changing.



Jelena V. Milic 102

In an effort to understand how the gene expression of elevated MMP9 and lowered
TIMP-1 could be explained upon CSNS5 depletion in ECs, I have investigated the
expression of transcriptional factor c-Jun (Fig. 28H). Namely, c-Jun is known to be
stabilised by the Csn5 of the COP9 signalosome. While on the other hand as AP-1
homo- or heterodimer regulates the Timp-1 gene expression, suggesting it might stand
between CsnS5-Timpl non-interacting partners (Chamovitz & Segal, 2001; Clark et al.,
2008; L. Tong et al., 2004). c-Jun mRNA gene expression was lowered upon the Csn5
depletion (Fig. 28H). Henceforward, c-Jun and AP-1 might be responsible for the
vulnerable phenotype and NF-kB pro-inflammatory atherogenic signalling.

A reported mechanism underneath the vulnerable atherosclerotic lesion is a
disturbed ratio amid MMPs/TIMPs levels, which leads to dysregulated proteolytic
activity and a commonly unfavourable ECM remodelling (Spinale & Villarreal, 2014).
That urged me to investigate if the observed lowering of TIMP-1 levels in MAECs
supernatants upon CSNJ5 siPOOL treatment could be responsible for the overall MMP
activity modulation. The activity of the ECS-derived-MMPs secreted in their
supernatants upon CSNJS siPOOL treatment or sctRNA has been evaluated on an MMP
fluorometric assay. Endothelial cells’ MMPs capacity to digest their substrates was
measured every 10 minutes for 60 minutes. We could demonstrate that already after 20
minutes, there is a significant decline in MMP activity under the Csn5 depletion in vivo
(Fig. 28I). Moreover, in the deciphering of the MMP activity and pinpointing
responsible parties, gelatinases activity (matrix-metalloproteinase -2 and -9) was
addressed on the zymography assay (Fig. 28J). Significant elevation in the activity of
Mmp2 and Mmp9 upon Csn5 loss was shown (Fig. 28, K-L). In conclusion, obtained
data suggested that endothelial-Csn5 depletion triggers destabilisation of the c-Jun
levels, which is at least partially responsible for the downregulation of the Timp-1
levels, elevating the overall MMP activity.

In general, it is known that Csn5 acts as deNEDDylase as part of the CSN holo
complex (Cope & Deshaies, 2003; Kato & Yoneda-Kato, 2009; Wei & Deng, 2003). On
the other hand, Cn5 has been described to have functions outside of the complex
independently of the CSN complex (Kato & Yoneda-Kato, 2009; Sharon et al., 2009).
To investigate whether the CSN holo-complex plays a role in determining the Timp-1
levels or the sole function of the Csn5 subunit outside of the complex, the smallest
subunit of the complex, Csn8, has been depleted in the mouse-aortic endothelial cells by
employing Csn8 siPOOL (Fig. 28M).

Although Timp-1 gene expression seemingly was affected upon Csn8 depletion in
MAECS (Fig. 28, N-O), no changes in the total MMP activity changes were observed
except at the zero time-point (Fig. 28P). Suggesting that Csn8 and the CSN holo-
complex might contribute to the gene expression changes but not the overall MMP
activity changes are CSNS5 dependent in ECs in vitro.
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Figure 28. Arterial-endothelial Csn5 depletion downregulates the TIMP1 levels in vitro. A
Graphical representation of the experimental setup. Mouse aortic endothelial cells (MAECs)
depletion of the Csn5 was achieved by employing 30 highly specific CSN5 targeting siRNA
strand solution (siPOOL technology) (blue-green), and non-annealing siRNA-scrambled RNA
(scrRNA) was employed as control (grey). B-C, Relative mRNA gene expression of Csn5 and
Timpl in MAECs in vitro. Csn5 siPOOL (n=5-7), scrRNA controls (n=4-7). D, Representative
immuno-blots of CSN5 and TIMP1 protein levels in MAECs upon Csn5 siPOOL knock-down
compared to their scrRNA controls in vitro. E-F, Quantification of the Csn5 and Timp1 protein
levels in MAECs upon Csn5 depletion (CsnS siPOOL) (n=4-6) compared to the scrambled RNA
controls (scrRNA) (n=4). G, Timp1 secreted levels in MAEC supernatants upon Csn5 depletion
(n=13) compared to the supernatants of the mouse aortic endothelial cells exposed to the
scrRNA control (n=12). H, Relative mRNA gene expression histogram of Timp2, Mmp2, Mmp?9,
and c-Jun in MAECs with Csn5 depletion (n=5) or treated with the sc¥RNA controls (n=5). I,
Quantification of the total MMP activity in MAEC supernatants of the controls scrRNA (n=3-6)
and Csn3 siPOOL (n=6-7) at the indicated time-points. J, Representative zymogram gel of Csn5
siPOOL treated MAECs supernatants compared to the RNA scrambled controls (scrRNA). K-
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L, Quantification of the MPI of the MMP2 (I) and MMP9 (J) enzyme activity upon Csn5
siPOOL treatment (n=9-11) versus scrRNA control treatment (n=8). M, Graphical
representation of experimental setup. MAECs and Csn8 specific depletion was enabled by
employing CSN8 siPOOL technology (magenta) and was compared to their scrambled RNA
(scrRNA) controls (grey) in vitro. N-O, Relative mRNA Csn8 and Timpl gene expression in
MEAC upon Csn8 depletion (Csn8 siPOOL) (n=6-7) compared to the scrambled RNA controls
(scrRNA) (n=5-6). P, Quantification of the total MMP activity in MAEC supernatants. scrRNA
(n=6) and Csn8 siPOOL (n=3). These data represent means + SD.

4.8 MLN4924 treatment up-regulates TIMP1 levels in vivo and in
vitro

As TIMP-1 levels are seemingly being lowered down upon CSN5 depletion in vitro
and in vivo, I wanted to investigate if the elevating CSNS5 levels trigger the TIMP-1
elevation in vivo.

In vivo study was performed by employing the blood serum analysis and aortic roots
immunohistochemical staining of mouse aortic roots that have received MLN4924 or
vehicle treatment for 4 weeks while consuming the HFD, as previously described.

In the aortic roots of the MLN4924 treated mice could be observed that TIMP-1 is
more overall expressed in their atherosclerotic lesions, compared to the lesion of the
vehicle-treated mice (Fig. 29A). Specifically, TIMP-1 is more expressed in the shoulder
of the MLN4924 treated atherosclerotic lesions (Fig. 29B). Moreover, receiving the
neddylation inhibitor treatment had elevated systemic levels of the circulatory TIMP-1
levels, suggesting a protective mechanism of the small molecule inhibitor (Fig. 29C).

To investigate how ‘Csn5 overexpression mimics’ impacts, specifically endothelial
lining, MAECs were treated with the small molecule inhibitor (500 nM), MLN4924, for
16h or DMSO vehicle control in vitro (Fig. 29D). Firstly, MAECs upon MLN4924
application showed higher gene expression of Timp-1 compared to the vehicle-treated
controls, suggesting the involvement of stabilisation of the transcriptional regulators
(Fig. 29E). Secondly, secretory Timpl levels detected in the supernatants of mouse
aortic endothelial cells upon MLN4924 treatment were as well significantly elevated
(Fig. 29F). Finally, the total intracellular content of the TIMP-1 in MAEC treated cells
was evaluated in their lysate on the immunoblotting, and we couldn’t observe
significant changes, but the trendline (Fig. 29H).

The balance between the protease inhibitor Timpl and its MMPs target is deemed
important for the lesion progression clinically significant outcome (Kremastiotis et al.,
2021). To probe total matrix-metalloproteinase enzymatic activity in cell endothelial
supernatants, we have employed an MMP activity assay. Depletion of MMP activity
was observed already after 20 min of the substrate digestion upon MLN4924 (Fig. 29J).
Finally, collagenase zymography was developed to pinpoint which MMPs were driving
the enhanced activity after the MLLN4924 treatment (Fig. 29K). Neddylation-activation
enzyme inhibition in the mouse aortic endothelial cells has demonstrated only a
significant impact on the Mmp9 cell supernatant activity, while Mmp2 activity hasn’t
changed (Fig. 29, L-M).



Jelena V. Milic

105

B C
Vehicle MLN4924
; " *
= * 6000 e Vehicle
£ 0o . ‘ o MLN4924
5 £ 4000
8 E
2 40 e
g ° 'é. .
‘é 3% E 2000
':
0 0 | |
Kok
E 25 F 1507 1 . Vehice
o S * —a
o°® 3 20- = MLN4924
® i ® 4 - =
MLN4924 < Vehicle ° 3:/ & - §
MAEC < MAEC zg =
£ 10+ &
£
2 F
T 5+
& ]
o_
H 207 [ 29 3007 3007 = MLN4924
n g _ g ;g = Vehicle
1.54 S5 ©
Vehicle MLN4924 £ 88 2001 88 200 S8 200 *
3 88 28 38 ]
mpt 5 1 £g §3 LA
o —— 701 B ES s B> 25
E n.& 1004 Q_& 1004 . [y 1004
0.5+ s = Sie [
s} e®e O o
‘ —— ccz.“ Tubulin . ! a "
.0 0- 0- 04
0 min 30 min 60 min
Vehicle MLN4924 3 L 3-
*ok H
oores " VEHICLE
= MLN4924

Mmp9

MPI Mmp2
N
1

C ]
MPI Mmp9
bk

Mmp2

ILRE

Figure 29. MLN4924 treatment up-regulates TIMP1 levels and impacts the activity of the
matrix-metalloproteinase in vivo and in vitro. Representative immunostaining of the TIMP1*
positive area in the aortic root (stained yellow) of the MLN4924 and vehicle-treated mice after 4
weeks of HFD. Scale bars, 500 pm. B, Quantification of the TIMPI1® area in the lesion
MLN4924 treated mice (n=10 mice) compared to the vehicle-treated mice (n=9). C,
Quantification of the TIMPI circulatory levels of MLLN4924 (n=10) and Vehicle treated mice
(n=9). D, Experimental outline in vitro. MAECs were either MLN4924 or vehicle-treated. E,
Relative mRNA Timpl expression in MEAC after MLN4924 (n=4-6) stimulation compared to
the vehicle (n=4-5) treated control. E, Relative mRNA Timpl expression in MEAC after
MLN4924 stimulation compared to the vehicle control after the TNFa co-stimulation. F, Timpl
levels in MAEC supernatants upon MLN4924 treatment compared to the vehicle controls
Secretory levels of Timpl levels in vitro in MAEC upon MLN4924 (n=5) treatment compared
to the vehicle (n=6) controls G, Representative immunoblots of the Timp1 levels compared to
the vehicle treatment of the MAECS. H, Quantification of the Timp1 protein levels in MACES
upon MLN4924 (n=3) treatment compared to the vehicle-treated (n=3) control. I, Quantification
of the total MMP activity in supernatants of the vehicle-treated (n=3) and MLN4924 (n=3)
MAECS at the indicated time points. J, Representative zymogram gel of MLN4924 treated
MAECs supernatants compared to the vehicle controls. K-L Quantification of the MMP2 (K)
and MMP9 (L) enzymatic activity of MLN4924 (n=5) treated MAEC supernatants compared to
the vehicle (n=5) treatments. These data represent means + SD.
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4.9 CsnS overexpression reveals the involvement of MAPKSs and the
AP-1 signalling axis in determining the Timp-1 levels

In the previous studies in this thesis, systemic effects upon MLN4924 ‘Csn5
overexpression mimics’ were evaluated, which wouldn’t yield true intracellular state
conditions of the Csn5 overexpression, only partially mimic conditions as such. Csn5's
capacity to act independently of the CSN and signalling underneath was aimed here to
investigate how it impacts the TIMP-1 regulation and the matrix-remodelling system.

Firstly, mouse fibroblasts (NIH/3T3 or MEFs) were used here, as they are well-
described major cellular producers of MMPs and Timp-1 (Boucherat et al., 2007; L.
Tong et al., 2004). Secondly, AP-1, NF-kB, p38 MAPK, ERK1/2, and Akt signalling
have been shown to regulate the TIMP-1 gene expression (L. Tong et al., 2004). In the
same time, TIMP1 gene expression is extensively regulated by the homo- or hetero-
dimers of AP-1, one of them being c-Jun (L. Tong et al., 2004). Csn5 stabilising c-Jun is
well described and is shown to be a JNK signalling-independent (Kleemann et al., 2000;
Naumann et al., 1999; Tsuge et al., 2001). Hence, by employing mouse fibroblasts over-
expressing Csn5 compared to their non-cloned constitutively Csn5 expressing fibroblast
controls (Fig.30 A, up), we could manage to investigate the role of the Csn5
overexpression (NIH/3T3 Csn5**") and mechanisms underneath the Timp-1 gene
regulation.

Initial mRNA gene expression studies have shown that elevated Csn5 (Fig. 30, B)
levels do mirror the Timpl elevated gene expression (Fig. 30C) in the NIH/3T3
Csn5*** compared to their controls (NIH/3T3 Csn5""). As the regulators underneath the
Timp-1 gene expression next to the c-Jun are c-Fos and Jun-B, their gene expression
was investigated under the Csn5 overexpression without (Fig. 30, D-F) or under the
TNFa pro-atherogenic stimulation (Fig. 30, G-I). At the same time, all the AP-1
signalling players were found to be up-regulated upon Csn5 over-expression in the
NIH/3T3 Csn5*** compared to their constitutive Csn5 expressing NIH/3T3 Csn5" (Fig.
30, D-I). Once protein levels were investigated in these mouse fibroblasts, I could see
that Csn5 overexpression is paralleled by the c-Jun levels (Fig. 30J). The same higher
Timp-1 levels could be seen in the NIH/3T3 Csn5™"" compared to the NIH/3T3 Csn5™
(Fig. 30K).

JNK inhibitor II was used to block JNK signalling in the NIH/3T3 cell lines, hence
evaluating the CSN5-derived function. Up-regulation of the c-Jun was present already
without the TNFa (20ng/ml) stimulation in the NIH/3T3 Csn5*** (Fig. 30L). On the
other hand, JunB and c-Fos were up-regulated under the TNFa stimulation after 15 min
compared to their NIH/3T3 Csn5"' stimulated controls (Fig. 30L).

Active phosphorylated c-Jun levels were investigated as well once JNK signalling
was blocked. I could observe higher active c-Jun levels already after 15 min in the Csn5
overexpressing cells (Fig. 30L).

To verify if the Csn5 depletion in the mouse fibroblasts (MEF Csn5+/-) parallels the
Timp-1 lowering levels previously observed on endothelial cells, we analysed mouse
fibroblasts with an endogenous heterozygous loss of the CsnS. Their effects were
analysed next to the constitutively expressing mouse fibroblasts, MEF Csn5"" (Fig. 30A
right). The lowering of the Csn5 gene expression lowered the Timp-1 levels in these
mouse fibroblasts (Fig. 30M). The same protein lowering was observed in the Timp-1
and Csn5 protein levels in the MEF Csn5"" compared to the MEF Csn5"" cell clones
(Fig. 30P). While curiously, c-Jun protein levels remained unchanged in this condition,
suggesting another signalling player potentially being involved in regulating the Timp-1
gene expression (Fig. 30P).



Jelena V. Milic 107

A B C
15 = i A NHT3 Csn5"
c c Sh.
NIH/3T3 Csn5+++ MEF Csn5+/- 2 00547 3 A NHT3 Csn5+++
- - e e e e o g
g 10 & 10
3% e
NIH/3T3 MEF WT E© Zs
P == IS e e o 5 o 5
T £
Mouse Fibroblasts & ey 4
] 0
D E G H |

Relative mRNA c~Jun
]

Relative mRNA c-Fos

Relative mRNA JunB

Relative mRNA c-Jun

Relative mRNA c-Fos

Relative mRNA JunB

60 60 60 60 i ‘
0.0556
40 *% 40 40 * 40 40 40
A | *
20 £ 20 2 20 T 2 20 F 2 20 2 20
L%l A
(] 0 0 0 0l

J NHGTS  NHBT3 NIH/3T3 NIH/3T3 L TNF&

Csn5*t Csn5** Csn5"t  Csn5*** MEF Csn5" MEF Csn5*

CosiN. CoEN- Eeeee

ECJun m T [ : et
I ! -
,w s ! ‘ c-Jun - . c-Jun
b‘."‘-'Actm L

' ] Tubulin |- - e ™ ey -‘Aclin

Csnb

M s N

25 15
A A MEF Csn5"t
2.0 A MEF Csn5™
<
1.0
15 g
£
Q
10 Eos
0.5
0.0 4 0.0

Figure 30. Csn5 regulates TIMP-1 via stabilising the AP-1 signalling axis
independently of the JNK signalling in a mouse fibroblast in vitro. Schematic representation
of experimental design employing mouse fibroblastic cell line; Left: NIH/3T3 cell clones (left)
overexpressing Csn5 (NIH/3T3 Csn5""") compared to the control cell clones, NIH/3T3 cell line
expressing stable levels of Csn (NIH/3T3 Csn5™); Right: mouse embryonic fibroblasts (MEF)
cell clones with the depletion of Csn5 expression (MEF Csn5%") compared to their native Csn5
expressing cell clones MEF Csn5". B-C, Relative mRNA levels of Csn5 and Timpl gene
expression in the NIH/3T3 Csn5""" (n=5) compared to the Csn5" (n=4) controls. D-I, Relative
mRNA gene expression of c-Jun (D), c-Fos (E), JunB (F) without (D-F) or with (G-I)
overnight TNFa (20ng/ml) stimulation. NIH/3T3 Csn5" " (n=4-5), Csn5"" (n=4-5) controls. J-
K, Representative immunoblots of Csn5, Timpl1, and c-Jun protein levels in the NIH/3T3 Csn5
overexpressing cells compared to their control NIH/3T3 Csn5™ cells (n=2-3 individual
experiments). L, Representative immunoblots of Csn5, Timpl, and c-Jun protein levels in the
MEF Csn5" compared to their MEF Csn5™ controls M-N, Relative mRNA of Csn5 and Timpl
gene expression in the MEF Csn5™ (n=4) compared to the MEF Csn5™ (n=4) controls (n=3
individual experiments). Data represent means + SD.

Csn5 mRNA

To investigate under which signalling axis AP-1 signalling is triggered, we analysed
MAPKSs, p-p38, and p-ERK1/2, and we could observe that while p-ERK1/2 doesn’t
seem to be affected but depleted in the Csn5 overexpressing fibroblasts, p-38 might be
responsible for the observed AP-1 signalling (Fig. 31B). To verify this claim, non-
active p-38 and ERK1/2 protein levels were investigated with and without the TNFa
(20ng/ml) stimulation as well as under the effects of the JNK inhibitor II. I could
evaluate that ERK1/2 signalling was only impacted with the TNFa (20ng/ml)
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stimulation in the NIH/3T3 Csn5*** cells, while this was not the case once the JNK II
inhibitor was employed. While on the other hand, MAPK p38 signaling was triggered
only upon TNFa (20ng/ml) stimulation in the NIH/3T3 Csn5*** while that was not the
case in the Csn5 wild-type expressing NIH/3T3 fibroblasts (Fig. 30A). Overall data was
suggesting that Timpl elevated levels under the Csn5 overexpressing conditions,
enabled AP-1 gene expression stabilisation via p38 triggered signalling.
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Figure 31. Csn5 regulates the AP-1 signalling axis independently of the JNK signalling in a
mouse fibroblast in vitro. An Immunoblots of AP-1 signaling (c-Jun, JunB, c-Fos, and p-c-Jun)
and MAPK activation (p-p38 and p-ERK1/2) upon TNFa stimulation for indicated time points
of NIH/3T3 Csn5*""" compared to the NIH/3T3 Csn5% under the JNK II inhibitor treatment. B,
Immunoblot of MAPK levels (ERK1/2 and p38) under or without TNFa stimulation, with or
without JNK 1II inhibitor treatment as indicated. \NIH/3T3 Csn5 overexpressing cells (NIH/3T3
Csn5""") compared to their control NIH/3T3 Csn5" cells (n=3 individual experiments).

4.10 The CSN holo-complex plays a role in atherosclerosis
progression in vivo

The role of the Csn5 subunit has been investigated in atherosclerosis development
by employing Csn54™*d4poe™" in vivo (Asare et al., 2013b, 2017). Moreover, the role
of the Csn3 has been recently probed in vivo (Boro et al., 2021; Schwarz et al., 2017).
These studies suggest the important role of the CSN holo-complex in atherosclerosis
progression in different cell types. Since the CSN holo complex holo-complex of 8
subunits, I wondered if depletion of the small CSN subunit 8§ (CSNS8) in an
atherosclerosis model in vivo, i.e. by studying Csn84"d4poe~'~ mice, would similarly
impact atherosclerosis progression as the myeloid knockouts of subunit CSNS5. As
removing one subunit of the CSN holo-complex would lead to its disassembly, I aimed
to investigate the role of the COP9 holo-complex in atherosclerosis for the first time
here.

We conditionally deleted the Csn8 gene in myeloid cells in mice by employing the
Cre-loxP system. This was achieved by crossbreeding LysMCre/Apoe”~ expressing
mouse line with the established Csn8™/* mice. Thus, I generated an addressed
Csn84meloid gApoe~~ mouse line.

Analysis of genomic DNA from the ear-tissue biopsied (Fig. 32, A-D), as well as
protein levels (Fig. 32F) and mRNA gene expression (Fig. 32G) of Csn8 in BMDMs,
confirmed the appropriate genotype, and by that effective depletion of the Csn8 in
myeloid cells.
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Moreover, mouse weight progression (Fig. 32E) and blood cholesterol levels (Fig.
32F) of the Csn84™*d4poe~~ mouse line showed no differences over the time of 12
weeks of the HFD. consumption, compared to their Csn8"'Apoe~~ control littermates.
Finally, to verify if Csn8 indeed is expressed in Apoe”~ mouse atherosclerotic lesions,
the Mac2" area of the lesion has been probed for the Csn8 expression where we could

observe that, indeed, macrophage in the advanced atherosclerotic lesion do express
Csn8 (Fig. 32H).
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Figure 32. Targeted deletion of the Csn8 gene in mouse macrophages. A-D, PCR amplified
gene products of the mouse genomic DNA were analysed on the gel-electrophoresis. LysMCre
(A-B), Csné8 (D) floxed (flox/flox), and Apoe knock-out (B) PCR gene products are shown. The
size of the PCR product is indicated with the black arrowhead. E, Male mouse weight
progression over the 12 weeks of HFD consumption. Csn84"*“4poe™ (n=7) Csn8"“'Apoe™~
(n=7). F, Representative immunoblots of Csn8 protein levels in the Csn84™<°4poe~ (n=3)
and Csn8"'Apoe” (n=3) mice. G, Cholesterol levels of the Csn8*™“““4poe”~ (n=3) and
Csn8"'Apoe”~ (n=3) male mice. Data represent means+SD. H, Representative immunostainings
of the mouse aortic roots showing CSN8" area in magenta, MAC2" area in green, of the aortic
roots (Apoe” ~mice) after the 10 weeks HFD. DAPI-nuclear staining in cyan. Scale bar 200 pm.
These data represent means + SD.

As previously shown, Csn54™eidgpoe~ after 12 weeks of HFD consumption had
more pronounced atherosclerosis than their control mice Csn5"'Apoe™ (Asare et al.,



Jelena V. Milic 110

2017).  Thus, LysMCre/Csn8"™ox  /4poe™”~ (Csn84"*id4poe~) atherosclerosis
progression in the aorta and aortic root in male and female atherogenic mice has been
put to the test and compared to the atherosclerosis phenotype of the Csn8"'Apoe”~
littermates after the 12 weeks of Western type of diet (Fig. 33A).

Male myeloid-Csn8 depleted atherogenic mice have shown more pronounced lesion
sizes in aortic roots (Fig. 33, B-C) and abdominal aorta (Fig. 33, B- E). In contrast, the
thoracic aorta (Fig. 33, B-D) showed no significant differences in the lesion size
compared to their Csn§ expressing atherogenic controls. Atherosclerosis progression
was significantly elevated in the Csn84d4poe”~ male aortic root compared to the
aortic roots of the Csn8""Apoe™~ controls (Fig. 33, F- G).

The lesion of the Csn84™e¢°4poe~~ mice was profiled. Namely, atherosclerotic
lesion size was attributed to the variation in the plaque cell content (Fig. 33H). There
was a trendline of lowering the smooth muscle cell content upon the myeloid Csn8 loss
in male mice, but overall SMCs content in the lesion didn’t change (Fig. 33, H- I).
Macrophage percentage (CD68" area) in the male Csn84™<°“4poe~~ mice lesions has
been significantly elevated after the 12 weeks of HFD (Fig. 33, H- J).
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Figure 33. Macrophage-specific deletion of Csn8 accelerates atherosclerosis. Experimental
outline. Csn84"*°“4poe~~ male mice were set on an HFD for 12 weeks. (A). B, Representative
male ORO-stained aortas are shown. Black arrowheads outline the lesion sites in the aortic arch,
aortic root, and abdominal aorta. Scale size, 3mm. C-E, Quantification of the ORO percentage
in the aortic arch, thoracic aorta, and abdominal aorta Csn8"Apoe” (n=9 mice),
Csn84melold gpoe~~ (n=5 mice). F, Representative ORO staining in the aortic arch of Csn8"'Apoe”
., Csn84m<id gpoe~~ after 12 weeks of HFD. Scale bar 500 um. G, Quantification of the ORO™
area in the aortic root of Csn8"'Apoe” (n=8 mice) compared to Csn84™°4poe~~ (n=5 mice).
H, Representative immunostainings (J) showing CD68" area in green and (I) SMA™ area in
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magenta, scale bar 50 um. I-J, Quantification of immunostainings Csn8™“°“4poe™ (n=9-10
mice) Csn8""Apoe”~ (n=8-9 mice). Data represent mean + SD.

As macrophages are a major producer of collagenases, we have investigated the
collagen content of the lesions by employing Sirius red staining (SR* arca) (Fig. 34A,
C). Interestingly, collagen content has been lowered down in myeloid-specific Csn8
depleted male mice, compared to their Csn8""Apoe”~ controls (Fig. 34 B, D), but that
didn’t affect the fibrous cap thickness (Fig. 34M) nor overall necrotic core size (Fig.
33)J).

Since we have demonstrated previously that changes in Csn5 expression did affect
in vitro and in vivo systemic Timp1 levels, and as macrophages are known producers of
the Timp! in the atherosclerotic lesion-Timp1 levels were investigated as well. As both
Timp-1 serum levels (Fig. 34H) and lesion content (Fig. 34I) have been lowered, we
have speculated that the COP9, not just the Csn5 subunit of the complex, play a role in
its expression regulation, thus potentially impacting vulnerability.

Consequently, the vulnerability index of the Csn84<4poe~~ male mice and their
controls were analysed by employing previously described factors of cell content,
necrotic size, collagen content, and lesion size (Material and Methods). Although there
is a strong trendline towards elevating the overall vulnerability index of the Csn§8-
depleted mice, no significance was found compared to their littermate Csn8-expressing
male mice (Fig. 34J). Thus overall, Csn84<°“4poe~~ male mice had a bigger lesion
size found in the aortic root and aorta as well as the altered phenotype of the
atherosclerotic lesions, but no lesions prone to vulnerability, as previously shown with
the endothelial Csn35 loss.
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Figure 34. Macrophage-specific deletion of Csn8 doesn’t promote atherosclerotic plaque
vulnerability. A Representative Sirius red (SR") stained lesions. Scale bars, 50 ym. C-D,
Quantification of collagen content (Sirius red positive area) (C) and fibrous cap (FC) thickness
(D). Csn8*™<d4poe™ (n= 6-8 mice) Csn8"'Apoe”~ (n=4-6 mice). Representative images of H
and E(E) stained aortic roots and Timp1* areas (F) in the aortic root lesion. Scale bars, 200 um.
G, Necrotic core size of the male Csn84™°4poe~ (n=5 mice) and Csn8"'Apoe”~ (n=8 mice)
mice. H, Quantification of the Timp1* area of the plaque lesions. Male Csn84™<“4poe™~ (n=5
mice) and Csn8"'Apoe”~ (n=8 mice) mice. I, Quantification of the Timpl circulatory levels of
the Csn84™<d4poe~ (n=5 mice) and Csn8"'Apoe” (n=8 mice). J, Vulnerability index was
calculated for the Csn84°“4poe” (n=6 mice) and Csn8"'Apoe” (n=5 mice). These data
represent means + SD.

If exacerbated lesion size observed in the Csn84"™4poe~~ male mice could have
been attributed to the blood cells, it was investigated. In the Csn84™<d4poe” male
mice, no changes have been found in the total lymphocyte count, whereas slightly
elevated blood cell count has been shown upon the myeloid Csn8 loss (Table 4).

Table 4. Blood cell count of male Csn84"*"/4ppe”” compared to the Csn8""/Apoe”
Csn8""/Apoe™ Csn84meloid/Apo e

*Parameters Mean SD N [Mean SD N P- values
'WBC (/uL) 4,79 3,35 11 2,8 0,87 13 10,051769

® Csn8"YApoe™
®  Csngimyeloid/apoe-
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HGB (g/dl) 12,26 511 11 14,1 5,18 12 10,404248
PLT (103 /ul) 95,34 68,58 10 193,75 105,45 12 10,967761
LYM (%) 65,57 8,43 11 162,054 7,58 13 10,293459
MO (%) 5,50 1,52 11 5,07 1,074 13 [0,415842
GRA (%) 28,9 7,64 11 [2,57 6,434 13 [0,216659
LYM (/pL) 2,94 1,87 11 |1,68 0,545 13 10,030637
MO (/L) 0,31 0,49 11 o.11 0,027 13 [0,149074
GRA (/pL) 1,61 1,26 11 |1,06 0,46 13 [0,173222

* Acronyms are shown in material and methods.

A possible error in the automated blood cell count was addressed by employing the
FACS analysis of the blood cell count (Figure 35). T-cell count is elevated while the
remaining blood cells were unaltered upon myeloid-Csn8 depletion, compared to their
Csn8""Apoe™ controls (Fig 35B).
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Figure 35. FACS analysis of the male Csn8™““4poe” and their littermate controls
Csn8"'Apoe” whole blood after the 12 weeks of HFD. A Gating strategy was employed to
analyse the whole blood of mice. B-G, Quantification of the percentage of the CD19" T-cells
(B), CD3" B-cells (C) CD11b" myeloid cells (D), Lys6G* Neutrophils (E) Lys6G" monocytes
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(F), Granulocytes (G) of the male Csn8™<°4poe”~ (n=9 mice) compared to the Csn8"'Apoe™”
(n=5 mice) counted as the percentage of the CD45" cells. These data represent means + SD.

COP9 loss of function shows an atheroprotective effect in a gender-specific manner
(Asare et al., 2017, this thesis). Hence, I wanted to investigate here if myeloid-specific
Csn8 deletion affects atherosclerosis in female mice upon 12 of HFD (Figure 36).
Namely, atherosclerosis of Csn8™<°“4poe~~ female mice was evaluated in the aortic
roots (Fig. 36A) and aorta (Fig. 36C) after 12 weeks of HFD consumption.

Interestingly, no changes in the lesion size were observed after the ORO staining of
the intimal lipid deposits of the Csn8™<°“Apoe”~ female aortic roots (Fig. 36B).
Although seemingly aortic arch and abdominal aortic lesion are seemingly elevated
upon the myeloid-specific Csn8 deletion (Fig. 36D). The other advanced lesion
characteristics, such as fibrous cap thickness (Fig. 36E) didn’t seem to be affected.

Timp-1 systemic levels were unaltered in female mice that are in the
Csn8™ed4poe”~ compared to their controls Csn8"'Apoe”~ (Fig. 36F). Cholesterol
levels in the Csn&™<°@4poe~~ female were not significantly different after the 12 weeks
of HFD compared to their controls Csn8"'Apoe™, (Fig. 36G).
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Figure 36. Myeloid-specific deletion of Csn8 has no adverse effects on female mouse
atherosclerosis. Csn8*"“°“4poe”~ female mice were fed an HFD for 12 weeks. A
Representative ORO staining of the aortic arch of Csn8"'Apoe™, Csn84™°4poe. Scale bar
500 pm. B, Quantification of the ORO lesion size and percentage of the aortic root of
Csn8"'Apoe” (n=6 mice) compared to Csn84™*“4poe~~ (n=7 mice). C, Representative female
ORO-stained aortas are shown. Black arrowheads outline the lesion sites in the aortic arch,
aortic root, and abdominal aorta. Scale size, 3mm. D, Quantification of the ORO Iesion
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percentage in the aortic arch, thoracic aorta, and abdominal aorta Csn8"'Apoe” (n=3 mice),
Csn84™elid gpoe~~ (n=6 mice). E, Representative Sirius red (SR*) stained lesions with fibrotic
cap indicated with black arrowheads. Scale bars, 50 um. F, Quantification cap thickness of
Csn84™eoid gpoe~~ (n= Smice) Csn8"'Apoe” (n=6 mice) of female mice. G, TIMP1 circulatory
levels of the Csn84™<“4poe~ (n=7 mice) and Csn8"Apoe” (n=4 mice). G, Cholesterol levels
of the female Csn84™““4poe”~ (n=8) and Csn8“'Apoe” (n=6) after the 12 weeks of HFD.
These data represent means + SD.

Overall female blood cell analysis didn’t reveal changes in the blood cell count
compared to their Csn8"'Apoe™~ control littermates (Table 5).

Table 5. Blood cell count of female Csn84"°*“/4poe”~ compared to the Csn8"/Apoe”

Csn8""/Apoe™ Csn84mreloid/4po e
*Parameters Mean SD N |Mean SD N P- values
'WBC (/uL) 4,79 3,35 11 2,8 0,87 13 10,051769
HGB (g/dl) 12,26 5,11 11 14,1 5,18 12 [0,404248
PLT (10°/ul) 95,34 68,58 10 [93,75 105,45 12 10,967761
LYM (%) 65,57 8,43 11 62,054 7,58 13 10,293459
MO (%) 5,50 1,52 11 |5,07 1,074 13 [0,415842
GRA (%) 28,9 7,64 11 32,57 6,434 13 10,216659
LYM (/uL) 2,94 1,87 11 1,68 0,545 13 10,030637
MO (/uL) 0,31 0,49 11 0,11 0,027 13 10,149074
GRA (/uL) 1,61 1,26 11 1,06 0,46 13 10,173222

* Acronyms are described in material and methods.

4.11 The CSN holo-complex plays a role in regulating the levels of the
TIMP1 via the AP-1 signalling axis in BMDMs

To further the understanding of whether only endothelial-specific Csn5 loss or, as in
earlier studies, myeloid Csn5 loss has a profound impact on the atherosclerosis
progression. Bone marrow has been harvested from Csn84¢d4poe mice after 12
weeks HFD and differentiated and cultured into macrophages by employing 1929
conditioned media (LCM) as previously described (Fig. 37A).

Total mRNA of unstimulated MO type of macrophages has been used to profile and
confirm the Csn8 depletion in vitro (Fig. 37B). Besides, I aimed to verify if other
subunits of the CSN, such as Csn5 gene expression, are affected as well in the Csn8
depleted BM-derived macrophages (Fig. 37B). 1 could observe that Csn8 loss of
function does lead to the lowering of the Csn5 gene expression (Fig. 37C). Moreover,
Timp-1 gene expression was lowered as well upon the loss of the Csn8 in the MO-
derived macrophages (Fig. 37C). Hence, interestingly gene expression of Timp-1 is yet
again lowered upon the complex disassembly (Fig. 37D). Once the BMDMs of the
Csn84meloid gpoe- e analysed for the markers of extracellular matrix remodelling, with
or without atherogenic stimulation (20ng/ml Tnfo for 16h), Mmp2 and Mmp9 gene
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expression were trendlines elevated upon the COP9 signalosome loss and pro-
atherogenic stimulation (Fig. 37E).

As there were several reports on the COP9 complex dynamics, I investigated the
state of the rest of the subunit’s gene expression upon Csn8 loss, with or without the
Tnfo stimulation. Whereas only Csn3 gene expression has been elevated upon the Tnfo
stimulation (Fig. 37F). The previously encountered lowering of the Timp-1 gene
expression levels upon Csn8 loss remained true on the protein levels in the BMDMs
(Fig. 37F). It is seemingly as well affected by the lowering of the AP-1 signaling, and
destabilising c-Jun (Fig. 37H).

As the COPY signalosome has been shown to negatively regulate the IxBa., the
effects of the Csn8 loss were investigated on the NF-kB signalling as well. Whereby
CCI2 and IL-6 gene expression is elevated in the Csn84"4poe”~ BMDM:s (Fig. 371).
While on the other hand, IkBa levels were in the line with previous reports, lowered
down with the Csn8 loss in BMDMs of Csn84™<4poe~ (Fig. 37J).
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Figure 37. Targeted deletion of the Csn8 gene in murine macrophages lowers TIMP1
expression via the AP-1 signalling axis. Experimental outline. Csn8*"<°4poe”mice or
Csn8"'Apoe”~ were fed HFD for 12 weeks. That was followed by sacrificing the animals and
bone marrow harvesting, which is further differentiated into macrophages. RNA from the LCM
(L929 conditioned media) bone marrow-derived macrophages (BMDMs) was isolated. B-D,
Relative gene expression of the Csn8 (B), Csn5 (C), and Timp (D) of the bone marrow-derived
macrophages were harvested from the Csn8*™*°“4poe™ (n=10 mice) and Csn8"'Apoe™ (n=5
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mice). E, Relative mRNA gene expression histogram of c-Jun, Timpl, Timp2, Mmp9, Mmp3,
and Mmp?2, of BMDMs that are harvested from Csn84"°¥ (n=5-7) or Csn8"' controls (n=5) with
or without, over-night pro-inflammatory TNFa (20 ng/ml) stimulation; F, Relative mRNA gene
expression histogram of the expression of the COP9 subunits. BMDMs of Csn84™°d4poe™~
(n=5-7) or their controls, Csn8"'Apoe” (n=5) with or without over-night pro-inflammatory
TNFa (20 ng/ml) stimulation G, Representative immunoblots of Csn8 and Timpl of Csn8
knock-down (n=3) or their controls (n=3); H, Representative immunoblots of c-Jun in BMDMs
of Csn84°d4poe™ (n=3) and Csn8"'Apoe”~ (n=3) mice; I Relative mRNA gene expression
histogram of Cc/2 and //-6 expression in BMDMs that were Csn8 knock-down (n=5-7) or their
controls (n=5) with or without TNFa (20 ng/ml) stimulation; J, Representative immunoblots of
IkBo in Csn84™<°id4poe~~ (n=3) and Csn8"'Apoe” (n=3). These data represent means + SD.

4.12 TIMP-1 levels are changed in human atherosclerotic lesions
depending on the plaque stability

Atherosclerosis is not clinically relevant unless it reaches adverse effects and life-
threatening coronary thrombosis by exposing thrombogenic material (Libby et al.,
2019). One of the responsible culprits that determine the atheroprogression is the MMP-
associated ECM degradation (Bentzon et al., 2014). However, studies remain elusive so
far.

To understand whether TIMP-1 levels change with plaque instability, we aimed to
investigate the human carotid endarterectomy kindly profiled and provided by Dr
Maigdefessel (TUM, Vascular Medicine).

Immunofluorescent staining of the male patient carotid endarterectomy lesions (Fig.
38A) has yielded unclear TIMP-1 expressions. While in the healthy human plaques, we
could observe unformal distribution, stable and unstable plaques have yielded lower
expression in the endothelial and sub-endothelial regions while showing strong TIMP-1
expression in the macrophage/foam cells regions and necrotic core area (Fig. 38A).

Moreover, TIMP-1 positive signal distribution was visualised upon DAB-based
immunohistochemistry staining. While healthy human plaques are seemingly having
low unformal TIMP-1 expression, stable and unstable are showing a loss of TIMP-1
expression in the subendothelial region and a more pronounced signal in the area
flanking the necrotic core (Fig. 38B). By employing Imagel] plugins integrating
deconvolution, histogram profiling, and scoring, IHC profiler, we managed to quantify
the percentage of the TIMP-1 positive areas and score them into 4 groups: high positive,
positive, low positive, and negative zones The intensity of the signal for the high
positive zones is ranged from 0 to 60, the positive zone was found to be ranging from
61 to 120; 121 to 180 for the low positive zone; and 181 to 235 for the negative zone,
respectively (Ruifrok & Johnston, 2001; Varghese et al., 2014). Timp1 positive area has
been depleted in the positive ranked pixel range, as well as in the high positive pixel
range of the signal intensities, while the low positive range was not showing significant
differences among the unstable lesions compared to the stable lesions found in the
human carotid endarterectomy (Fig. 38C). Altogether suggesting that higher pixel
intensity signals found in the lesions were showing more pronounced expression
differences than the basic constitutive TIMP1 signal.

To verify the finding, we extracted total mRNA from the human carotid
endarterectomy and analysed gene expression of TIMP1 gene expression in the total
vessel (Fig. 38D). Whereby, I could observe elevated gene expression in TIMP1 in the
stable and unstable human lesions. Interestingly, TIMP1 gene expression in unstable
compared to stable human lesions was lowered.
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The TIMP1 gene expression found in the lesion was lower in the unstable human
lesions compared to stable ones, while mRNA gene expression data hasn’t yielded the
same outline. The endothelial lining has been depleted of the TIMP-1 expression with
the atherosclerosis progression and elevated vulnerability factors.
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Figure 38. TIMP-1 expression is changed in human carotid artery atherosclerotic lesions
depending on the plaque stability. A Representative immunofluorescence staining of TIMP-1
in human healthy vessels or healthy, stable, and unstable atherosclerotic plaques. Scale bar,
Imm B, Immunohistochemical staining (DAB) for TIMP-1. Scale bar 1mm. C, Quantification
of DAB stained healthy (n=11), stable (n=15) and unstable (n=16) human plaques. D, Gene
expression of CSN5 and TIMP-1 in healthy (n=7), stable (n=8), and unstable (n=9) human CAs
sections (10 sections per data point). Each data point represents an individual patient sample.
These data represent means + SD.
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4.13 Human aortic endothelial cells CsnS depletion determines Timp1
levels and matrix-metalloproteinase activity

Previous studies have outlined that CSNS5 depletion in the human endothelial lining in
vitro elevates the NF-kB signalling and well monocyte adhesion (Asare et al., 2013b).

To understand how the CSN5 depletion impacts endothelial lining and how to do
that overall impacts factors of extracellular matrix remodelling (Fig. 39A), hCSN5
siPOOL was applied in Ecs, and it managed to deplete more than 50% of the CSN5 gene
expression compared to their scrRNA control (Fig. 39B). Moreover, TIMP-1 gene
expression followed up the lowering trend, as it was significantly lowered once the
CSNS gene expression was depleted in endothelial cells (Fig. 39C). Secreted levels of
TIMP-1 were measured in the supernatants of the Z/CSN5 siPOOL treated HAOECs. 1
could report TIMP-1 depletion in the supernatants of CSN5 siPOOL-treated endothelial
cells compared to the scrRNA-treated HAoECs (Fig. 39D).

As previously observed AP-1 axis is being destabilised by the CSNS5 loss in
MAECs. Yet again, the intracellular level of ¢-JUN gene expression was lowered upon
the CSN5 depletion, triggering potential TIMP-1 downregulation. Interestingly, MMP2
gene expression hasn’t been altered under the CSNS5 loss, while MMP9 has significantly
downregulated (Fig. 39, F-G). To clarify the potential role of the TIMP-1/ MMP
activity disbalance, MMP gelatinase zymography, and MMP activity
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Figure 39. CSNS regulates matrix remodeling players in human aortic endothelial cells
(HA0ECs). An Experimental outline employing the human aortic endothelial cells (HA0ECs)
and depletion of CSN5 by employing 10nM siPOOL technology (blue-green was compared to
their scrambled RNA (scrRNA) controls (gray) in vitro. B-C, Relative mRNA gene expression
of CSN5 (B) and TIMP1 (D) in HAoECs in vitro. Csn5 siPOOL (n=8), scrRNA controls (n=8).
D, Timpl secreted levels in MAEC supernatants that were Csn5 gene depleted (n=6) compared
to the supernatants of the HAoEC that were scrRNA treated controls (n=8). E-G, Relative
mRNA gene expression of C-JUN I, MMP2 (F), and MMP9 (G) in HAoECs in vitro. Csn5
siPOOL (n=3-7), scrRNA controls (n=5-8). H, Representative zymogram gel of Csn5 siPOOL
treated MAECs supernatants compared to the RNA scrambled controls (scrRNA).  1-J,
Quantification of the mean pixel intensity of the MMP2 (I) and MMP9 (J) enzyme activity
upon Csn5 siPOOL treatment (n=9-11) versus scrRNA control treatment (n=8). K,
Quantification of the total MMP activity in MAEC supernatants of the controls scrRNA (n=4-5)
and Csn3 siPOOL (n=6). These data represent means = SD.

The assay was performed in human endothelial cell culture supernatants (Fig. 39, H-K).
Zymography has shown a surprising elevation of the MMP9 activity, while MMP2
hasn’t changed (Fig. 39, H-J). Interestingly, once total MMP activity was analysed in
the HAOECs supernatants, CSN5 depletion did elevate the total matrix-
metalloproteinase activity from the first moment of exposure to the fluorescent-MMP
substrate (Fig. 39K).

Overall, CSNS5 loss in HA0ECs, indeed by destabilising c-JUN levels, depletes
tissue-inhibitor matrix metalloproteinase inhibitor levels and disturbs the TIMP-1/MMP
balance. That might be the underlining mechanism behind the vulnerable plaque
phenotype upon arterial-endothelial Csn5 depletion in vivo. Moreover, total MMP
activity is more pronounced in the TIMP-1 absence with CSN5 depletion, which the
MMP9 gelatinase activity might lead.

4.14 MLN4924 treatment of human aortic endothelial elevates Timp1
levels

The endothelial-specific CSN5/CSN8 depletion in vitro and in vivo lowers the TIMP-1
expression, possibly via the c-JUN axis in mice and humans. Conversely, NEDDylation
activation inhibition (by employing MLN4924) and the CSN5 overexpression enable
the TIMP-1 elevation in mice, which might have a therapeutical value.

If this is the case in the human aortic endothelial cells, it was investigated. Namely,
HAO0ECs were exposed for 16h under the small molecule inhibitor, MLN4924 (500nM),
or its vehicle control (Fig. 40A). Gene expression of the TIMP-1was significantly
elevated under the small molecule inhibitor influence, thus confirming the previously
observed effects on the mouse aortic endothelial cells (Fig. 40B). Conversely,
MLN4924 treatment didn’t impact the gene expression of the MMP9 or MMP2 in
HAO0ECs (Fig. 40, C-D). TIMP-1 secretory levels in the MLN4924 treated HAoEC
supernatants under the TNFo pro-inflammatory stimulation didn’t alter in vitro
compared to the supernatants of the vehicle-treated HAoECs (Fig. 40E). However,
without any stimulation besides the NEDDylation inhibitor or its vehicle control,
MLN4924 treated HAOECs did enhance the TIMP-1 levels in their supernatants (Fig.
40F). That overall did impose a question upon whether MMP activity is altered under
the MLN4924 treatment, and it was investigated on the gelatinase zymography assay
(Fig. 40G). Thereby revealing that although MMP2 activity didn’t change, MMP9
decreased upon the NEDDylation ablation treatment compared to its vehicle control
(Fig. 40, H-I). Thus, overall confirming the previous observations that ‘CSNS5
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hyperactivity mimics’ depletes MMP9 gelatinase activity while elevating TIMP1
expression.

CSNS loss did elevate the overall MMP activity. However, I couldn’t observe
significant changes in the total MMP activity under the influence of the MLN4924,
suggesting that other MMPs might play a role besides the MMP9 gelatinase (Fig. 40J).

Intriguingly we could, for the first, provide an overview of where CSN5 levels and
the COP9 signalosome might regulate the ratio of the MMP9/TIMP1 fine-tuned balance
in endothelial cells. Since MMP9/TIMP1 ratio balance has been identified previously as
one of the biomarkers of the poor outcome in atherosclerosis progression and revealing
factors in the atherosclerotic plaque destabilisation (Kremastiotis et al., 2021; T. Li et
al., 2020).
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Figure 40. Neddylation ablation by employing MLLN4924 upregulates Timp1 levels and
ablates pro-MMP9 activity in human aortic endothelial cells while it does not impact the
overall MMP activity. Experimental outline. Human aortic endothelial cells were treated
overnight with either 500nM MLN4924 treatment or vehicle to deplete neddylation and mimic
‘CSNS5 overexpression’ conditions. B-D, Gene expression of human TIMP1, MMP2, MMP9 in
aortic endothelial cells upon MLN4924 (n=4) or vehicle (n=5) treated samples. E-F, Secreted
TIMP-1 from HaoECs treated overnight with MLLN4924 (n=5-9) or vehicle (n=7), levels under
the TNFa (20 ng/ml) stimulation (E) or without (F). G, Representative zymogram gel of
gelatinase activity of MLN4924 (n=4-5) treated HA0oECs supernatants compared to the vehicle
(n=5) treated supernatant controls. H-I, Quantification of the MMP2 and MMP9 gelatinase
activity in HAoECs supernatants as a mean pixel intensity (MPI) developed on zymography. J,
Quantified total matrix-metalloproteinase (MMP) activity measure on HAoECs supernatants

after the MLN4924 treatment (n=3) or vehicle treatment (n=3). These data represent means +
SD.
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5. Discussion:
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Figure. 41 Graphical Abstract. Left side panel, Schematic representation of the arterial-specific
deletion of CsnS, and myeloid-specific Csn5/-8 depletion that all together induces the COP9
signalosome complex disassembly, that in turn via depleting MAPKSs signaling, destabilize c-JUN
(AP-1 signaling) and finally inhibits TIMP-1 gene expression. Overall, these conditions stimulate
unfavorable TIMP1/MMP?9 ratio, and atherosclerotic lesions are more prone to be vulnerable. Right
side panel, Schematic representation of the intercellular environment upon ‘CSNS5 overexpression
mimics’ in total macrophages and endothelial cells (by employing the MLN4924 small molecule
inhibitor) and a CSN5 overexpression (fibroblasts). In murine and humane endothelial cells as well
as macrophages, MLN4924 by blocking the NEDDylation activation, without an impact on the
overall COP9 signalosome complex, induces the MAPKs and elevates and stabilizes the c-JUN
which in turn elevates the TIMP-1 gene expression. Overall, these conditions stimulate the
TIMP1/MMP9 beneficial ratio, and atherosclerotic lesions are less prone to rupture (Created with
Biorender).

2 parts of the discussion have been published in a review of articles that I have contributed to as a first
author: Milic, J., Tian, Y., & Bernhagen, J. (2019). Role of the COP9 Signalosome (CSN) in
Cardiovascular Diseases. Biomolecules, 9(6), 217.
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5.1 Arterial-specific Deletion of CsnS enhances early atherosclerosis,
while MLLN4924 mimics atheroprotection by CSNS in vivo after 4
weeks of a Western diet

The CSN is a conserved protein complex consisting of 8 subunits (CSN1 to -8) and
regulates the degradation of critical cell cycle and inflammatory proteins by controlling
another family of proteins CRLs. It removes the NEDD8 molecule, which is attached to
CRLs by a posttranslational modification process called ‘“Neddylation” Field
(Chamovitz & Segal, 2001; Cope & (Chamovitz & Segal, 2001; Cope & Deshaies,
2003; Wei et al., 2008).

So far, published research investigating CSN as a regulator of inflammatory
mechanisms involved in atherosclerosis development has focused on investigating its
role in the NF-kB signalling axis (Asare et al., 2013a, 2017; Schweitzer et al., 2007).
Moreover, prior studies on siRNA derived-CSNJ5 depletion in vitro in human aortic
endothelial cells trigger NF-kB signalling via destabilising Culling-RING ligases and
that CSNJ attenuation promotes monocyte adhesion on endothelium in vitro (Asare et
al., 2013b, 2017). While truly relevant, NF-kB signalling is seemingly only partially
involved in atherosclerosis progression upon CSNS5 loss of function. Therefore, we were
curious about investigating the other signalling axis beyond the NF-kB that might
contribute to the observed exacerbated phenotype. Interestingly, previous studies have
also reported elevation of the CsnS5, Csn8, and Csn3 positive areas of the COP9
signalosome in human atherosclerotic lesions. Most of the positive Csn5 signal in these
human lesions could be ‘pin-pointed’ to the CD31+ endothelial layer of the human
blood vessels (Asare et al., 2013). Thus, this puzzled us to question what kind of role
the CSN holo-complex plays in atherosclerosis progression. Thereby, one of the major
observations I made here has been that an arterial-/endothelial-specific Csn5 knock-out
(KO) in an atherogenic Apoe ™~ background (Csn54“* ! 4poe~~) upon high-fat diet
recapitulates the exacerbated atherosclerotic phenotype in vivo that was seen previously
upon a myeloid-specific Csn5 knock-out mice (Asare et al., 2017).
Arterial-/endothelial-specific Csn5 knock-out in vivo was  not  evaluated in
an Apoe”’~ atherogenic background. We have shown that arterial endothelial-
Csn5 depletion exacerbates early formation. Our study shows that hyperlipidemic male
mice show more pronounced atherosclerosis after 4 weeks of a Western diet. In
contrast, this cannot be observed in the female Apoe mice. The Apoe™’ female
atherogenic mice upon CsnJ arterial-endothelial depletion have only shown early lesion
exacerbation in the abdominal aorta and the aortic arch, while aortic root and thoracic
aorta hasn’t been altered compared to their Csn5 constitutively- expressing controls.
Moreover, as previous reports suggest, atherosclerotic lesions are more pronounced in
females than in male Apoe—/— mice. Interestingly atherogenic female mice, after 12
weeks of HFD, upon CSNS5 loss in myeloid cells, have presented strong lesion
exacerbation in female mice only in the abdominal aorta, which is also observed in this
thesis (Asare et al., 2017).

These gender-specific effects could be partially assigned to the action of estrogen.
Namely, the athero-protective effects of estrogen have been previously confirmed in
multiple animal models and humans. It is considered a beneficial factor in
premenopausal women in the coronary disease prevention (Bruck et al., 1997; Grodstein
et al.,, 1996; Kassi et al., 2015). Interestingly one of the interacting partners found to
bind to CSNS5 directly and thereby being targeted via proteasome degradation is
estrogen receptor o (ERa) (Calligé et al., 2005). Furthermore, estrogen exerts its
protective effects in humans and mice via its receptor ERa on the endothelium. In that
manner, estrogen partakes cardiovascular protective actions by regulating endothelial
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proliferation, migration, and apoptosis and by triggering anti-inflammatory effects via
downregulating IKK activation of NF-kB signalling ((Kassi et al., 2015; Simoncini &
Genazzani, 2000). Hence, gender-specific effects would possibly assign to the loss of
CSNS5 in the endothelium, consequently up-regulation of the ERa and thereby
downregulation of the pro-atherogenic signalling and elevation of estrogen protective
effects.

Male atheroprone- Apoe—/— mice have shown early lesion exacerbation upon arterial-
endothelial Csn5 depletion in the aortic root, aortic arch, and abdominal aorta. In
contrast, the thoracic part of the aorta was not impacted. This study first investigates
COP9 signalosome loss in atherosclerosis progression in early atherosclerosis lesion
formation. Similarly to this study, yet another study, employing CSN3 siRNA in vivo
has been able to corroborate exacerbation of the aortic root lesions and aorta after the 10
weeks of Western-type of diet, thus confirming that COP9 signalosome loss of function
indeed exacerbates atherosclerosis progression (Boro et al., 2021).

Not male nor female arterial-/endothelial Csn5 attenuated mice have shown any changes
in their weight progression, lipid metabolism, or blood cell count compared to the
controls. The hence corroborates previous finding that lipid metabolism and blood cell
count haven’t been altered and are responsible culprits for pronounced atherosclerosis
upon the COP9 signalosome loss of function (Asare et al., 2017).

Therapeutic value and potential inverting the effects of the CSNS5 loss were probed by
employing the small molecule inhibitor MLN4924 (Pevonedistat) in vivo which was
previously tested in a clinical trial in the therapy of cancer patients (Sarantopoulos et al.,
2016). Thus, by employing a neddylation activation inhibitor (MLN4924), we could
‘mimic’ the Csn5 overexpression conditions in Apoe™’~ atherogenic male and female
mice.

MLN4924 has been previously described as a NEDDylation inhibitor that attenuates
small atherosclerotic lesions partially acting through the atherogenesis development via
NF-kB signalling axis inhibition but was unable to cope with the middle size and large
atherosclerosis lesions (Asare et al., 2017; Soucy et al., 2009; Swords et al., 2015; Y.
Wang et al., 2015). So, we tested for the first time whether this small molecule inhibitor
could affect an early atherosclerosis progression. Indeed, early atherosclerotic lesion
size found in the aorta and aortic root was reduced after the 4-week simultaneous
western diet and MLN4924 application in 6 weeks male Apoe™’~ mice. While on the
other hand, no athero-protective MLN4924 effects were observed on an early lesion in
hyperlipidaemic female mice.

Inhibition of the NEDDylation activation by employing the small molecule inhibitor,
MLN4924, affects the factors of the matrix remodelling system by promoting the
expression of the TIMP-1 in vivo. MLN4924 led to higher serum TIMP-1 levels in
atherogenic male mice and its expression in their atherosclerotic lesions.

Hence, in vivo, studies demonstrate that MLLN4924 acts preventively in an early stage of
atherosclerosis by impairing the progression and elevating protease factors inhibiting
matrix-remodelling machinery. While on the other hand, CSN5 loss in endothelial
lining has promoted early atherosclerosis lesion exacerbation in the male aorta and
aortic root.

5.2 CsnS loss in arterial endothelial lining promotes advanced
atherosclerosis and enhances atherosclerotic plaque vulnerability
in vivo via eliciting matrix-remodelling players
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Atheroprogression starts with ECD and activation at the focal sites of disturbed blood
flow. That is followed by multiple inflammations, VSMC proliferation, and ECM
degradation (Chistiakov et al., 2013; Cunningham & Gotlieb, 2005; Libby, 2012).
While the atherogenic process can pass unnoticed, it can evolve into an irreversible
advanced fibrous lesion and a necrotic core, which involves an immense remodelling of
the vessel wall (Bentzon et al., 2014; Libby et al., 2019). This is accompanied by
narrowing to the vessel lumen and stenosis. Eventually, it can promote plaque
vulnerability and rupture/ erosion of plaques, leading to significant CVD events such as
myocardial infarction or stroke (Bentzon et al., 2014; Libby et al., 2019). In many cases,
atherosclerosis is therefore not life-threatening or clinically symptomatic unless there is
an event of plaque rupture and thus exposure to highly thrombogenic necrotic core
material (Bentzon et al., 2014; Loftus et al., 2000).

COP9 signalosome disassembly by the CSNS5 loss in myeloid cells has previously been
shown to elevate the plaque load in male mice, trigger elevated atherogenic
inflammation, and up-regulate gene expression of MMP9 in macrophages (Asare et al.,
2017). MMPs implication in enabling the arterial wall remodelling through eliciting the
ECD has been prior shown (J. L. Johnson, 2017; Olejarz et al., 2020). Moreover, the
elevation of the MMP9 in its active form and macrophage population elevation is the
marker of advanced lesions and might lead to traumatic events (Gough et al., 2006).
Hence plaque load and advanced atherosclerotic lesion profile of the arterial-
/endothelial Csn5 depleted Apoe™ mice after the 12 weeks of the Western diet in vivo
were investigated.

Initially, I could observe that Csn54@%! Apoe~ male mice have more pounced
atherosclerosis in their aortas. This was in line with the previous studies
whereby Csn5 depletion in myeloid cells and Csn3 depletion studies had caused higher
plaque load in atherogenic male mice after the 12 weeks of Western diet (Asare et al.,
2017; Boro et al., 2021). Interestingly, although blood count, lipid metabolism, and
mouse weight didn’t change, upon Csn5 depletion in the endothelial lining, the
elevation of the lesion macrophage content can be observed alongside the significant
lowering of the plaque smooth muscle cell content in male atherogenic mice, which was
deemed interesting as SMCs' high lesion content is athero-protective and plaque-
stabilizing. In contrast, macrophages are athero-promoting and destabilising in
advanced lesions (Bennett et al., 2016). Moreover, prior studies on TIMP-1"/~
Apoe™ mice in vivo did show a lowering of the plaque SMCs, macrophage, and lipid
increase in atherosclerotic lesions of these mice (Silence et al.,, 2002). Thus,
encountered phenotype did trigger the question of the underlying endothelial signalling
mechanism upon the loss of Csn5 in vivo. Although the mechanism and phenotype
underlying COP9 signalosome depletion in endothelial cells, besides the NF-kB
signalling exacerbation upon Csn5 depletion in vitro, was not so far investigated,
unbiased screening for over a hundred cytokines and chemokines enabled the possibility
to further the understanding of endothelial phenotype in vivo. The vascular endothelium
lining is crucial in vascular health, and it was previously shown to regulate all the
processes from initiation, and vasotone regulation to thrombus formation, SMC
proliferation, well cell adhesion, and finally, more recently in promoting the plaque
vulnerability ( Libby, 2012; Ross, 1999).

Csn54@rterial - 4poe™~ male mice had elevated inflammatory-endothelial-derived
factors such as adhesion molecules, macrophage colony-stimulating factor (MCS-F), B
cell attracting factors CXC13, T-cell chemoattractant CCL21, Angiotensin-2 and -L3,
CD93 glycoproteins, complement factor C5a. Still, we could also observe endothelial
apoptosis factors defining factors, such as CRP, IGFBP-3, and PCSK9. But the most
interesting finding could be seen in changes observed in striking systemic depletion of
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the serum-derived Timp-1 in Csn54¥" @ 4poe™~ mice and elevation in factors matrix-
remodelling proteases.

TIMP-1 is a member of a family of broad-spectrum endogenous inhibitors that,
essentially in a steady state, exerts negative effects on MMPs, by forming non-covalent
complexes with them (Brew & Nagase, 2010; Clark et al., 2008). Hence, the MMP
elevation regularly invokes it (J. L. Johnson, 2017). TIMP-1 was shown to prevent
medial degradation associated with atherosclerosis through its ability to inhibition of the
MMPs in vivo (Lemaitre et al., 2003). Moreover, TIMP1's role in endothelial integrity
has been described as beneficial, while its loss showed clinically significant outcomes
(Kremastiotis et al., 2021; Tang et al., 2020). Inflammatory lesion environment and
immune mechanisms induce MMP expression in endothelial cells, which is
indispensable in angiogenesis, arterial-wall remodelling, vascular injury, and plaque
vulnerability (Newby, 2005). Interestingly, MMP activity is detectable in endothelial-
conditioned media, implying that ECs are more active in matrix remodelling than
VSMC. They respond to the oscillatory stress by expressing MMPs (Inoue et al., 2001;
Magid et al., 2003). Finally, the MMPs/TIMP-1 expression ratio was deemed important
as a contributor determined the advanced atherosclerotic plaque progression and its
vulnerability (Orbe et al., 2003).

Hence, collagen content, necrotic core size, and fibrous cap thickness have been
evaluated as part of the Csn54%*al Apoe™'~ atherosclerotic lesion profiling after the 12
weeks of the HFD.

Indeed, the necrotic core was significantly enhanced in size with the CsnS5 loss in the
endothelial lining, possibly due to total macrophage content in their advanced lesions.
This would be in line with the earlier studies' findings, whereas coronary arteries with
ECD were found to have abundant necrotic core in their lesion and more lipid
deposition (Choi et al., 2013; Matsuzawa & Lerman, 2014). Moreover, thinning of the
fibrous cap could be seen. On the other hand, no significant impact on the overall
collagen content can be reported, suggesting differential MMP activity might be at stake
in vivo. These observations could align with previously described studies, whereas
endothelial dysfunction plays an important role in a higher frequency of thin-caped
fibroatheroma (Loftus et al., 2000). Plaque collagen content is ‘fine-tuned’ by its
synthesis and degradation. SMCs and ECs are major collagen producers. Local factors
TGF-B, PDGF-BB, IL-1, endothelin-1, and angiotensin-II are consistent stimulators of
collagen synthesis. In contrast, IFN-y, nitric oxide as well as fibroblast growth factor
inhibit collagen production (Rekhter, 1999) as factors such as Ang-2 and PDGF-BB
were found to be significantly systemically elevated in the Csn54% 4poe™~ mouse
serum, that might partially explain no overall lesion collagen differences observed.

The mechanism promoting plaque vulnerability has been extensively investigated in
past years (Holm Nielsen et al., 2020; Moreno et al., 2004; Newby, 2007; Virmani et
al., 2002). One of the permissive requirements for this to occur is an extremely thin
fibrous cap, and thus, ruptures (Bentzon et al., 2014). A fibrotic cap might be developed
under the cell of the SMC that undergoes cell, hence are unable to produce excessive
collage, eventually causing thinning of the cap. Moreover, major contributors to the cap
are the MMPs that excessively degrade the ECM fibres and grow necrotic core due to
the lipid-loaded cell bursting in their inability to uptake and properly efflux cholesterol.
Overall, those conditions burden the thin cap, promoting the lesion prone to rupture
(Stefanadis et al., 2017).

Deciphering the clear mechanisms that lead to plaques prone to rupturing would be

essential in combating the clinically significant outcomes of the CVDs (Bentzon et al.,
2014; Loftus et al., 2000).
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Interestingly, I could report here that the lesion vulnerability index was significantly
higher in Csn54¥*ra4poe™~ compared to the Apoe " controls. Csn5 loss in arterial-
ECs elevates factors of plaque vulnerability and biomarkers such as MMPs. Thus,
endothelial-Csn5 in male atherogenic mice is athero-protective as it demotes lesion
proneness to vulnerability. While females, Csn57¥*4poe~~ mice didn’t have
significantly elevated plaque load or cap thickness changes in their aortic root or aorta.
Stipulating yet again the potential role of the Csn5 loss being counteracted by the
athero-protective estrogen effects (Calligé et al., 2005; Kassi et al., 2015).

A prior study reported that employing TIMP-1 stimulation in vivo could yield less
atheroma load at the aortic root of Apoe—/— mice. At the same time, adding the TIMP1
enhances ECM fibre content and SMCs content in vivo (Rouis et al., 1999). Conversely,
yet another demonstrates that Timp-1 loss shows a promising tendency to lower the
lesion load in vivo but doesn’t protect atherogenic mice from developing them (Cuaz-
Pérolin et al., 2006).

Hence the interest of this thesis was whether the therapeutical agent, MLN4924, can
reduce plaque size in male Apoe™~ by mimicking Csn5 overexpression. Moreover, does
it possibly elevate levels of TIMP-1 in vivo?

Therefore, upon MLN4924 application, serum TIMP-1 levels and its lesion content are
up-regulated in vivo, suggesting novel atheroprotective action of the small molecule
inhibitor.

Finally, TIMP-1 elevation upon global MLN4924 application in vivo might have
originated from inhibition of the neddylation and TIMP-mediated degradation. Namely,
studies did identify that TIMP-1 is being recognised by FBX022 adaptor of CRLs, that
targets TIMP-1 and MMP-9 for a proteosome mediated degradation in vitro (J. Cheng
et al., 2020; F. Guo et al., 2019).

The role of Csn5 of the COP9 in endothelial cells in vivo hasn’t been studied. Prior
in vitro studies employing the Csn5 siRNA mediated depletion have identified elicited
NF-kB signalling in macrophages and ECs. Moreover, myeloid-CSN5 loss induced
MAPK-mediated Abcal expression in foam cell (Asare et al.,, 2013b; Azuma et al.,
2009). Our in vivo study corroborates that CSN5 in an early and advanced stage of
atherosclerosis acts protectively via asserting its activity of the ECM factors.

5.3 Endothelial CsnS depletion downregulates the TIMP1 levels,
while MLLN4924 treatment up-regulates TIMP1 levels in vitro

Csn5 and Timp-1 are not direct protein interacting partners and have not been described
previously to regulate each other (Griinwald et al., 2019). Evidence suggests that CSN5
might regulate TIMP-1 gene expression, but the mechanism underneath remains
deciphered.

Csn5 siPOOL technology has enabled effective depletion of the CSNS5 in the mouse
aortic endothelial cells, where indeed, gene expression of TIMP1 was lowering below
50%, compared to their scrambled mRNA control. The effects observed on gene
expression levels are recapitulated on the TIMP-1 intracellular protein content and its
secreted levels. Thus interestingly, these observations would reaffirm our in
vivo observations found in mouse atherosclerotic lesions and TIMP-1 serum level
depletion upon Csn5 loss in an arterial-/endothelial manner.

Timp-1 gene expression has been previously investigated in vitro. Its promoter was
structurally homolog as it contains binding sites for AP-1 (c-Fos/c-Jun), Pea3, and SP-1
and LBP-1 TFs (Bahr et al., 1999). Timp1 promoter AP-1 site binding site is found to
be of high affinity for the cJun and JunD (Bahr et al., 1999; Smart et al., 2001). At the
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same time, CSNS5 has been described to bind c-Jun, in a complex-independent manner,
whereby this interaction stands behind the control of several inflammatory pathways, as
well as is being modulated by several inflammatory factors (Bianchi et al., 2000;
Chamovitz & Segal, 2001; Claret et al., 1996; Kleemann et al., 2000).CSN interaction
with the c-Jun results in c-Jun phosphorylation at its N-terminal serines -63 and 73,
which overall induces stabilisation and elevation of its activity (Naumann et al., 1999).
That suggests that this might be the missing link behind the TIMP-1 gene expression
loss mechanism upon CSNS5 depletion in ECs.

Next to the TIMP-1 being regulated by the AP-1 signalling, its expression is elicited by
serum, growth factors, and cytokines (Gardner & Ghorpade, 2003; S.-Y. Guo et al.,
2007). One of the positive regulators of the TIMP-1 gene expression is TGFf, which is
also an inducer of the AP-1 signalling under the disturbed blood flow in the ECs (Hall
et al., 2003a; Uchida & Haas, 2014). Interestingly CSN5 promotes the increase of TGF-
B signalling by promoting the degradation of its inhibitor Smad7 (B.-C. Kim et al.,
2004; Tian & Schiemann, 2009). Furthermore, positive regulators of TIMP-1 expression
are Sp-1 and Smad2/3, which are also initiated upon the shear stress in ECs (Hall et al.,
2003a; Uchida & Haas, 2014). Finally, CSN5 up-regulation was also shown to induce
Smad2 phosphorylation and TGF--signaling elevation (B.-C. Kim et al., 2004; Tian &
Schiemann, 2009). Hence several candidate proteins are responsible for instigating
TIMP-1 expression while being under the CSNS5 regulation axis. Thus, signalling axes
that might be responsible for CSN5-TIMP1 levels are Smad2 of TGF-$ and c-Jun of
AP-1 signalling.

Once the c-Jun expression was evaluated, we could notice its trend-line down-
regulation upon Csn5 and Timp-1 gene expression lowering.

Conversely, several studies on chronic inflammation have shown that upregulation of
TIMP-1 s triggered via NF-kB, p50/p65 heterodimer activation, and TIMP-1/CD63
activation (Gong et al., 2015; Wilczynska et al., 2006). CSN is known to exert negative
control over the NF-kB axis. On the one side, it prevents IkBoa degradation by
employing USP15 activity and consequently inhibits NF-kB (Schweitzer et al., 2007).
Conversely, by regulating NF-kB through DEneddylation of SCFB-TRCP1 directed
proteasome degradation, CSN promotes NF-kB signalling (Cope & Deshaies, 2003;
Schweitzer et al., 2007). Thereby consideration of, balancing all three signalling axes,
AP-1, TGFp, and NF-kB, must be carefully considered once evaluating the prospective
outcome of this study. Moreover, MMP/TIMP - mediated proteolysis alterations have
been considered, as it is the basis in pathological states such as adverse outcomes of
atherosclerosis (Di Gregoli et al., 2016a).To further understand the signalling employed
in ECs upon CSNS5 depletion, other targets were considered, such as the matrix-
remodeling players and another major inhibitor of matrix-metalloproteinases, Timp-2.
Primarily, we could observe Mmp9 gene expression elevation with the CSNS5 loss in
MAECs, while there was no response on the Timp-2 or Mmp2 gene expression levels
compared to the screen control treatment.

To better understand this finding MMP promotors were considered. Namely, it is
previously shown that several cytokines or growth factors can promote activation of the
MMP promoters (Yan & Boyd, 2007). Compared to the rest of the MMPs, the MMP-9
promoter has specificity for an NF-kB-binding site that renders its expression
(Mercurio & Manning, 1999; Yan & Boyd, 2007). As previously shown, siRNA Csn5
depletion elevates the NF-kB signalling (Asare et al., 2013b). Thus NF-kB elevation
could at least partially stand behind the MMP9 gene expression elevation.

Mmp2 and its inhibitor Timp2 strongly correlate gene expression under the
inflammation (Nonino et al., 2021). Firstly, MMP2 lacks AP-1 responsive elements (De
Clerck et al., 1994). Interestingly, TIMP-2 expression in atherosclerosis study on human
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VSMCs, upon PDGF or TGFp stimulation, is seemingly unaffected (Fabunmi et al.,
1998). Moreover, TIMP-2 has been found to have several important cellular functions:
it can indeed directly upregulate the transcriptional activity of NF-«B; it has a function
to suppress the proliferation of endothelial cells; as well it negatively regulates
atherosclerosis progression has been revealed (Di Gregoli et al., 2016b; Seo et al., 2003;
J. Sun & Stetler-Stevenson, 2009). But hereby, we couldn’t detect any alterations in its
expression levels upon Csn5 loss in mouse aortic endothelial cells, suggesting a stricter
regulation mechanism and constitutive gene expression compared to the Timp-1.
Depletion of Timp! levels as a consequence of the Csn5 loss in MAECs is hereby
shown to have an impact on elevating the total MMP proteinase activity. It shows a
particular enhancing activity of the MMP2 and MMP9 in vitro.

MMP2 induces ECD, and its plasma levels are elevated with atherosclerosis
advancement. Also, high circulatory levels of MMP2 have been found in patients
suffering from atherosclerotic plaque complications and less stable carotid artery
atherosclerosis(Alvarez et al., 2004; J. Liu et al.,, 2003; Phatharajaree et al., 2007;
Sluijter et al., 2006).

MMP9 is expressed in many atheroma-relevant cells, such as SMCs, ECs, and
macrophages, and it has significantly higher activity in diseases arteries compared to the
healthy tissues

(Galis et al., 1994; Galis & Khatri, 2002, 2002; Magid et al., 2003)

MMP-2 and -9 are next to their most well-described function in ECM remodelling,
involved in the ECs and VSMCs proliferation (Newby, 2007).

Overall, the AP-1 axis, and its major player c-Jun, seemingly are destabilised upon
Csn5 depletion, and we have here found evidence of its direct causality in destabilising
the Timpl gene expression. Moreover, loss of CSNS5 favours conditions of TIMP-1
depletion, elevating MMP activity while not affecting the 7imp-2 expression and
activity in mass in vitro. Thus, we suggest an athero-protective role of the COP9
signalosome as they deem an important missing link overlooked among the factors that
combat the plaque vulnerability adversity.

To decipher if endothelial CSN5 acts as a part of the CSN holo complex or it’s a
complex-independent function of the CSNS, another complex subunit was investigated -
CSNS. Previously, functions outside of the holo-complex, CSN subunits 2, 4, 7, and 8
to act independently have been reported (Abdullah et al., 2017; Fukumoto et al., 2005;
Kato & Yoneda-Kato, 2009; Pacurar et al., 2017; Sharon et al., 2009). The Csn8
subunit has been probed here as the least conserved cross-kingdom subunit and as a
member of the PCI-containing subunits described alongside the CSN3 and CSNS5 to be
up-regulated with the atherosclerosis progression in the human endothelial lining (Asare
et al., 2013). Moreover, its Csn8 deficiency has been described to impair the CSN holo-
complex formation and cullin deNEDDylation (H. Su, Li, Menon, et al., 2011). Csn8—/~
mice developed cardiac hypertrophy, followed by the heart-failure and premature
death. Thus, Csn8 governs the cardiomyocyte survival (H. Su, Li, Menon, et al., 2011).
Hence, the overall Csn8 subunit is deemed important for cardiovascular health and was
here investigated in ECs.

Timp-1 mRNA levels declined with the Csn8 gene-expression depletion in endothelial
cells in vitro, suggesting the CSN holo-complex-dependent function in regulating its
expression. Curiously, total MMP peptidase activity hasn’t changed over the
investigated time as previously observed, suggesting possible other mechanisms solely
reserved for the CSN5 function might be involved in regulating the MMP activity
regulation.

CSNS5 functions are independent of the CSN complex and have been shown in HIF-1a
stabilisation independent of Cullin 2 deneddylation, also partially regarding its AP-1
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stabilisation (Bemis et al., 2004). Thus possibly, hereby MMP activity might be
partially affected via AP-1 directly inducing MMPs or via axis or HIF-1a /VEGF cell
signalling eliciting MMP9/MMP2 signalling as previously reported in hypoxic
conditions (Benbow & Brinckerhoff, 1997; BERGMAN et al., 2003; Hashimoto et al.,
2007; S. J. Kim et al., 2005; Misra et al., 2010).

In vitro evidence obtained from experiments performed on mouse aortic ECs (MAECs)
suggest that the application of MLN4924, by mimicking CSN5 hyperactivity, lowers the
inflammatory response in vitro and in vivo fields(Asare et al., 2013). The anti-
atherogenic effect of small molecule inhibitor MLN4924 in ECs coincided with down-
regulated NF-xB gene targets (Asare et al., 2013). Once the effects of MLN4924 were
investigated in the model of mouse-bone marrow-derived macrophages, not all NF-xB
gene targets were affected (Asare et al., 2017; Kanters et al., 2003). Thus, I questioned
the signalling network behind the ECM-factors dysregulation under the endothelial-
Csn5 loss and its overexpression.

Hereby, we have shown that by employing MLN4924, we could elevate the TIMP1
levels and its gene expression. as well as its secreted levels. While small-molecule
inhibitors negatively impact the total MMP activity. Interestingly, while MMP2 activity
was down-regulated, MMP9 was only trendline down-regulated.

Various factors enable enhancement of the expression of the MMPS, while their
processing to their active form is enabled intracellularly by TIMPs. While AP-1, PEA3,
and NF-kB transcriptional factors drive MPP9 gelatinase expression. MMP2 gene
expression is more ‘constitutive’ and regulated by the Sp-1 TFs and AP-2 binding
regulatory sites (Yan & Boyd, 2007).

A prior study shows that AP-1 and NF-«xB TFs act together in MMP gene expression
instigation (X. Wang & Khalil, 2018). Whereby NF-kB signalling decrease would
inhibit MMPs upregulation and, hence, decrease matrix turnover in vivo (Chase et al.,
2002). Conversely, another study suggests MMP-9 secretion in macrophages might be
an NF-kB independent (X. Wang & Khalil, 2018). Thus, that might explain the absence
of the MMP?9 activity being unaltered upon the MLN4924 application.

Thus, MLN4924 has a strong anti-atherogenic effect in murine ECs by causing
depletion of the total MMP activity and a significant decrease of the Mmp2 activity
while elevating Timp-1 levels in vitro.

5.4 CsnS overexpression in mouse fibroblasts reveals the
involvement of the MAPK and AP-1 signalling axis in controlling
the levels of TIMP-1

MLN4924 only partially mimics the CSN5 overexpression with having several off-
target; thus, results obtained from its employment yield not a complete picture of the
athero-protective effects of the COP9 signalosome. Hence, to fully understand the
therapeutical value of MLN4924, the signalling mechanism under the CSN5
overexpression, and the athero-protective role of the CSN5, mouse fibroblasts
(NIH/3T3) overexpressing CSN5 were used.

Namely, Csn5 overexpression has indeed triggered Timp-1 elevated gene expression.
One of the possible culprits underneath the protein interaction was speculated to stand
behind the AP-1 signalling axis.

¢ -Jun of AP-1 signalling is a prototypical prompt early gene. Upon stimulation of its
expression, c-Jun is rapid and transient (Kayahara et al., 2005; Naumann et al., 1999).
AP-1 signalling is regulated on two levels, either by extracellular stimuli (UV radiation,
proinflammatory cytokines, growth factors) that can affect activity and protein levels as
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well as its gene expression regulation or, on the other hand, by modulating its stability
via a reduction in ubiquitination as well as post-translational modification (Angel et al.,
1988; Fuchs et al., 1996; Karin et al., 1997; Musti et al., 1997; Treier et al., 1994). AP1-
binding sites are essential for both Timp-1 and MMPs in response to the TGF-3 (Hall et
al., 2003a). I have been curious about the AP-1 expression in the fibroblasts
overexpressing CSN5 compared to their CSNS5 constitutively expressing cells. 1 could
observe that without TNFa stimulation, cell lines over-expressing the Csn5 have been
shown to have positively up-regulated AP-1 signalling players c-Jun, JunB, as well as c-
Fos. Upon TNFa stimulation, c-Jun and c-Fos were up-regulated, while the JunB gene
didn’t respond to the conditions of Csn5 overexpression. Prior findings demonstrated
that AP1 factors necessary for the Timp-1 gene expression are c-Fos and c-Jun (Hall et
al., 2003a). In these mouse fibroblasts, protein levels of Csn5/c-Jun/Timp-1 were,
without stimulation, elevated upon CSN5 overexpression conditions.

To further evaluate if it is the role of the COP9 signalosome at stake, stabilising c-Jun
and thus levels of tissue inhibitor of matrix-metalloproteinases, JNK signalling was
blocked. That was considered as CSN5 acts in a dual-manner while regulating the c-Jun
stability, JNK-dependent or CSN-dependent (JNK-independent)(Naumann et al., 1999).
Thus, we excluded the INK-mediated c-Jun activation, so we could report c-Jun/p-c-Jun
being elevated upon CSN5 overexpression and the c-Fos. While JunB was only
transiently affected upon TNFo stimulation.

MAPKSs are known to exert a major role in c-Jun expression. Our results show that only
by overexpressing CSNS5 is there an effect on p-ERK1/2 being downregulated, while p-
p38 was elevated and evaluated upon CSNS5 overexpression, JNK signalling exclusion,
and TNFa stimulation.

Prior studies show that MMP9 expression is being instigated upon ERK1/2 and p38
activation in human kidney (HK-2) cells, which was not so far verified in endothelial
cells except here but might have similar mechanisms and regulation patterns (Nee et al.,
2004). Similarly, in human hepatocarcinoma cells, activation of p38 MAPK signalling
is responsible for the TIMP-1 overexpression and MMP-2 inhibition in these models (N.
Wang et al., 2012). Thus, signalling that p-38/c-Jun mediated Timp-1 overexpression
might stand behind the Csn5 athero-protective function.

Conversely, once mouse fibroblasts endogenously were experiencing loss of Csn5,
Timp-1 levels could decrease. In contrast, curiously, overall c-Jun levels remained
unchanged might imply that another AP-1 heterodimer plays a role in regulating Timp-1
gene expression.

In conclusion, we could observe in mouse fibroblasts that c-Jun and c-Fos of the AP-1
signalling complex stand in between Csn5, indirectly regulating the Timp-1 expression.
Csn5 stabilises active c-Jun stabilises c-Jun by enabling its phosphorylation and
impeding their degradation. That enables the environment to enable c-Jun elevated
levels able to form homo- or heterodimers. Finally, with elevated active AP-1 levels, p-
38 MAPK can exert their signalling and trigger AP-1 response.

5.5 The CSN holo-complex plays a role in regulating the levels of the
TIMP1 via the AP-1 signalling axis and impacts atherosclerosis
progression

In plants and mammals, the loss of any of the 8 subunits of the complex instigates the
disassembly of the entire CSN holo-complex (X. Wang et al., 2002). Loss of Csn2,
Csn3, Csn5, or Csn8 subunit of the COP9 signalosome is embryonically lethal (Lykke-
Andersen et al., 2003; Menon et al., 2007; Sharon et al., 2009; Tomoda et al., 2004).
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To investigate if the prior described phenotype of — Csn54@rial  Apoe '~
and Csn54meloid 4poe~ originated solely from Csn5 loss, or the CSN holo-complex or
other subunits such as Csn8 do play a role as well.

Loss of the CSNS subunit in myeloid cells in vivo in an atherogenic Apoe™’" mouse
background has been performed here for the first time. Csn8 expression in the
cardiomyocytes enables protection against cardiac proteotoxicity, while its
hylomorphism has caused adverse mouse cardiac problems and heart hypertrophy. Also,
CSN8 might act on the transcriptional level (Abdullah et al., 2017; H. Su, Li, Ranek, et
al., 2011). Firstly, our findings observe high levels of CSN8 in a lesion macrophage
area of the Apoe™’~ mouse aortic roots after 10 weeks of HFD. Lesion size in the male
aorta of Csn84™elid4poe~~ shows exacerbated atherosclerosis, with only the thoracic
part unaffected. While interestingly, female aortas do show the same lesion content
profile of aorta as males compared to the prior studies that showed no changes in aortic
lesion size in female aortas upon myeloid Csn5 loss, which didn’t alter aortic lesions.
On the other hand, aortic root lesions of the Csn84™*id4poe~~ did recapitulate the prior
aggravated lesion size encountered in Csn544 gpoe™~ and Csn34™<°4poe~~. While
female Csn84™eidqpoe~~ lesion size in aortic roots didn’t show elevated lesion size
compared to the Csn5"'Apoe”, control, as previously shown upon myeloid-
specific Csn5 loss (Asare et al., 2017).

Interestingly compared to the arterial-endothelial loss of Csn3, Csn84¢°id4poe~- male
mice indeed experience loss of collagen content possibly because of Timp-
1 downregulation. As the necrotic core size is not overall affected in males upon CSN8
depletion and the cap thickness in male and female Csn84°d4poe~~ mice after 12
weeks of HFD, elevation in vulnerability index in male mice haven’t been observed.
Interestingly myeloid-specific depletion of CSN8 has no effects on the SMC content,
while it does exacerbate macrophage contents in the lesions. But Csn8 myeloid deletion
does have a lowering of the Timp-1 levels in the male atherosclerotic plaque lesion and
male circulatory Timp-1 levels.

Interestingly total lymphocyte blood count has been shown initially to be declined upon
myeloid Csn8 loss. Still, the FACS analysis of the individual blood cell population
revealed an elevation in T-cell count in the blood of mice upon myeloid-Csn8 depletion,
while B-cell count was unchanged.

In one prior study, CSNS5 loss did affect the B-cell count (Sitte et al., 2012). Moreover,
CSNS5 loss was found to lower the proliferation of hematopoietic progenitors (Mori et
al., 2008). Conversely, T-cell-derived Csn8 deletion has been shown to negatively
impact their survival and proliferation (Menon et al., 2007). But as the T- cells Csn8
gene expression wasn’t affected by the LysMCre expression, but rather by myeloid-
derived CsnS8, this phenotype remains to be elucidated.

To further the understanding, how does the CSNS loss and, thus, CSN holo-complex
disassembly affect the mouse BMDMs levels of CSN subunits. BMDMs from the
Csn84mveloid 4poe~~males were in vitro cultured and compared to their littermate controls
Csn8"Apoe™, after the 12 weeks of HFD while differentiated upon the 1929
conditioned media.

What was firstly apparent is that myeloid loss of Csn8 did affect the levels of Csn5 gene
expression decline. At the same time, CSN 1,4, and 6 were depleted on the gene
expression with and without atherogenic stimulation. Interestingly, CSN3 was elevated
upon the TNFa stimulation in Csn8"Apoe”~, BMDMs, which indeed affirms the recent
report by Boro et al., regarding the role of the Csn3 in atherogenic inflammation in
macrophages (Boro et al., 2021). Moreover, CSN3 elevates the NF-kB nuclear
localisation ( Ba et al., 2017). Hence, I wanted to investigate if loss of PCI subunit in
vitro influences the NF-KB signalling.
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Upon CSNS loss in BMDMs, NF-kB targeted genes were elevated. IL-6 expression
was elevated without, while Ccl2 was eclevated with the Tnfa stimulation, and
accordingly, IkBa levels were less abundant with the myeloid- Csn8 loss. Firstly, the
downregulation of the CSN holo-complex results in a persistent instigation of the NF-
kB targeted genes (Schweitzer et al., 2007).

It is a consequence of loss in IkB-a levels, which have been previously reported to

be depleted upon myeloid- Csn5 deletion in BMDMs in vitro (Asare et al., 2017).
Hence in that way, NF-kB inhibitors, IkBs are being phosphorylated and subsequently
ubiquitinated by CRLs to be finally degraded by the proteasome, as prior suggested by
(K. Brown et al., 1995; Z. Chen et al., 1995; Rothwarf & Karin, 1999; Senftleben &
Karin, 2002). Holo-complex participates in IxBa stability regulation by its CSN-
associated deubiquitinase activity (Schweitzer et al., 2007).
Hence, by CSN holo-complex loss of function, removal of covalently attached
ubiquitin-like Nedd8 modification is absolute. Thus, IkBa is targeted for proteasome
degradation, shown here to elevate atherogenic inflammation and NF-xB regulated gene
expression. Overall, that, in turn, does lead to the aggravation of the Csn84™<°d4poe~"
atherosclerosis and disturbs the homeostasis of ECM regulators, such as TIMP-1, but
doesn’t affect their vulnerability, suggesting a more profoundly function of the
endothelial CSN holo-complex role in determining the adverse effects of
atherosclerosis. In vivo study employing the endothelial-Csn8 loss would be deemed
necessary in deciphering the role of the holo-complex in atherosclerotic plaque
stability.

5.6 Human atherosclerosis and atherogenic inflammation in
endothelial cells show that Timp1 levels determine plaque
stability

The pathology of atherosclerosis development in humans is a multi-factorial complex
disease, which leads to immunometabolism dysregulation and clinical outcomes, which
can only be partially mimicked in animal models.

One of the major differences does reside in the core driver underlining atherosclerosis
development, lipoprotein metabolisms, as mice are rich in HDL-mediated cholesterol
particles, while humans are LDL cholesterol-enriched. This is partially compensated by
employing genetic manipulation (4poe”” mice) and ‘humanised diets’, such as
Western-type of diet, but indeed atherosclerotic lesion development between humans
and mice in their entirety is different. Namely, humans are more prone to develop
atherosclerotic lesions in their coronary artery and carotid arteries. At the same time,
mice mainly generate lesions in the aortic root, aortic arch, and brachiocephalic aorta.
Another major point of this study was that mice do not develop larger fibrous atheromas
or unstable lesions (Breslow, 1996). Hence, herby I aimed to investigate if, indeed,
observed phenotype upon endothelial/myeloid Csn5/Csn8 loss in atherogenic mice
could be verified on human carotid endarterectomy (CEA), that was pre-profiled on
their stability and gender sorted by the Munich Vascular Biobank (Department of
Vascular Surgery, Technical University Munich, Germany). These CEAs were
morphologically graded by the Atherosclerosis Council of the American Heart
Association classification; their vulnerability was analysed under the previous report by
Redgrave and his team (Redgrave et al., 2008; Stary et al., 1995). Whereby only male
atherosclerotic plaques were used based on the study conducted here.

Factors of extracellular remodelling, TIMP-1s/MMPs function in atherosclerosis
remains elusive, and plenty of studies have been conducted on deciphering and
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understanding its predictability as a biomarker in human atherosclerosis. On the other
hand, CSNS is heavily elevated in advanced human stages of atherosclerosis, while its
role instability hasn’t been investigated so far (Asare et al., 2013).

Hereby in vivo expression of TIMP1 with plaque stability was analysed in CEAs lesions
and its mRNA total expression in the lesion was evaluated. I could conclude that total
TIMP-1 levels in atherosclerotic lesions varied depending on their stability and only
upon splitting the zones of the lesions depending on the TIMP1 severity of expressions
(TIMP1: negative, low positive, positive, and high positive) as previously described,
could I detect the differences in its expression in lesions.

Mainly expression of TIMP-1 could be seen in the necrotic core area of advanced
human atherosclerotic lesions. In contrast, the TIMP-1+ arca was absent in the fibrous
cap and sub- and endothelial lining areas. TIMP-1 expression was also present in the
plaque shoulder regions, where macrophage-like cells expressed it abundance in the
advanced lesions. The prior study does indeed observe MMP and TIMP-1 abundantly
expressed in the macrophage-rich area in regions prone to rupture and in areas
surrounding the lipid core (Orbe et al., 2003). Moreover, TIMP-1 levels in lesions were
quantified by an automated separation of the positive regions for its expression. Reveals
that only in high-positive and positive TIMP-1 regions of the unstable plaques found
lower TIMP-1 expression than the stable plaques. In contrast, the stable plaques had
higher or less significantly different TIMP1 content than the healthy plaques. Yet
another prior study does indeed as well report on TIMP-1 concentration being more
elevated in healthy tissue compared to the atherosclerotic plaques in human patients.
Hence the observed phenotype falls into those lines (V Baroncini et al., 2011).
Conversely, once the TIMP-1 mRNA expression was evaluated in these total CEAs
lesions, mRNA expression of TIMP-1 was higher, while CSN5 gene expression was not
significantly changing. Thus, I could conclude that overall TIMP-1 expression in vivo is
seemingly lower in unstable compared to the stable plaques, while its gene expression
doesn’t confirm this.

To confirm if the endothelial-specific CSN5 loss does impact TIMP-1 via
modulating the c-JUN axis, HAOECs were employed. Indeed, upon CSNS5 gene
expression depletion in HAoECs, TIMP-1 levels were significantly lowered together
with the c-JUN levels, while on the other hand, TIMP-1 levels with the MLN4924
treatment were significantly elevated. Prior studies do show that exacerbated TIMP-1
levels reduce atheroprogression in mice. Hence possibly, MLN4924 could act in
impeding atherosclerosis by elevating TIMP-1 levels (Rouis et al., 1999).

MMP2 and MMP9 gene expression was evaluated, and CSNS5 loss does not impact
MMP2 gene expression on HAOECs. On the other side, MMP9 expression in HAoECs
was surprisingly downregulated. Conversely, CSNS5 overexpression mimics by
employing the neddylation inhibitor MLN4924 have revealed no effects on the MMP9
expression, while MMP2 was slightly elevated.

MMP9 activity was elevated upon CSNS5 loss, while the MLN4924 silenced it in human
aortic endothelial cells. There were no effects upon MMP2 activity changes with the
Csn5 loss or Csn5 “overexpression mimics”. Interestingly, while CSNS5 depletion did
cause total MMP activity eliciting shift, no changes in their activity were observed upon
MLN4924 application. Thus, possibly implying that MLN4924 might impact other
MMPs in HAOECs.

Markers of vulnerable lesions are set in the disbalance between the MMPs and TIMPs
(Sapienza et al., 2005).

Prior studies on human atheroprogression demonstrate that MMP-9 might be a suitable
marker for unstable lesions (Loftus et al., 2000; Peeters et al., 2011). Elevated
circulatory MMP2 levels in human atheroprogression have been associated with the
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adverse effects of the disease, but it has been reported to be more a trait of stable lesions
and/or early lesions (Alvarez et al., 2004; Choudhary et al., 2006; Z. Li et al., 1996;
Sluijter et al., 2006). Moreover, MMP-2 and -9 levels are considered to be a good
indicator of therapy success and identifying patients that would gain from the therapy.
Activation of endothelial MMP-2 can induce endothelial dysfunction and its
disintegration (Carmona-Rivera et al., 2015; Olejarz et al., 2020).

Finally, we could confirm that Timpl expressed in human carotid endarterectomy
lesions is lowered with the plaque being more unstable. In the endothelial cells- Csn5
depletion, Timp1 levels were also impaired, as well as the AP-1 signalling axis. That
overall suggests that endothelial cells do indeed control the TIMP/MMP balance in
human patients, and possibly its homeostasis is controlled by the COP9 signalosome.
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6. Conclusion

Our findings hereby provide a first mechanistic overview of how depletion of one of the
arterial-endothelial derived COP9 subunits, CSN5, through regulating factors of the
extracellular matrix-remodelling system (ECM) exert a pivotal role in favouring the
rupture-prone atherosclerotic plaques in vivo.

Mouse and human arterial-endothelial CSN5 depletion down-regulates the TIMP-1
levels, and favour pronounced MMP enzymatic activity via destabilised AP-1 signalling
axis. On the other hand, our studies show that employing the selective pharmacological
inhibitor of NEDDylation, MLN4924, thus mimicking the CSN5 overexpression,
inhibits early murine atherosclerotic lesion progression in vivo. We could also observe
athero-protective effects extending on human and mouse aortic endothelial cells upon
MLN4924 application via downregulated total matrix-metalloproteinase enzymatic
activity and elevated Timpl levels in vitro. Our data confirms as well that Csn5
overexpression in vitro could equally trigger the Timp1 elevation via AP-1 signalling,
hence ‘mirroring’ the MLN4924 conditioned Csn5 overexpression ‘mimics’ in vitro.
Furthermore, we could establish the importance of the role of COP9 in the negative
regulation of atherosclerosis progression by removing yet another subunit of the holo-
complex in myeloid cells, Csn8. We could observe the role of the COP9 complex in
stabilising the AP-1 signalling axis and ECMs in macrophages and endothelial cells in
vitro. Destabilised CSN holo-complex plays a role in atheroprogression and more
pronounced atherosclerosis but not the vulnerability of the plaques.

Finally, we provide evidence that the Timp1 levels in lesions differ in advanced stages
of human atherosclerosis, with Timp] positive areas being more elevated in stable and,
conversely, depleted in unstable plaques compared to the healthy plaques, which was
not reflected in their mRNA levels. Therefore, overall showing that the COP9
signalosome acts as one of the ‘decisive points’ in regulating the clinical apparentness
of atherosclerosis, the vulnerability of the plaques.
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