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ABSTRACT

Background: A hallmark of advanced, rupture-prone atherosclerotic lesions is the
presence of a necrotic core — a dense mass of pro-inflammatory and cellular debris. Traditionally,
it has been thought that most of the foam cells within this core are derived from macrophages.
However, recent advances in single cell technologies have revealed that vascular smooth muscle
cells have the capacity to transdifferentiate into “macrophage-like foam cells”, accounting for
almost half of the cell content in advanced plaques. Our lab and others have discovered that a
primary cause of the necrotic core is necroptotic cell death, where the mixed lineage kinase
domain like pseudokinase MLKL is a key executioner of this process. While the contribution of
necroptosis in macrophages and macrophage-derived foam cells to plaque growth and instability
has been fairly-well studied, the role of necroptosis in vascular smooth muscle cells in this

process remains unclear.

Objective: This work explores the role of MLKL in regulating necroptosis of
macrophages and vascular smooth muscle cells when challenged with pro-inflammatory and pro-

atherogenic stimuli.

Hypothesis: MLKL regulates cell death differently in macrophages and vascular smooth

muscle cells when challenged with pro-inflammatory or pro-atherogenic stimuli.

Methods and Results: Bone marrow-derived macrophages (BMDMs) and aortic
vascular smooth muscle cells (VSMCs) were isolated from wildtype and MLKL”" mice and
treated with pro-atherogenic stimuli in the presence or absence of apoptosis and necroptosis
inhibitors, zZVAD and Necrostatin-1 (Necl). BMDMs underwent cell death in response to
treatment within 3-6 hours (as measured by LDH release and SYTOX assays), while VSMCs

survive up to 18-24 hours. However, when treated with BMDM conditioned media, VSMCs
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begin to show higher rates of relative cell death compared to controls, particularly in response to
treatment with oxLDL. Confocal microscopy and Western blots revealed that VSMCs treated
with oxLDL in addition to BMDM conditioned media show an increase in relative expression of
total and phosphorylated-MLKL — a key hallmark of necroptosis — compared to VSMCs without
conditioned media. Moreover, these experiments implicate STAT1 and IRF1 as possible
transcriptional regulators of MLKL expression in VSMCs treated in BMDM conditioned media.
Preliminary staining of atherosclerotic lesions in mice may suggest that MLKL expression is
more abundant within macrophages, and upregulation of MLKL expression in VSMCs may be

associated with phenotypic switching.

Conclusion: Overall, this work suggests VSMCs are inherently resistant to necroptosis,
unless treated with conditioned media from BMDMs, which may suggest that macrophages have

the capacity to prime necroptosis in VSMC:s, likely through secreted factors.
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A hallmark of advanced, rupture-prone
atherosclerotic plaques is a necrotic core, where
necroptosis contributes to over 60% of its size.

While the contribution of necroptosis in macrophages
to plaque growth and instability has been fairly well-
studied, the role of necroptosis in vascular smooth

muscle in this process remains unclear.
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Figure 1. BMDM conditioned media potentiates cell death in VSMCs.

v



ACKNOWLEDGEMENTS

First and foremost, I would like to thank Dr. Katey Rayner for being an incredible
supervisor and role model. From culturing my first smooth muscle cells to presenting my first
Thesis Advisory Committee (TAC) meeting, Katey’s enthusiasm and encouragement have been a
constant source of reassurance throughout all the bumps and doubts of graduate school. Her
guidance and expertise have been essential to helping the project develop into where it stands

today. I am incredibly grateful for Katey’s kindness and all that she has taught me.

Equally, I would like to thank my TAC members, Dr. Jim Sun and Dr. Shawn Beug, for
their direction and support throughout this project. Jim and Shawn always knew how to pull us
through new and exciting areas of exploration. I am thankful for the interest and compassion they

brought to each meeting and their feedback throughout this process.

I would also like to thank our phenomenal lab members, past and present, at the Ottawa
Heart Institute — Michele Geoffrion, Nancy Simon, Dr. My-Anh Nguyen, Dr. David Smyth, Dr.
Adil Rasheed, Dr. Jonathan Salazar Leon, Dr. Victoria Lorant, Dr. Chan¢le Polenz, Dr. Leah
Susser, Cameron Stotts, Abagael Hudak, Deniz Ekin Camci, Stijn Van Linden, Maria Ivanova,
Michelle Gandelman, Anastasia Fahlman, Serena Solari, Claire Padley, Haley Dal Farra, Grace
Fader, and Gabrielle MacEwen. For absolutely everything — from helping hands to sanity checks,

donuts, poutine, and coffee — thank you.

I would also like to thank our Director of Research Services, Vivian Franklin, and our
fourth-floor neighbours from the Ouimet, Lagace, and McPherson labs — especially Christina
Emerton, Valérie Rochon, Dr. Thomas Laval, Arlette Aluma Kasongo, Nathan Joyce, Mishita

Dharia, Paulina Lau, Dr. Anh-Thu Dang, Tanja Kosenko, and Alana Renon. For being a sounding



board when nothing would go right and saving an experiment (or two) from annihilation, thank

you.

From the University of Ottawa CBIA Core, [ would like to thank Dr. Chlo¢ Van
Oostende-Triplet and Dr. Liyuan Wang for all their guidance with anything and everything

microscopy and FlJI-related.

From the University of Ottawa GEM Core, I would like to thank Dr. Maxime Rousseaux,
Dr. James Taylor, and Steve Callaghan for their guidance with designing the TurbolD project. In
particular, I would like to thank Dr. Taylor for helping us design our TurbolID constructs, and for
preparing the plasmids and lentivirus we used. I would also like to thank Dr. Sanna Abbasi from
Western University for her help navigating all things BiolD and related to studying protein-

protein interactions.

To my parents, Samar Al Kutb and Bassam Al Sarakbi, and my siblings, Kamar, Diana,
Rami, and Reem — I would not have grown into the person I am today without your gentle
encouragement and patience. To my nephew, Adam, thank you for your endless curiosity. To my
friends, thank you for reminding me to find joy outside of a biosafety cabinet. From the bottom

of my heart to each and every one of you — thank you.

vi



TABLE OF CONTENTS

ABSTRACT ... i
ACKNOWLEDGEMENTS ...ttt v
TABLE OF CONTENTS ..ottt vii
ABBREVIATIONS ...t e X
LIST OF FIGURES ..ot xii
O N8 (o Ta L To1 o) s F O TP U PRSP PP 1
1.1 Cell Death in AtheTOSCLEIOSIS. . .cuviiieeiieieiiesiie ettt nee s 13
L.1.1 INECTOLIC COTE ..ttt ettt ettt ettt sttt ekttt e bt e b e et esbe e et e e s bb e e beesbbeebeesbneanbeen 13
1.1.2 The Bi-Directional Relationship Between Inflammation and Cell Death........................ 14
1.2 ALRETOZEIESIS ...tttk etttk ekt she et e bt e e e s se e be e nn e n e e nnn e ne e nnas 1
1.2.1 BATLY LE@SION w.eeutiiiiiieitieiee sttt n e nn e ne s 1
1.2.2 Growing and Late LeSION ........cccviiiiiiiiiiieciiiiee et 3
1.2.3 RUPLUTE-PIONE ....evviiiiiiiieiie ettt ettt et e et e e e e st e e e s nnne e s 4
1.2.4 P1aque RUPTULE .....oeeiiiiiiciee et 4
1.2.5 Plaque ETOSION. ......ciuiiiiiiiiiiieitici ettt 5
1.3 The VESSEl Wall......coiiiiiiiiicee et 5
1.3.1 ENdOthelial CellS .......ooiiiiiiiiiieice et 5
1.3.2 MACTOPRAZES ...ttt et 6
1.3.3 Vascular Smooth MUuscle Cells..........ccoiiiiiiiiiiiiii e 7
1.4 Mechanisms of Programmed Cell Death ... 8
L BN ) o 01 PSP OTPR PR 8
142 NECTOPLOSIS 1.ttt sttt h et bbbt b e bbbt b e r e b e 10
143 PYTOPLOSIS .ttt ittt bbb bbbt 10
2.0 Rationale, Hypothesis, ODJECIVES .......c.cuiiiiiiirieieiiiee e 13
2.1 RALIONALE ...ttt b et b bt b e bbb n e nnes 15
2.2 HYPOTRESIS. ...ttt 15
2.3 ODJECtIVE ANA ATINIS ..c.ieiiiieiieiiee ettt n e re e s ne e nnes 15
3.0 Materials and MeEthOdS.........eoiuiiiiiiiie et ne e 16
3.1 Isolation of Primary Cells and Cell Culture..............ccooviiiiiiiiiiiiicic e 16
3.1.1 Bone Marrow-Derived Macrophages (BMDMS) ..........cccoiiiiiiiiiiiiicnieeese e 16
3.1.2 Aortic Vascular Smooth Muscle Cells (VSMECS) .....cuoiiiiiiiiiiiiieiieesieeee e 16
3.2 Cll TIEAMEGNLS .....veeueieiteeetee ettt stee et ettt sttt et et e s bt e st e e b e e e bt e sbe e e st e e sbeeenbeesneeanneesrneenneens 17
3.2.1 BMDM-Conditioned Media (BCM) ........c.cooiiiiiiiiiiiiieeseeee e 17



RN (7 15 110 U< L1 17

3.2.3 TNFRI INRIDITION ...tiiiiiiiieieie ettt sttt nne e 17
3.3 CytOtOXICIEY ASSAYS .vviuvveuriiuriiuieiiaseesieesteassesbe e se et be et sb e e bt se e b e bt e b sbe e b e e e e s b e e nneen e ennis 17

3.3.1 Lactate Dehydrogenase (LDH) ASSAY ......coiiuiiiiiiiiiiieiiiie i 17

3.3.2 SYTOX (NUCGIEEN™) ASSAY ...eoueeeeieiieeeeeeeeeeee ettt en s s en s 18

3.3.3 CellEvent™ Red, Cleaved-Caspase-3/7 ASSAY .......ccccvvvererereriuieserereresssisssesessssssssesesesns 19
3.4 Lentiviral TranSAUCTION ........coiiiiiiiiiieiie i srn e ne e 19

3.4.1 Lentiviral Transduction of Primary Mouse BMDMS..........cccccooiiiiiiniinnieiiic e 19

3.4.2 Lentiviral Transduction of Primary VSMOCS .........ccceviiiiiiiiiiiciieseseee e 20
3.5 Protein Isolation and Western BIOtHNG ........c.ccoiiviiiiiiiiiiiiiieesie e 20
3.6 IMMUNOTTUOTESCENCE . ....vveetie ittt ettt ettt st e b et e e be e e ste e nbeeebeesbeeenbeens 22

3.6.1 Immunofluorescence of Fixed CellS........ccoiiiiiiiiiiiiiiiiiie e 22

3.6.2 Immunofluorescence of FiXed TiSSUE .......cccieiiiiiiieiiiiiieiii e 24
I 21 B A PO P PRSPPI 25
3.8 StatiStICAl ANALYSES ....viveeiiiiiiiiieiii et 26
4.0 RESUILS ...ttt b et b Rt R e R et e b e e e e nne e r e aneas 27
4.1 BMDMs are more sensitive to cell death stimuli than VSMCs.........ccccooiviiiiiiiicnicnen 27
4.2 BMDM conditioned media potentiates cell death in VSMCS ........ccoocveiiiiiiiiniinniin e, 30
4.3 MLKL expression is upregulated in VSMCs treated with conditioned media....................... 33
4.4 TNFa signaling may contribute to MLKL upregulation in VSMCs.........ccocoeiiiiiiiiiciiinennnn. 36
4.5 STAT1/IRF1 appear upregulated in VSMCs treated with conditioned media...........c.cccuee.e 39
4.6 MLKL seems to be more abundantly expressed in late atherosclerotic lesions ..................... 42
5.0 DASCUSSION ...tttk ettt b ettt e ekttt e ket et e s h e e e bt e be e e bt e nhn e e be e e nn e e neennr e 45
5.1 Cell Death and Interactions between Macrophages and Vascular Smooth Muscle Cells....... 46
5.2 MLKL REUIALION .....oiiiiiiiiiiiiiciiiii e e 48
5.3 MLKL Expression in Atherosclerotic LeSIONS. ........cccovviiiiieiiiiiiiciiiiccsec e 49
5.4 Resilience of Vascular Smooth Muscle Cells to Cell Death ..o 50
5.5 Future Directions and Implications of Studying MLKL in VSMCs and Atherosclerosis ...... 51
5.6 CONCIUSIONS ...ttt ettt ettt ekttt etttk et e bt e e s bt e ke e e st e e nbe e e st e e abe e e nbeenaneenbeenrneanneens 51
SUPPIEMENATY FIGUIES ...vviiiieiiiiiie ettt nnn e 54
RETEIEIICES . ...ttt ettt h et b ettt b e e st e e be e e b e e nne e nbeenneas 73

viil



ABBREVIATIONS

ABCA1/G1

ANOVA

BCA

BCM

BMDM

BME

BSA

CSA

CVD

DAMP

DMEM

ECM

ELISA

ER

FBS

GAPDH

GSDMD

HBSS

ICAM-1

IRF1

KO

LDL

ATP-binding cassette transporter A1/G1
Analysis of variance

Bicinchoninic acid
BMDM-conditioned media

Bone marrow-derived macrophage
B-mercaptoethanol

Bovine serum albumin

Cyclosporin A

Cardiovascular disease
Damage-associated molecular pattern
Dulbecco’s modified eagle medium
Extracellular matrix

Enzyme-linked immunosorbent assay
Endoplasmic reticulum

Fetal bovine serum

Glyceraldehyde 30phosphate dehydrogenase
Gasdermin D

Hank’s balanced salt solution
Intercellular adhesion molecule-1
Interferon regulatory factor 1
Knockout

Low-density lipoprotein

X



LIF

MCS-F

MFI

MLKL-/-

MOI

NADH

Necl

NT

oxLDL

PBS

PCD

PFA

PhIC

PIC

RIPA

RIPK1

RIPK3

ROS

RT

SD

SDS

SEM

SMC

Leukemia inhibitor factor
Macrophage colony-stimulating factor
Mean fluorescence intensity
Homozygous knockout of MLKL
Multiplicity of infection
B-Nicotinamide adenine dinucleotide
Necrostatin-1

No treatment

Oxidized low-density lipoprotein
Phosphate-buffered saline
Programmed cell death
Paraformaldehyde

Phosphatase inhibitor cocktail
Protease inhibitor cocktail
Radioimmunoprecipitation assay
Receptor-interacting serine/threonine-protein kinase 1
Receptor-interacting serine/threonine-protein kinase 3
Reactive oxygen species

Room temperature

Standard deviation

Sodium dodecyl sulfate

Standard error mean

Smooth muscle cell



ST

STAT1

STAT3

TBS

TLR4

TNFR1

TNFa

TUNEL

VCAM-1

VSMC

WD

WT

zVAD

Staurosporine

Signal transducer and activator of transcription 1
Signal transducer and activator of transcription 3
Tris-buffered saline

Toll-like receptor 4

Tumour necrosis factor receptor 1

Tumour necrosis factor alpha

Terminal deoxynucleotidyl transferase dUTP nick-end labelling
Vascular cell adhesion molecule 1

Vascular smooth muscle cell

Western diet

Wildtype

Benzyloxycarbonyl-Val-Ala-Asp-fluoromethylketone

x1



LIST OF FIGURES

Figure 1. BMDM conditioned media potentiates cell death in VSMCs ........cccccovviiiiiiiiiiiiniinnn, v
Figure 2. BMDMs appear to be more sensitive to cell death stimuli than VSMCs.............c.ee... 29
Figure 3. BMDM conditioned media potentiates cell death in VSMCs .......cccccocvvviiiiiiiiniiinnns 32
Figure 4. MLKL appears upregulated in VSMCs treated with conditioned media ..................... 35
Figure 5. TNFa signaling may account for MLKL upregulation in VSMCS.........ccoccceviiiieiiinnne 38
Figure 6. STAT1/IRF1 appear upregulated in VSMCs treated with conditioned media.............. 41
Figure 7. MLKL appears more abundantly expressed in late atherosclerotic lesions.................. 44

Figure 8. Working hypothesis, MLKL upregulation and potentiation of cell death in VSMCs .. 53

FIgure ST ... 54
FIgUre S2 ... 55
FIGUIe S3 ..o 56
FIGUIe S4 ... 57
FIGUIe S5 ..o 58
FIGUIE SO ... 59
FIGUIE ST ..o 60
Figure S8 .. ... 61
FIGUIe SO ..o 62
FIGUIe ST0 ... s 63
FIgUure ST1 ... 64
FIGUIe S12 ..o 65
Figure S13 ... 66
FIgure S14 ... 67

xii



FRGUIE SIS ..o e e e e e e e e st e e e s e bt e e e r e e e a e e e e a e s 68

FRGUIE STO ...t e e e s st e e e e bt e e e a b e e e s s br e e e e s nnreee s 69
FRGUIE ST7 ..ot s et e e et e e s s b b et e e e e b et e e e nb e e e e s e bn e e e e nnnre e e s 70
FRGUIE ST8 ... e e e e s st e e e e e b et e e e n b e e e s aber e e e annnreee s 71
FRGUIE STO ...t s e e et e e e s b b e e e e s e b b et e e e ab e e e e abrr e e e e nnre e s 72

Xiii



1.0 Introduction

Atherosclerosis is a chronic, progressive inflammatory disease whereby modified low-
density lipoproteins (LDL) accumulate along with immune cells within the intimal layer of the
artery wall to form a plaque!~. The rupture or breakage of advanced, vulnerable plaque releases
collagen, lipids, inflammatory molecules, and cellular debris into the bloodstream, activating
platelets and initiating the coagulation cascade to form a clot, or thrombus®®. Depending on the
location of the ruptured lesion, thrombosis can result in heart attack or stroke and cause
potentially irreversible and life-threatening injury®. A hallmark of advanced, rupture-prone
atherosclerotic lesions is the presence of a necrotic core — a dense mass of pro-inflammatory and

cellular debris!®!!,

1.1 Atherogenesis
1.1.1 Early Lesion

Atherogenesis is thought to begin with damage or a loss of integrity in the endothelial
wall of the artery, which is often associated with certain major risk factors of cardiovascular
disease, including hypertension, hyperlipidemia, diabetes, and aging'?'*. In the early lesion, pro-
atherogenic factors, including LDL particles, oxidative stress, and disturbed or complex flow
have been shown to induce endothelial cell death!>!7. This weakening of the endothelium
provides an opportunity for circulating LDL particles to breach the arterial wall and begin to
accumulate within the vessel. Alternatively, emerging evidence describes active, intracellular
transport of LDL particles into the vessel wall through transcytosis by activated endothelial cells,

expressing scavenger receptor class B type 1 (SR-B1)'%2!,

As LDL particles accumulate within the intimal layer of the artery wall, bound to

proteoglycans of the extracellular matrix (ECM), they become more susceptible to oxidation and



aggregation®?2. The accumulation of these modified LDL particles, rich with fats and
cholesterol, within the vessel wall activates nearby endothelial cells and tissue-resident
macrophages to begin secreting pro-inflammatory cytokines and chemokines, activating both an

innate and adaptive immune response™?’.

Circulating monocytes are recruited by these signals and enter the vessel wall at sites of
inflammation, where they differentiate into macrophages to begin clearing LDL particles through
scavenger receptor (SR)-mediated phagocytosis®®?’. However, as macrophages become
overwhelmed with an excess of modified LDL particles, including oxidized LDL (oxLDL) and
aggregated LDL (agLDL), they struggle to effectively regulate uptake and metabolism of their
lipid load*®. As these cells become densely packed with excess lipids, their cytoplasm begins to

take on a lipid droplet-rich, “foam”-like appearance®-!.

Under normal physiological conditions, excess intracellular free cholesterol promotes
downregulation of cell surface LDL receptors (LDLRs) through inhibition of sterol regulatory
element binding protein (SREBP) cleavage to slow intake of additional exogeneous lipids®*=>’.
However, atherogenic LDL particles disrupt this process by up-regulating uptake of modified
LDL particles*®. In particular, oxLDL has been shown to downregulate cholesterol efflux
transporters including ATP binding cassettes A1/G1 (ABCA1/G1) and scavenger receptor class B
type I (SR-B1)*%°_ This loss of efflux acceptors coupled with impaired metabolism of lipid
droplets induces ER stress and triggers programed cell death*'**?. In an early atherosclerotic
plaque, apoptosis and efferocytosis work in tandem to limit the inflammatory burden of

accumulating cellular debris from dying foam cells overwhelmed by lipid uptake**°.



1.1.2 Growing and Late Lesion
When apoptosis is coupled with effective efferocytosis, phagocytes are able to find and
clear apoptotic bodies, thereby minimizing stress on surrounding cells and tissues*’. However, as

the disease progresses, apoptosis and efferocytosis become overwhelmed or inhibited.

Recognition of apoptotic bodies is mediated by macrophage erythroblast receptor
tyrosine kinase (MERTK) of phagocytes**. MERTK binds to exposed phosphatidylserine
(PtdSer) along the surface of apoptotic bodies using growth arrest 6 (GAS6) or protein S adaptor
proteins*®. While the exact mechanism behind impaired efferocytosis within the atherosclerotic
lesion remains unclear, some evidence suggests that reactive oxygen species (ROS) may drive A
disintegrin and metalloprotease 17 (ADAM17)-mediated cleavage of MERTK in phagocytes*’ .
Without efferocytosis, lingering apoptotic bodies undergo a form of cell death called secondary
necrosis, where cleaved caspase-3 has been shown to activate gasdermin-E (GSDME)-mediated

cell lysis!!50-2,

As the lesion continues to advance, apoptosis itself can become inhibited through
inactivation of caspase-8'!. It is theorized that oxidation or iNOS-driven S-nitrosylation may
drive inactivation of this proteolytic enzyme, blocking apoptosis'!. In the absence of apoptosis,
foam cells may opt to undergo necroptosis, a more inflammatory form of programmed cell death,
where the plasma membrane swells and ruptures, releasing its intracellular contents as damage-
associated molecular patterns (DAMPs) to trigger an acute inflammatory immune response®>>*,
At this stage of plaque progression, an “early” necrotic core begins to form through the

accumulation of apoptotic bodies and necrotic cellular debris along with cholesterol crystals'’.

As the necrotic core expands, the artery wall begins to thicken and harden with migrating



vascular smooth muscle cells (VSMCs), forming a strong fibrous cap, reinforced with collagen

and extracellular matrix>.

1.1.3 Rupture-Prone

A rupture-prone atherosclerotic lesion is an increasingly hostile, inflammatory
environment that feeds an expanding necrotic core, growing to account for over 10-25% of total
lesion area'®. The fibrous cap grows unstable as invading monocytes and macrophages
accumulate along with dying vascular smooth muscle cells that release matrix metalloproteinases
(MPPs) and micro-calcifications '°. Pro-inflammatory cytokines including IFNy are associated
with loss of collagen production, while IL-18, TNFa, and CD40 ligand have been implicated in
the higher rates of MMP expression by VSMCs in vitro'*~%8, contributing to a loss of integrity
of the fibrous cap. This thinning subendothelial fibrous cap is all that stands between the tensile

pressure of blood flow through the lumen and a pro-thrombotic core.

1.1.4 Plaque Rupture

Upon plaque rupture, the contents of the lesion and necrotic core spill into the lumen,
interacting with platelets and coagulation factors to seal the injured artery wall’. The coagulation
cascade is triggered by the exposure of tissue factor from the ruptured plaque®®. Tissue factor
interacts with components from blood plasma to convert coagulation factor II (“pro-thrombin™)
into thrombin — a serine protease necessary for generating fibrin from its blood-soluble precursor
protein, fibrinogen®®. Unlike its counterpart, fibrin is characteristically insoluble in blood, and
precipitates to form long strands of polymerized fibers that bind to platelets and harden to seal
the injured artery wall®2. This assembly of fibrin polymers and platelets form a thrombus, or
blood clot, which can block blood flow at the rupture site or, if dislodged, further along the

narrowed vessel®>.



1.1.5 Plaque Erosion

Contrary to plaque rupture, erosion describes a gradual tearing, “or lifting” of endothelial
cells away from the vessel wall®. This process exposes the underlying plaque to blood flowing
through the lumen, and triggers formation of a thrombus®. Erosion is initiated by pro-
inflammatory cytokines and stimuli, including oxLDL and sheer stress, which induce expression
of endothelial MMPs that degrade collagen fibers and the extracellular matrix of the basement
membrane®®°. This loss of basement membrane integrity leads to endothelial “tearing”, or
lifting, from the vessel wall. Signaling through toll-like receptor 2 (TLR2) in particular is known
to contribute to endothelial activation and erosion®®”. Upregulation of TLR2 in endothelial cells
is associated with regions of disturbed blood flow, leading to increased expression of leukocyte
adhesion receptors, ICAM1 and E-selectin, and increased secretion of IL-8%+%¢%° Erosion is
believed to contribute to both the onset of plaque development and in promoting thrombosis of

more advanced lesions®*.

1.2 The Vessel Wall
1.2.1 Endothelial Cells

The endothelium is made up of a tight monolayer of endothelial cells that acts as a
dynamic barrier between the intimal layer of the artery wall and the flow of blood and nutrients
through the lumen’®. The endothelium serves two major functions: (a) to produce vasoactive
substances (e.g. nitric oxide, NO) to constrict or dilate the vessel wall in response to extracellular
cues from its environment, and (b) to control the passage of substances, including cells, between

the lumen and the inner layer of the artery wall to the surrounding tissue’’.

Activated endothelial cells secrete inflammatory cytokines and present adhesive cell

surface receptors (e.g. VCAM-1 and ICAM-1) to pull in circulating leukocytes from the blood to



respond to sources of stress and injury in the artery wall’>’3. Under normal physiological
conditions, this activation is essential to direct tissue repair and clear sources of infection and
inflammation’"”3. However, chronic activation of endothelial cells is associated with endothelial
dysfunction (ED), senescence, and erosion, leading to a breakdown in the integrity of the

endothelium, which lays a foundation for the development of atherosclerosis’’.

1.2.2 Macrophages

Populations of macrophages within atherosclerotic lesions have historically been
characterized by three major phenotypes: quiescent “M0”, pro-inflammatory “M1”, and pro-
resolving “M2”747°_Generally, M1 macrophages tend to rely more heavily on glycolytic
metabolism, express high levels of inducible nitric oxide synthase (iNOS), and secrete reactive
oxygen species and highly inflammatory cytokines and chemokines, including TNFa, IL-18, and
IL-67%. These pro-inflammatory macrophages are typically associated with plaque growth and
active inflammation. Alternatively, M2 macrophages tend to be considered reparative for their
reliance on oxidative metabolism and release of pro-resolving factors (e.g. IL-10, TGFB) to
promote angiogenesis, tissue repair, and regulate immune response’®. These anti-inflammatory

macrophages are associated with regressive and generally stable plaques.

While it can be helpful to use these categories to broadly predict and describe the
response or role of a subset of macrophages, it is important to consider that these classifications
describe transient states — a given M1 macrophage may adopt a more M2 phenotype depending
on a combination of environmental and intrinsic cues’”’®. Furthermore, recent work using single
cell technologies has described multiple populations of macrophages that exist beyond the
characterization of M0, M1, and M2 phenotypes within a developing lesion, each with their own

distinct function”*°,



1.2.3 Vascular Smooth Muscle Cells

Within an atherosclerotic lesion, vascular smooth muscle cells are generally known for
their role in fibrous cap formation, where they contribute to plaque stability by producing and
depositing collagen and extracellular matrix®'~#. The loss of these VSMCs through cell death is
associated with a thinning fibrous cap, increased plaque calcification, and an expanding necrotic

core — characteristic features of advanced, rupture-prone atherosclerotic lesions®*.

VSMCs are generally characterized as having either a contractile or synthetic phenotype.
Contractile VSMC:s are typically associated with regulating vascular tone and express
characteristically contractile genes, including a-SMA and myosin-11 (Myh11)3!. Alternatively,
synthetic VSMCs tend to be associated with tissue repair and vascular remodeling (or
angiogenesis) and express higher levels of ECM-related proteins, including collagen and
MMPs®. The switch between these two states is regulated by Kriippel-like factor 4 (KLF4) and
platelet-derived growth factor BB (PDGF-BB) signaling, which drive changes in gene expression

and cellular behaviour in response to vascular injury and disease® 7.

However, the phenotypic diversity of VSMCs within the atherosclerotic lesion is far

richer and more complex than originally thought, as VSMCs have been shown to adopt

99 ¢c

“adipocyte-”, “myofibroblast-", “endothelial-", and “macrophage-like” phenotypes®*°.

Typically, the identification of plaque VSMCs depended on expression of key contractile genes

including smooth muscle alpha-2 actin (0-SMA)”. However, lineage tracing models have

revealed that almost 80% of plaque VSMCs in mouse atherosclerotic lesions are negative for a-
SMA®70_ The rise of single cell technologies has provided a more robust understanding of
VSMC plasticity and heterogeneity within atherosclerotic lesions, and their corresponding

contributions to both plaque stability and vulnerability®!*2,



In particular, VSMCs and macrophage-like VSMCs have been shown to account for over
half the foam cell content within atherosclerotic lesions’***. However, while these cells may
adopt certain characteristics of macrophages, they are not true macrophages. Macrophage-like
VSMCs exhibit about a quarter of the phagocytic and efferocytic capacity of monocyte-derived
or tissue resident macrophages®’>*. Moreover, vascular smooth muscle cells characteristically
express lower levels of lysosomal acid lipase (LAL) compared to macrophages and tend to store
excess cholesterol within lysosomes rather than in the cytoplasm”®. It has been reported that
vascular smooth muscle cells are comparatively deficient in expression of ABCA1, which may

contribute to their poor capacity for cholesterol efflux”S.

1.3 Mechanisms of Programmed Cell Death

Programmed cell death (PCD) is a tightly regulated process. Different forms of PCD
often share certain molecular machinery or converge at particular points in their signaling
cascade, with different switches and keys that drive the cell toward one form of cell death over

another.

1.3.1 Apoptosis

During apoptosis, the plasma membrane remains largely intact as the dying cell
fragments into apoptotic bodies expressing phosphatidylserine (PtdSer, a potent “eat-me”
)44

signal)™. When apoptosis is coupled with effective efferocytosis, phagocytes are able to clear

apoptotic cells, thereby minimizing the stress they can incur on surrounding cells and tissue +*%7.

In the context of atherosclerosis, apoptosis is associated with resolution or plaque stability in the

earlier stages of the disease’®.

Mechanistically, apoptosis is often broken into two main forms: intrinsic and extrinsic

apoptosis. Intrinsic apoptosis is activated in response to internal sources of cellular stress,



including DNA damage, hypoxia, and ER stress’®*°. Within an atherosclerotic lesion, these
intracellular stressors often include DNA damage and ER stress from an abundance of reactive
oxygen species and impaired rates of cholesterol efflux or metabolism. Conversely, extrinsic
apoptosis is activated in response to extracellular sources of stress, particularly signaling
associated with chemokines and cytokines, along with damage associated molecular patterns
(DAMPs)**?. In particularly advanced, unstable lesions, these pro-apoptotic signals can come
from distress signals secreted by nearby cells and the remains of cells having undergone lytic

forms of programmed (e.g. necroptosis, pyroptosis) or spontaneous cell death (e.g. necrosis)'"*!%.

While intrinsic and extrinsic apoptosis may be initiated through different mechanisms,
their signaling cascades converge to activate pro-apoptotic proteins BAX and BAK, which form
pores in the mitochondria, triggering release of cytochrome c into the cytoplasm!®!. Cytochrome
c binds and activates apoptotic protease activating factor-1 (Apaf-1), allowing it to oligomerize
into a heptameric ring, where each unit of Apaf-1 recruits and cleave procaspase-9'°%1%,
Together, this assembly forms the apoptosome. Once activated, caspase-9 cleaves procaspases-3

and 7 into their active, executioner forms, where they coordinate the controlled destruction of the

cell'%,

As the cell dies, the plasma membrane begins to bleb and fragment into apoptotic bodies
presenting phosphatidylserine (PtdSer), ICAM3, CRT, and DD1a, potent “eat me” signals, while
secreting “find-me” signals to nearby phagocytes in the form of nucleotides along with cytokines
and chemokines lysophosphatidylcholine (LPC), sphinosine-1-phosphate (S1P), and fractalkine

(FKN)”.

Because the cell membrane remains largely intact, apoptosis is generally considered an

immunologically “silent” or “pro-resolving” form of cell death in terms of inflammatory



burden'®, particularly when compared to characteristically lytic forms of cell death, including

pyroptosis and necroptosis'®®.

1.3.2 Pyroptosis

Pyroptosis is a form of programmed cell death, traditionally mediated through
inflammasome and caspase-1-dependent activation of gasdermins that form pores in the cell
membrane, leading to cell lysis!?’. Pyroptosis has been described in late, vulnerable
atherosclerotic lesions, and as an early effector for endothelial cell death and erosion triggered by

shear stress!'%%1%%,

Pyroptosis is initiated through recognition of intracellular distress signals including
cytosolic DNA, ROS, and DAMPs by certain pattern recognition receptors (PRRs, e.g. AIM2,
NLRP3)!"%!!! Upon activation, these sensors recruit apoptosis associated speck-like protein
containing a CARD (ASC) adaptor proteins through recognition of matching pyrin-domains
(PYD)'Y7. As they form, these dimers assemble themselves into a multimeric ring structure called

the inflammasome, which functions as a scaffold for caspase-1 activation'?7-!12,

Procaspase-1 is recruited to the CARD domain of the inflammasome, where it cleaves
itself into distinct 20 kDa and 10 kDa subunits'!?. These subunits assemble to form an active
tetramer, capable of cleaving the executioner of pyroptosis, gasdermin-D (GSDMD) along with
precursor forms of pro-inflammatory cytokines, pro-IL-18 and pro-IL-18''3"!!5_ The N-terminal
fragment of cleaved GSDMD (N-GSDMD) is recruited to the plasma membrane where it

oligomerizes to form pores that begin to trigger the lytic stage of pyroptosis!!®.

At this stage, with N-GSDMD bound to the plasma membrane, an influx of extracellular

Ca”* can be sensed by membrane repair machinery, endosomal sorting complex required for
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transport, ESCRT-0/I/II/111, to protect the cell against lysis'!'’. Interestingly, ESCRT-III and
associated membrane repair machinery have also been implicated in regulation of necroptosis,

downstream of MLKL phosphorylation'!®,

This ESCRT-mediated protection can be achieved through either: (a) secretion of the
damaged portion of the cell membrane into ectosomes, or (b) endocytosis of the membrane-

19 However, when pro-pyroptotic signaling is unrelenting and pore formation

bound pores
across the plasma membrane is extensive, the function of ESCRT machinery can become
overwhelmed!?°. In these instances, pyroptosis succeeds against pro-survival mechanisms and
the cell bursts, releasing IL-18, IL-18, along with other pro-inflammatory cytokines and
chemokines, and DAMPs into the surrounding environment!%. Interestingly, there have been
reports showing activated caspase-3 and -7 are able to cleave GSDMD at Asp87, disabling its

pore-forming activity!''%121:122,

Pyroptosis was first described in macrophages as a novel caspase-1 mediated form of
necrotic programmed cell death in response to bacterial and viral infection'>*1? In the years
that followed, several non-canonical forms of pyroptosis were characterized!?’. In particular,
caspase-8 has been shown to directly cleave GSDMD to activate pyroptosis'?. Caspase-3 has
also been reported to cleave GSDME, leading to pyroptosis through GSDME-mediated pore
formation'*°. Alternatively, GSDME has been shown to function as a PRR to trigger

inflammasome formation'3!.

1.3.3 Necroptosis
Necroptosis is mediated primarily through a receptor-interacting serine/threonine-protein
kinase 1 and 3 (RIPK1/RIPK3) axis, where the mixed lineage kinase domain like pseudokinase

(MLKL) acts as the final executioner of cell death!2. This process is activated through many of
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the same cell death signaling receptors as apoptosis, including TNFR1, FAS, and TLR4 via

binding of TNFa, FasL, and LPS respectively!3*!34,

However, necroptosis is negatively regulated by caspase-8 mediated proteolytic cleavage
of RIPK 1 and RIPK3, targeting them for subsequent proteasomal or lysosomal degradation'3>
138 In this sense, in order for necroptosis to proceed, it relies on a key caspase-8 dependent
switch to drive the cell toward necroptosis over apoptosis. In the atherosclerotic plaque,
inactivation of caspase-8 is achieved organically*®, however, in vitro these conditions can be

artificially simulated using a pharmacological pan-caspase inhibitor, zZVAD!’,

When committed to necroptosis, the goal of the cell is to activate RIPK3-mediated
phosphorylation of MLKL, which can be achieved through a RIPK 1-dependent or independent
mechanism'#’, When phosphorylated, RIPK 1 and RIPK3 interactions are strengthened through
their RIP homotypic interaction motif (RHIM), and recruit and phosphorylate two additional

RIPK3 kinases to form the necrosome and phosphorylate MLKL>,

Phosphorylation of MLKL promotes oligomerization of the pseudokinase, leading to a
conformational change where the N-terminal 4-helix bundle (4HB) domain is exposed, which is
necessary to mediate lytic activity of the complex'*!. Upon translocation of pMLKL to the
plasma membrane through interactions with phosphoinositides (PIPs; including, P1(4,5)P2,,
PI5P, and PIP3) and phosphatidylserines (PtdSer), the oligomer uses its N-terminal 4HB domain
to pierce the plasma membrane!*!"'*?, forming a pore that ultimately lyses the cell to release its
contents as DAMPs along with inflammatory cytokines and chemokines, recruiting additional
monocyte-derived macrophages to the atherosclerotic lesion while feeding an acutely

inflammatory, highly unstable plaque microenvironment!'3%!43,
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1.4 Cell Death in Atherosclerosis
1.4.1 Necrotic Core

Early electron microscopy studies showed that advanced human lesions were
characterized by the presence of a lipid-rich, acellular core, containing crystalline cholesterol
clefts, and calcium deposits amid a “graveyard” of fragments of plasma membrane, organelles,
and free DNA from dying cells'*1%°, Initial observations attributed cell death within the lesion
to a combination of apoptosis, identified using terminal deoxynucleotidyl transferase-mediated
dUTP nick-end labelling (TUNEL) assay, and spontaneous necrosis, whereby cells were

14 However, with the

punctured by cholesterol crystals or other debris within the lesion
discovery of lytic forms of programmed cell death, our understanding of cell death within the

atherosclerotic plaque evolved!?®!%0,

While early necrotic core formation is defined by defective phagocytosis coupled with an
abundance of apoptotic cell death, advanced lesions are marked by a shift toward necroptosis,
leading to increased inflammation, cellular debris, and overall destabilization of the
plaque®37>393151 "Our lab and others have demonstrated that necroptosis is a key driving force of

necrotic core formation and expansion, where necroptosis accounts for over 60% of its size!!"15*

156

In advanced atherosclerotic lesions the necrotic core grows to account for over 10% of
total lesion area*. Higher levels of RIPK1 and RIPK3 are associated with vulnerable lesions, as
their activation leads to increased inflammatory signaling!>>!>7. Moreover, inhibition of
necroptosis through either RIPK 1, RIPK3, or MLKL has been found to dramatically reduce

necrotic core size!>>136:158,
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Nonetheless, while apoptosis does remain a feature of both early and late atherosclerotic

44,145

lesions , hecroptosis appears to be a more prominent form of programmed cell death within

late atherosclerotic lesions, contributing to an expanding necrotic core and overall, more pro-

inflammatory, vulnerable plaque microenvironment!33134:159.160,

1.4.2 The Bi-Directional Relationship Between Inflammation and Cell Death

Inflammation within atherosclerotic lesions can be attributed to a few key sources:
distress, deprivation, and death. Disturbed or complex patterns of blood flow, along with
accumulation of modified cholesterol particles, promote secretion of pro-inflammatory cytokines
and chemokines within a lesion®®161:12 Moreover, the overwhelming increase in cell burden and
activity strains the availability of resources within the vessel wall, leading to regions within a
plaque that are nutrient-poor and hypoxic, where cells more readily activate inflammatory
signaling pathways!6"16°. The addition of necrotic cell death within the artery wall and from
responding immune cells only serves to aggravate an already prone environment through

increased release of pro-inflammatory signaling molecules and cellular debris!®!!.

In early lesions where the immune system is able to overpower this cycle of cell death
and inflammation, a gradual state of resolution can be restored?®*®. However, in lesions where
the degree of cell death and inflammation is too extreme, the lesion progresses to a more
advanced, or vulnerable state'®!1:143, Plaque progression is reinforced by this feedback between
persistent inflammation leading to cell death, and cell death that releases acutely inflammatory
signals to in turn trigger more cell death. This cycle of death and inflammation drives instability

in an atherosclerotic plaque!®!1-14,
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2.0 Rationale, Hypothesis, Objectives
2.1 Rationale

A key hallmark of advanced, rupture-prone atherosclerotic lesions is the presence of a
necrotic core — a dense mass of pro-inflammatory and cellular debris. Moreover, technological
advances have revealed that vascular smooth muscle cells have the capacity to transdifferentiate
into "macrophage-like foam cells", which account for almost half of the cell content in advanced
plaques. Our lab and others have discovered that a primary cause of the necrotic core is
necroptosis — a lytic and acutely inflammatory form of cell death, where the mixed lineage
kinase domain like pseudokinase MLKL is a key executioner of this process. While the
contribution of necroptosis in macrophages to plaque growth and instability has been fairly well-

studied, the role of necroptosis in vascular smooth muscle cells in this process remains unclear.

2.2 Hypothesis
MLKL regulates cell death differently in macrophages and vascular smooth muscle cells

when challenged with pro-inflammatory or pro-atherogenic stimuli.

2.3 Objective and Aims
This work explores the role of MLKL in regulating necroptosis of macrophages and
vascular smooth muscle cells when challenged with pro-inflammatory and pro-atherogenic

stimuli.

Aim 1: Compare how macrophages and vascular smooth muscle cells undergo cell death

in response to treatment with pro-inflammatory and pro-atherogenic stimuli.

Aim 2: Compare the expression and localization of MLKL in macrophages and vascular

smooth muscle cells.
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3.0 Materials and Methods
3.1 Isolation of Primary Cells and Cell Culture
3.1.1 Bone Marrow-Derived Macrophages (BMDMs)

Bone marrow was isolated from C57BL/6 wildtype (WT) or homozygous MLKL
knockout (MLKL™) mice and cultured in 20% 1929 fibroblast conditioned media with 10% FBS
(Gibco, 12483-020) and 1% antibiotic/antimycotic (Gibco, 15240-062) in high-glucose DMEM
(Gibco, 11965-092). This conditioned media is prepared in-house from L.929 fibroblasts cultured
in 20% FBS (Gibco, 12483-020) and 1% penicillin-streptomycin (Gibco, 15140-122) in high
glucose DMEM (Gibco, 11965-092). Bone marrow isolates are cultured at 37°C, 5% CO, for 7
days to allow time for differentiation of progenitor cells into macrophages, and these

differentiated cells were used between 7-14 days post-isolation.

3.1.2 Aortic Vascular Smooth Muscle Cells (VSMCs)

The aorta was isolated from C57BL/6 wildtype (WT) or homozygous MLKL knockout
(MLKL™") mice and digested in an enzyme solution of Liberase TM (2 units/mL; Roche,
05401127001) and elastase (2 units/mL; Worthington Biochemical, LS002274) in HBSS (Gibco,
14175-095). The digested aorta was then filtered through a sterile 70 um filter (Fisher, 22-363-
548) before being cultured in high-glucose DMEM containing sodium pyruvate (Gibco, 11995-
073) and supplemented with 20% FBS, fresh 20 mM L-glutamine (Gibco, 25030-081), 10 ng/mL
murine leukemia inhibitor factor (LIF; Peprotech, 250-02), and 1 uM B-mercaptoethanol (BME;
MP Biomedicals LLC, 194705) in plates coated with 0.1% gelatin (Millipore, ES-006-B). Cells

were used between passages 2 and 5.
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3.2 Cell Treatments
3.2.1 BMDM-Conditioned Media (BCM)

BMDMs were treated under serum-reduced conditions (10% L929 in DMEM) with
either 100 ng/mL LPS (Sigma, L4391-1MQG), 50 ng/mL of TNFa (Peprotech, 315-01A-20UG) or
100 pg/mL oxLLDL (prepared in-house) for a period of 24 hours. The resulting media was then
collected and centrifuged at 300 g for 5 minutes. The supernatant was used to prepare treatments

for VSMCs as indicated below.

3.2.2 Treatments

BMDMs and VSMCs were treated under serum-reduced conditions (10% L.929 or 2%
FBS in DMEM) with either 50 ng/mL TNFa, 100 ng/mL LPS, or 100 ng/mL oxLDL +/- 50 uM
zVAD (APExBIO, A1902) and Necl (Sigma, N9037) for up to 72 hours. Treatments for VSMCs
were prepared using either 2% FBS/DMEM, 10% L929/DMEM or BMDM conditioned media

(BCM).

3.2.3 TNFRI1 Inhibition

For experiments using TNFR1 inhibitor (R&D Systems, MAB430), BMDMs and
VSMCs were pre-treated for 1 hour in their appropriate growth media supplemented with either
12- or 18-pg/mL of inhibitor. Cells were then treated under serum-reduced conditions (10%
L929 or 2% FBS) with 100 pg/mL oxLDL +/- 50 uM zVAD and Necl or 50 ng/mL of TNFa for

up to 72 hours, along with either 12- or 18-pg/mL of TNFR1 inhibitor.

3.3 Cytotoxicity Assays
3.3.1 Lactate Dehydrogenase (LDH) Assay
Samples were plated in technical triplicate in 24-well plates. BMDMs were plated at a

density of approximately 0.5 million cells per well, while VSMCs were plated at a density of
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approximately 0.2 million cells per well (or one tenth of cell suspension from a confluent 10-cm

dish). Cells were treated according to the descriptions above in a volume of 250 uL per well.

To perform this assay, 10 pL of media is sampled from the treatment vessel and plated in
duplicate in a clear 96-well plate (Evergreen, 290-8115-01F). To each well, 200 pL of reaction
buffer (0.015% NADH (BioShop, NAD002.1), 0.0275% sodium pyruvate (Fisher, BP356-100)
in PBS) was added, and as the reaction occurred, the plate was read at 1-minute intervals for 10
minutes, recording absorbance at 340 nm using a BioTek Synergy H1 microplate reader (S/N:
22041503). By plotting a slope of the mean changes in absorbance over time, it is possible to
compare levels extracellular LDH between treatments relative to a VSMC no-treatment control.

This assay was performed at 3-, 6-, 18-, 24-, 48-, and 72-hours post-treatment.

3.3.2 SYTOX (NucGreen™) Assay

By using a SYTOX Green (“NucGreen™ Dead 488”, propidium iodide; Invitrogen,
R37109) dye that selectively permeates cells with compromised membranes to fluorescently
label dead or dying nuclei against measures of total nuclei stained with NucBlue™ (Hoechst
33342; Invitrogen, R37605), it is possible to monitor cell death as a percent of total cells in

response to treatment over time.

BMDMs were seeded in technical triplicate at a density of 50 000 cells per well in clear
bottom, black polystyrene sterile 96-well microplates (Corning, 07-200-565), while VSMCs
were seeded at a density of approximately 20 000 cells per well. To 300 pL of treatment solution
(prepared according to the descriptions above), 1 drop of SYTOX Green and NucBlue dyes were
added. From this solution, cells were treated in a volume of 100 pL per well. Readings were
acquired using an Agilent BioTek Cytation 5 cell imaging multimode plate reader (S/N:

171115E) at 3-, 6-, 18-, 24-, 48-, and 72-hours post-treatment. Images were acquired with filter
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sets for laser autofocus (LED PN: 1225010), brightfield (LED PN: 1223003), DAPI (Filter PN:
1225100, LED PN: 1225000), and GFP (Filter PN: 1225101, LED PN: 1225001). For longer
experiments, where readings were taken every 6 hours, an Agilent BioTek BioSpa 8 incubator
(S/N: 1711131D) was used to automatically feed plates into the reader. Images were quantified

using BioTek Gen5 Image Prime v3.12.

3.3.3 CellEvent™ Red, Cleaved-Caspase-3/7 Assay

BMDMs were seeded in technical triplicate at a density of 50 000 cells per well in clear
bottom, black polystyrene sterile 96-well microplates (Corning, CAT#07-200-565), while
VSMCs were seeded at a density of approximately 20 000 cells per well. Cells were treated
according to the descriptions above in a volume of 100 pL per well. To each well, 1 uL of
CellEvent Red, Caspase-3/7 detection reagent (1:100; Invitrogen, CAT#C10430). Readings were
taken every six hours using an Agilent BioTek BioSpa 8 incubator (S/N: 1711131D) to
automatically feed plates into the reader, and images were acquired using an Agilent BioTek
Cytation 5 cell imaging multimode plate reader (S/N: 171115E) with filter sets for laser
autofocus (LED PN: 1225010), brightfield (LED PN: 1223003), DAPI (Filter PN: 1225100,
LED PN: 1225000), and TexasRed (Filter PN: 1225102, LED PN: 1225002). Images were

quantified using BioTek Gen5 Image Prime v3.12.

3.4 Lentiviral Transduction
3.4.1 Lentiviral Transduction of Primary Mouse BMDMs

BMDMs were infected with lentivirus at an MOI (multiplicity of infection) of 10 in
media containing 10 uM cyclosporine A (CSA; Sigma, C3662), 10% L.929 and 10% FBS in plain
DMEM for a period of 24 hours. The cells were then released into fully supplemented growth

media (10% FBS, 20% L929 in DMEM) to recover for another 24 hours before being infected
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again at an MOI of 10 for 24 hours. After the second infection event, the cells are released back
into fully supplemented growth media for 24 hours, and their media was changed every 48 hours
until use. Percent-transduction was assessed 72 hours after release from the second infection

event. This protocol was adapted from Pajarinen et al., 2015 and Noser et al., 20066167,

3.4.2 Lentiviral Transduction of Primary VSMCs

VSMCs were infected with lentivirus at an MOI of 50 in media prepared with 6 pg/mL of
polybrene (Sigma, CAT#H9268) and 2% FBS in plain DMEM for a period of 24 hours. The cells
were then released into fully supplemented growth media to recover for 24 hours, and their
media was changed every 48 hours until use. Percent-transduction was assessed 72 hours post-
infection. This protocol was adapted from work by Sakoda et al., 2007, Lv et al., 2008, and Yang

etal., 201018170,

3.5 Protein Isolation and Western Blotting

The following protocol is adapted from work by Samson et al., 2020 and 20217172,
Cells were lysed in ice-cold RIPA buffer made with 10 mM Tris-HCI, pH 8.0 (Fisher, BP153), 1
mM EGTA (Fisher, 02783), 2 mM MgCl; (Fisher, BP214), 0.5% v/v Triton X-100 (Fisher,
BP151), 0.1% w/v sodium deoxycholate (ICN Biomedicals, 102906), 0.5% w/v SDS (Fisher,
BP1311), and 90 mM NaCl (Fisher, BP358), supplemented with fresh 1x protease inhibitor
cocktail (PIC; Roche, 04 693 132 001), 1x phosphatase inhibitor cocktail (PhIC; Roche, 04 906

837 001), 100 U/mL benzonase (Millipore, 70746-3), and 2 mM MgClo.

Total protein from whole cell lysates was quantified using BioRad Pierce 660 (PI-22660)
and BCA (23228 and 23224) protein quantification kits. Standards were prepared using
powdered BSA (Sigma, A7906) diluted in fresh RIPA buffer prepared during the protein

i1solation.
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Samples were boiled at 75°C for 10 minutes in 1X loading dye (126 mM Tris-HCI] pH
8.0, 20% v/v glycerol (Fisher, BP229), 4% w/v SDS, 0.02% w/v bromophenol blue (BioRad,
161-0404), 5% v/v B-mercaptoethanol), and between 15-20 pg of protein was loaded per well of
a Criterion TGX 8-16% gel (BioRad, 5671104). Samples were loaded along with an MLKL-/-
whole cell lysate. Gels were run at 80-100 V until the desired separation was achieved. For blots
where pMLKL/MLKL would be probed, gels were run past the 25 kDa mark to promote
separation between true phospho-MLKL signal and non-specific bands. Samples were
transferred onto 0.45 um nitrocellulose membranes (BioRad, 1620115) at 100 V and 4°C for 30

minutes using a high-current power pack (BioRad, S/N: 1645052).

Membranes were blocked for 1-1.5 hours at room temperature (RT) in 5% w/v BSA,
0.1% v/v Tween-20 (Fisher, BP337-100) in TBS and incubated overnight at 4°C in primary
antibodies diluted in 5% BSA TBS-Tween. Blots were probed using antibodies against RIPK1
(Rb, 1:1000; Cell Signaling, 3493S), pMLKL (Rb, 1:2000; Cell Signaling, 37333), MLKL (Rt,
1:2000; Millipore, MABC604MI), GSDMD (Rb, 1:1000; Abcam, ab219800), STAT3 (Rb,
1:2000; Cell Signaling, 12640S), STAT1 (Ms, 1:1000; Abcam, ab281999), and IRF1 (Rb,
1:1000; Cell Signaling, 8478S). Membranes were also probed for GAPDH (Rb, 1:5000;
Millipore, ABS16) to use as a loading control. After being washed 3x 5-10 min in TBS-Tween,
blots were incubated in the appropriate HRP-conjugated secondary antibody diluted in 5% BSA
TBS-Tween for 1-1.5 hours at RT. The following HRP-conjugated secondary antibodies were
used: anti-rabbit (Jackson ImmunoResearch Laboratories, 111-035-144), anti-mouse (Invitrogen,

A16072), and anti-rat (AbD Serotec, STAR72) at a dilution of 1:5000.

Membranes were washed again 3x 5-10 min in TBS-Tween before being imaged on a

ChemiDoc MP Imaging System (S/N: 734BR7783) using either Clarity or Clarity Max ECL
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substates (BioRad, 1705061 and 1705062). Between probes for targets with similar molecular
weights, membranes were incubated in stripping buffer (ThermoFisher, 21059) for 10-30
minutes at RT, before being re-blocked and probed with new primary antibody. Band intensity
was quantified using Image Lab 6.1, and final values are normalized to GAPDH band intensity

and reported as a fold-change compared to VSMC (10% L929) “no-treatment” control.

3.6 Immunofluorescence
3.6.1 Immunofluorescence of Fixed Cells
BMDMs and VSMCs were seeded at a density of 50 000 and 20 000 cells per well

respectively in 18-well p-chamber slides (Ibidi, 81816).
Sample Preparation: Methanol Fixation, pMLKL/MLKL Staining

The following protocol for immunofluorescence imaging of MLKL and pMLKL is
adapted from work by Samson et al., 2020 and 2021'7"172, Cells were chilled on ice for 3
minutes before being washed three times in ice-cold PBS. Samples were fixed in 100 pL per well
of ice-cold methanol for 15 minutes, then washed three times in ice-cold PBS before blocking in
cold 10% donkey serum (Sigma, D9663), 0.05% Triton X-100 (Fisher, BP151) in TBS for 1.5
hours. Cells were incubated overnight at 4°C in primary antibodies diluted in 10% donkey
serum, TBS-Triton. Both BMDMs and VSMCs were incubated in primary antibodies against
pMLKL (Rb, 1:200; Cell Signaling, 37333), MLKL (Rt, 1:50; Millipore, MABC604MI), while
BMDMs were additionally probed for B-actin (Ms, 1:750; Sigma, A5441) and VSMCs were
probed for a-smooth muscle actin (a-SMA, 1:750; Ms, Novus, NBP2-33006). The following day,
cells were washed two times in ice-cold TBS-Triton, and then incubated in anti-rabbit AF647
(Invitrogen, A21244), anti-rat AF568 (Invitrogen, A78946), and anti-mouse AF488 (Invitrogen,

A11029) secondary antibodies diluted 1:1000 in 10% donkey serum TBS-Triton for three hours
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at RT. Cells were washed two times in ice-cold TBS-Triton, and stained with Hoechst 33342
(1:2000 in PBS; Invitrogen, H3570) for 4 minutes at RT. Samples were washed 4 quick times in

cold, plain PBS before being mounted in non-hardening mounting media (Ibidi, 50001).

Sample Preparation: PFA Fixation, Staining for Transcription Factors

Cells were washed twice in warm PBS, and then fixed in pre-warmed 4% PFA for 10
minutes at 37°C. Samples were washed three times for 5 minutes each in ice-cold PBS before
incubating for 1 hour in ice-cold blocking and permeabilization buffer (10% donkey serum, 0.2%
Triton X-100, 0.05% Tween-20, 1% BSA in PBS). Samples were stained overnight at 4°C in
STAT1 (Ms, 1:25; Abcam, ab281999) and IRF1 (Rb, 1:200; Cell Signaling, 8478S) primary
antibodies diluted in blocking and permeabilization buffer. Cells were washed three times in ice-
cold PBS, then incubated in anti-mouse AF488 (Invitrogen, A11029) and anti-rabbit AF568
(Abcam, ab175470) secondary antibodies diluted 1:500 in 10% donkey serum in PBS. Samples
were then washed three times in ice-cold PBS before incubating for 2 hours in primary-
conjugated antibody against STAT3-AF647 (0.5 ug/mL; Cell Signaling, 14062S), using an
AF647 Rb 1gG control (0.5 ng/mL; Cell Signaling, 2985S) diluted in blocking and
permeabilization buffer. Cells were washed three times in ice-cold PBS, before being stained for
10 minutes in DAPI. Samples were washed 4 quick times in cold, plain PBS before being

mounted in non-hardening mounting media (Ibidi, 50001).

Airyscan Microscopy

Images were acquired using an inverted LSM880 microscope (Zeiss) with a Plan-
Apochromat 20x/0.8 NA oil objective (Zeiss), along with 405-, 488-, 561-, and 633 nm laser

lines using radially-stacked Airyscan GaASP detectors set to super-resolution (SR)-mode in Zen
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Black. Filter method was set to an average of 2. Z-stacks were acquired with a step size of 0.16-
0.18 um. Image processing post-acquisition was performed in Zen Black v2.3 SP1 using the
automated “2D AiryScan Processing” and maximum intensity projection functions on stacks of 5
slices. Mean fluorescence intensity (MFI) and positive pixel area were measured using FI1JI

v1.54.

3.6.2 Immunofluorescence of Fixed Tissue

Sample Preparation: Methanol Fixation, MLKL Staining

The following protocol for immunofluorescence imaging of MLKL in tissue is adapted
from work by Samson et al., 2020 and 20217172, Frozen sections of aortic sinus were dried in a
fumehood for 30 minutes at RT before being fixed for 30 minutes in ice-cold methanol at -20°C.
Tissues were blocked overnight at 4°C in 10% donkey serum TBS-Triton. The following day,
slides were incubated in MLKL (Rt, 1:50; Millipore, MABC604MI) and CD68 (Rb, 1:200;
Proteintech, 28058-1-AP) primary antibodies diluted in 10% donkey serum in TBS-Triton at 4°C
overnight. Tissues were washed three times in ice-cold TBS-Triton before incubating in anti-rat
AF647 (Invitrogen, A21247) and anti-rabbit AF568 (Abcam, ab175470) secondary antibodies
diluted 1:1000 in 10% donkey serum TBS-Triton overnight at 4°C. Samples were washed three
times in TBS-Triton and then stained in primary-conjugated CD45-AF488 antibody (0.38
pg/mL; Cell Signaling, 59572S), using an AF488 Rb IgG control (0.38 ug/mL; Cell Signaling,
43408), diluted in 10% donkey serum with TBS-Triton for 2 hours at RT. Slides were then
washed two times with TBS-Triton and then stained with Hoechst 33342 diluted 1:2000 in PBS.
Tissues were then washed four times in TBS-Triton, then dunked quickly twice in distilled water
before being mounted with DAKO fluorescence mounting media (Agilent, S302380-2) and 1.5

NA coverslips (Fisher, 12544D).
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Confocal Microscopy (Spinning Disk)

Images were acquired using a DMI6000B inverted spinning disk confocal microscope
(Leica) equipped with an sSCMOS camera (Photometrics Prime BSI) using a PlanApochromat
40x/1.3 NA oil objective, along with 405-, 490-, 561-, 639 nm laser lines and paired with
460/50-, 525/50-, 605/52-, 620/60 nm confocal filter sets in MetaMorph. Z-stacks were acquired
with a step size of 0.5 um. Image processing post-acquisition was performed in FIJI v1.54 using
the maximum intensity project function on stacks of 21 slices. Mean fluorescence intensity

(MFI) and positive pixel area were measured using F1JI v1.54.

3.7 ELISAs

Samples of BMDM conditioned media were obtained from cells that were treated for 24
hours under serum-reduced conditions (10% L929/DMEM) with oxLDL, LPS, or TNFa. A
sample of conditioned media from WT and MLKL-/- BMDMSs subjected to only serum-reduced

conditions was used as an “untreated” control.

ELISAs were performed using DuoSet ELISA Ancillary Reagent Kit 2 (R&D Systems,
CAT#DY0008) along with the following kits from R&D Systems: Mouse IL-18/IL-1F2 DuoSet
(CAT#DY401), Mouse TNF-alpha DuoSet ELISA (CAT#DY410), Mouse IL-6 DuoSet ELISA

(CAT#DY406).

Briefly, polystyrene 96-well microplates were coated with 100 pL/well of capture
antibody diluted in PBS, and incubated overnight at room temperature. The following day, plates
were washed in wash buffer (R&D Systems, CAT#WA126) before blocking for 1 hour at RT
using reagent diluent (R&D Systems, CAT#DY995). Plates were then washed before incubating

for 2 hours at RT in samples of conditioned media from WT and MLKL"- BMDMs. After
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washes, plates were incubated in detection antibody for 2 hours at RT. Plates were washed and
incubated in diluted streptavidin-HRP for 20 minutes, protected from light. After being washed
for the final time, plates incubated in TMB substrate for 20 minutes, protected from light, after
which the reaction was stopped by adding STOP buffer. Optical density was measured at 450 nm

and 540 nm using a BioTek Synergy H1 microplate reader (S/N: 22041503).

3.8 Statistical Analyses

Data is reported as a mean value +/- the standard error of the mean (SEM) or standard
deviation (SD) of at least three independent experiments or biological replicates. Figures
presenting preliminary data (where n = 1 or 2) are indicated in the figure legend. Statistical
analysis was performed using GraphPad Prism 10.3.1 software. Comparisons between multiple
experimental groups were performed using a two-way analysis of variance (ANOVA), where
adjusted p-values for multiple comparisons were determined by Sidak or Dunnett’s correction.
Dunnett’s correction is used to account for multiple comparisons that are made against a single
control mean, while Sidak’s correction is used to account for multiple comparisons that are made
between multiple sets of means. Statistical significance is assessed according to the following p-

value thresholds, where *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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4.0 Results
4.1 BMDMs are more sensitive to cell death stimuli than VSMCs

By measuring extracellular levels of lactate dehydrogenase (LDH) in media collected
from treated BMDMSs and VSMCs and normalizing to a VSMC “no treatment” (NT) control, it
may be possible to compare rates of cell death between these two cell types in response to
treatment with pro-inflammatory and pro-atherogenic stimuli. Overall, VSMCs appear to release
lower levels of LDH in response to treatment compared to BMDMs (Figure 2B-C, S1), even
when treated with staurosporine (STS), a non-selective kinase inhibitor, and potent inductor of
apoptosis!’3. While it is possible that lower levels of extracellular LDH could be attributed to
lower rates of cell death in VSMCs as compared to BMDMs, it could be equally associated with
reasons that are unrelated to cell death, including differences in metabolism and proliferation
between these cell types'’#!7>. In this sense, it may be difficult to use relative LDH release as an

accurate measure to compare rates of cell death between BMDMSs and VSMCs.

By using a propidium iodide-based stain (SYTOX Green) that selectively permeates cells
with compromised plasma membranes to fluorescently label the nuclei of dead or dying cells,
against measures of total nuclei stained with NucBlue (Hoechst), it is possible to monitor cell
death as a percent of total cells in response to treatment over time (Figure 2, S1). In doing so, it
appears that BMDMs are particularly sensitive not only to treatment with staurosporine (STS)
and lipopolysaccharides (LPS), but also to serum-reduced conditions (Figure 2A-B, S1). When
treated with STS or LPS + zZVAD, BMDMSs appear to undergo cell death as soon as 3- and 6-
hours post-treatment, respectively (Figure 2B, S1). Under serum-reduced conditions alone

(“NT”), BMDMs appear to die within 18 hours of treatment (Figure 2B, S1).
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Conversely, it would seem that VSMCs are more tolerant to treatment than BMDMs,
taking up to 18 hours to show signs of cell death by SYTOX assay when treated with STS or
LPS (Figure 2A, C, S1). VSMCs would also seem to be generally more tolerant to serum-
reduced conditions, taking up to 48 hours to begin to show increased rates of SYTOX positivity
in samples that are subjected to serum-reduced conditions alone (Figure S1). While these
observations are consistent with results from LDH assayed samples, it would seem that SYTOX
Green is generally a more sensitive indicator of cell death in both BMDMs and VSMCs (Figure

2, S1).

When rates of cell death, measured by SYTOX positivity are directly compared at 6-
hours post treatment between BMDMs and VSMCs, it would indeed seem that BMDMs undergo
cell death in response to STS and LPS + zVAD treatment more readily than VSMCs (where p =
0.0011, p <0.0001 respectively; Figure 1D). Interestingly, it would also seem that VSMCs are
more tolerant to serum-reduced conditions in general when compared to BMDMs (p < 0.0001;

Figure 1E).

To assess whether L929 conditioned media may account for differences seen in
sensitivity to cell death stimulation between these cell types, VSMCs were equally treated in
either 10% L929 or 2% FBS and subjected to LDH and SYTOX assays (Figure S1). However,
VSMCs treated in 10% L929 appear to undergo cell death at rates comparable to VSMCs treated

in 2% FBS, consistent between both SYTOX and LDH assayed samples (Figure S1).
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Figure 2. BMDM s appear to be more sensitive to cell death stimuli than VSMCs. A Brightfield and fluorescence
widefield microscopy of BMDMs and VSMCs under serum-reduced conditions, treated with oxLDL + zVAD or
staurosporine (STS). Shown in blue is total nuclei (stained with NucBlue), while the nuclei of dead or dying cells is
shown in green (stained with SYTOX Green). B-C Heat maps showing rates of cell death in BMDMs and VSMCs as
measured by LDH (magenta) and SYTOX (green) over time. D-E Comparison of rates of cell death as measured by
SYTOX staining between BMDMs and VSMCs after 6 and 24 hours of treatment under serum-reduced conditions
with oxLDL + zVAD, LPS + zVAD, or staurosporine. Data points shown represent the mean with SD from parallel
LDH and SYTOX experiments (n = 3). Statistical significance was assessed using an ordinary two-way ANOVA with
Sidak’s multiple comparisons test, where *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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4.2 BMDM conditioned media potentiates cell death in VSMCs

To determine whether conditioned media from BMDMSs may be able to prime VSMCs to
undergo cell death, VSMCs were treated in media from BMDMSs conditioned for 24-hours with
either, oxXLDL, LPS , TNFa, or serum-reduced conditions alone (“NT”; Figure 3A-B, S2). When
treated with conditioned media, particularly from BMDMs conditioned with oxLDL or TNFa,
VSMCs seem to undergo overall higher rates of cell death, compared to VSMCs treated in the
absence of BMDM conditioned media (Figure 3A-B, S2). Particularly of interest, it seems that
VSMCs, which are otherwise not sensitive to oxLDL treatment, appear to show signs of
increased SYTOX positivity when treated in the presence of conditioned media from BMDMs,
even from BMDMs conditioned with serum-reduced media alone (Figure S2). When these
samples are treated with Necl, we see rates of SYTOX positive staining decline, which may

suggest that the cell death being induced by these treatments is RIPK1-dependent (Figure 3B).

To assess whether residual oxLDL, TNFa, or LPS from the BMDM conditioned media
may account for increases seen in cell death in these treatment groups, VSMCs were treated with
increasing doses of these stimuli in the presence or absence of zZVAD and stained with SYTOX
Green (Figure 3C). Interestingly, it would appear that higher doses of oxLDL are not particularly
cytotoxic to VSMCs. Indeed, even when treated with double the usual dose of oxLDL, VSMCs
do not seem to undergo oxLDL-mediated cell death in the absence of BMDM conditioned media.
Taken together, these results may suggest that VSMCs are not particularly sensitive to treatment
with oxLLDL, even at higher doses, and that BMDM conditioned media seems able to prime
VSMCs to undergo oxLDL-mediated cell death. Curiously, VSMCs treated in BMDM
conditioned media do appear to show some amount of increased sensitivity to STS as well,

particularly when treated in media from BMDMs conditioned with TNFa (Figure 3A-B, D; S2).
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To further understand the contribution of apoptosis to the SYTOX-positive staining
observed, parallel sets of treated BMDMs and VSMCs were treated and stained with CellEvent
Red, a dye that fluorescently labels the nuclei of cells with cleaved caspase-3/7 (Figure 3D, S3,
S4). Interestingly, while the rate of percent-positive cleaved-caspase-3/7 nuclei between VSMCs
treated with oxLDL + zVAD in 10% L929 or oxXLDL BMDM conditioned media appears to be
fairly similar (6 hours post-treatment, p = 0.6953; Figure 2D, S3, S4), the rate of SYTOX
positive nuclei between these two groups is starkly different (6 hours post-treatment, p = 0.0053;
Figure 2D, S3, S4), as VSMCs in oxLDL BMDM conditioned media show higher rates of
SYTOX-positivity over cleaved-caspase-3/7 positivity, which may suggest that the cell death that

is potentiated by BMDM conditioned media in VSMC:s is likely not apoptosis.
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Figure 3. BMDM conditioned media potentiates cell death in VSMCs. A Brightfield and fluorescence widefield
microscopy of VSMCs under serum-reduced conditions (10% L929) treated with oxLDL + zVAD or staurosporine
(STS), in the presence or absence of BMDM conditioned media (BCM). Shown in blue is total nuclei (stained with
NucBlue), while the nuclei of dead or dying cells is shown in green (stained with SYTOX Green). B Heat maps
comparing rates of cell death in VSMCs treated in the presence or absence of BCM as measured by SYTOX staining
(green) over time (mean +/- SD, n = 3). C Heat maps comparing rates of cell death in VSMCs treated under serum-
reduced conditions (10% L929) with increasing concentrations of oxLDL, TNFa, and LPS as measured by SYTOX
staining (green) over time (mean +/- SD, n = 3). D Line graphs comparing rates of cell death as measured by SYTOX
(green) and activated caspase-3/7+ (orange) staining in response to treatment with oxLDL + zVAD or staurosporine
(STS), in the presence or absence of BCM (mean +/- SEM, n = 5).
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4.3 MLKL expression is upregulated in VSMCs treated with conditioned media

To understand the role of MLKL in the death of VSMCs treated with conditioned media,
samples of VSMCs were treated for 18 hours with oxLDL +/- zZVAD, Necl in the presence or
absence of BMDM conditioned media, and stained for total and phosphorylated forms of MLKL.
Equally, samples of BMDMs were treated for 18 hours with oxLDL +/- zZVAD, Nec1 and also
stained for total and pMLKL. When imaged using airyscan microscopy, BMDMs appear to be
more densely packaged with MLKL than VSMCs (Figure 4A, S5). Interestingly, VSMCs appear
to express higher levels of MLKL when treated with conditioned media from BMDMs, with

correspondingly more pMLKL in these samples as well (Figure 4A, S5).

When total protein abundance is measured by Western blotting at 6- and 24-hours post-
treatment, it appears that VSMCs treated with oxLDL in media from BMDMSs conditioned with
TNFa seem to express more MLKL than VSMCs treated without BMDM conditioned media,
along with higher levels of relative phosphorylated MLKL (6 hours, p = 0.0002; 24 hours, p =
0.0003; Figure 4D-E, S6-8). When these cells are treated with Necl, there is a loss of pMLKL
signal, that corresponds with decreases in SYTOX-positivity (Figure 4D-E; Figure 3B, D).
Interestingly, there also appears to be an increase in the abundance of GSDMD in VSMCs
treated in media from BMDMs conditioned with TNFa (Figure 4D-E). Overall, these results
seem to suggest that BMDM conditioned media may be able to upregulate MLKL in VSMCs,
which may contribute to priming VSMCs to undergo cell death when treated with oxLDL.
However, while VSMCs in conditioned media from BMDMs appear to express more MLKL,

they do not seem to express CD68 (Figure S13).

In order to better understand the contribution of MLKL to SYTOX-positive staining

observed in previous experiments, rates of cell death in wildtype and MLKL”- BMDMs and
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VSMCs were compared in samples treated with oxLDL +/- zZVAD and Nec1 (Figure 4F, S10). In
BMDMs and VSMCs treated under serum-reduced conditions, it seems that MLKL™" cells are
slightly less prone to cell death than their WT counterparts (Figure 4F). However, curiously,
while MLKL”- BMDMs treated with oxXLDL + zVAD also appear to be somewhat more tolerant
than their counterparts, MLKL"- VSMCs treated in 10% 1929 with oxLDL seem to be possibly
more prone to cell death (Figure 4F, S10). Moreover, while MLKL”* VSMCs in TNFa BCM
seem generally less prone to cell death than their wildtype counterparts when treated with
oxLDL + zVAD or under serum-reduced conditions alone, MLKL”* VSMCs in oxXLDL BCM
appear to be somewhat more prone to cell death than their wildtype counterparts (Figure 4F,
S10). While unexpected, these results may prompt the need for follow-up experiments to use a
transient knockdown or knockout MLKL system, potentially with siRNA to account for whether
transgenic MLKL"" cells may have adapted to be overall less reliant on MLKL-mediated

necroptosis.
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Figure 4. MLKL appears upregulated in VSMCs treated with conditioned media. A Airyscan confocal
fluorescence microscopy of BMDMs and VSMCs 18 hours post-treatment with oxLDL + zVAD. VSMCs are shown
treated in the presence or absence of BCM. B-C Fold change of MLKL and pMLKL MFI over total cell area,
normalized to signal from a VSMC (10% L929) sample treated with oxLDL (mean +/- SD, n = 2). D Western blots of
BMDMs and VSMCs 24 hours post-treatment with oxLDL +/- zZVAD, Necl. VSMCs are shown treated in the presence
or absence of BCM. E Relative pMLKL, MLKL, and GSDMD expression in VSMCs treated in the presence or
absence of BCM 6- and 24-hours post-treatment (mean +/- SD, n = 3-4). Statistical significance was assessed using
an ordinary two-way ANOVA with Dunnett’s multiple comparisons test, where *p<0.05, **p<0.01, ***p<0.001,
**x%p<(0.0001. F Line graphs comparing rates of cell death as measured by SYTOX staining (green) over time in
wildtype (WT) and MLKL-/- BMDMs and VSMCs (mean +/- SEM, n = 4).
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4.4 TNFa signaling may contribute to MLKL upregulation in VSMCs

In order to better understand which secreted factors from BMDMs may influence
potentiation of cell death and MLKL upregulation in VSMCs, ELISAs were performed on
samples of media obtained from both wildtype and MLKL”- BMDMs treated under serum-
reduced conditions alone, or with oxLDL, LPS or TNFa (Figure 5A, S14). Although preliminary,
it is interesting to note that while WT and MLKL"- BMDMs treated in oxLDL both secrete some

amount of TNFa or IL-16, only WT BMDMs seem to secrete IL-18 (Figure 5A, S14).

Moreover, when VSMCs in 10% 1.929 are treated with TNFa, there appears to be an
increase in both MLKL percent-positive area and MFI (Figure 5B, C, E; S12). However, when
VSMCs in BMDM conditioned media are treated with TNFo, while there may be relatively
similar levels MLKL between these groups, there appears to be somewhat less pMLKL in these

samples, compared to VSMCs in 10% L929 that are treated with TNFa (Figure 5B, D, F; S12).

In order to better understand the potential contribution of TNFa signaling in BMDMs and
VSMCs in the context of cell death, samples of cells were treated with a neutralizing inhibitor of
TNFR1 along with TNFa or oxXLDL +/- zZVAD, Necl in the presence or absence of BMDM
conditioned media (Figure 5G, S11). Remarkably, while treatment with TNFR1 inhibitor appears
to somewhat decrease rates of cell death in VSMCs in 10% 1.929 treated with TNFa, the
inhibitor seems to be cytotoxic to VSMCs under serum-reduced conditions, but only cytotoxic to
VSMCs treated with oxXLDL + zVAD when treated at a dose of 12 pg/mL, but not 18 pg/mL
(Figure 5G, S11). Furthermore, upon addition of conditioned media to this treatment panel, cells
seem to be even more sensitive to treatment with oxLDL + zVAD, and even serum reduction
(Figure 5G, S11). Treatment with 18 pg/mL of TNFR1 inhibitor seems to kill between 20-40%

of cells within the first three hours of treatment, but then levels of cell death seem to plateau at

36



this level and remain steady up to 72 hours post treatment (Figure 5G, S11). In this sense, at 72
hours post-treatment in VSMCs in oxLDL BCM, 18 pg/mL of TNFR1 inhibitor may seem to
reduce rates of cell death in samples treated with TNFa or oxLDL + zVAD (p < 0.0001; Figure
5G), however, at 6 hours post-treatment, the inhibitor seems to stimulate a certain amount of cell
death (p = 0.0031; Figure 5G). While these findings are generally surprising, what they may
suggest is that TNFa signaling may be sufficient to lead to upregulation of MLKL, and that this

upregulation may contribute to cell death in VSMCs.
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4.5 STAT1/IRF1 appear upregulated in VSMCs treated with conditioned media

In order to better understand how MLKL expression may be regulated in VSMCs, and
how this might change in VSMCs treated in BMDM conditioned media, we started to explore the
role of STAT1 and IRF1 signaling in these cells. /n vitro studies have shown that combined
STAT1 and IRF1 signaling can be used to upregulate expression of MLKL!7%!"7 and that
upregulation of MLKL can prime cells to more readily undergo necroptosis!’®"'7®. In the context
of atherosclerosis, what is curious about STAT1 signaling is that a balance of STAT1 against
STAT3 signaling is associated with regulating VSMC phenotypic switching and trans-
differentiation!”. In this sense, we wondered whether BMDM conditioned media had an
influence on this pendulum between STAT1 and STAT3 in VSMCs, and whether this could be

related to MLKL upregulation.

To this end, VSMCs were treated with oxLDL in the presence or absence of BMDM
conditioned media for STAT3, STAT1, and IRF1 and imaged these samples with airyscan
confocal microscopy (Figure 6A-C, S15. In doing so, there seems to be an increase in both
cytoplasmic and nuclear STAT1 MFI per positive area, while STAT3 appears to be somewhat

consistent between VSMCs treated with and without BMDM conditioned media (Figure 6B-C).

When relative protein abundance is measured by Western blotting of VSMCs treated with
oxLDL +/- zVAD, Necl in the presence or absence of BCM, there does appear to be upregulation
of both STAT1 and IRF1 (Figure 6D-F, S9), particularly in the samples treated with media from
BMDMs conditioned with TNFa. Interestingly, STAT3 may be upregulated in VSMCs treated
with media from BMDMs conditioned in oxLDL (Figure 6F). While not conclusive, these results

may suggest some involvement of STAT1 and possibly IRF1 in how VSMCs respond to

39



treatment with conditioned media from BMDMs, with possible implications for how this may

affect their response to cell death stimuli, including oxLDL.
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Figure 6. STAT1/IRF1 appear upregulated in VSMCs treated with conditioned media. A Airyscan confocal
fluorescence microscopy of VSMCs 18 hours post-treatment with oxLDL + zVAD with and without BCM. B Stacked
bar graphs describing the proportion of cytoplasmic v. nuclear positive area of STAT3, IRF1, and STAT1 in VSMCs
treated with oxLDL + zVAD in the presence or absence of BCM (mean +/- SEM, n = 3). C Fold change of cytoplasmic
and nuclear MFI over the corresponding positive area, normalized to signal from a VSMC (10% L.929) sample treated
with oxLDL (mean +/- SD, n = 3). D-E Western blots of VSMCs 6- and 24-hours post-treatment with oxLDL +/-
zVAD, Necl with and without BCM. F Relative expression of STAT3, IRF1, and STAT1 in VSMCs 6- and 24-hours
post-treatment with oxLDL +/- zZVAD, Necl, normalized to VSMC (10% L.929) “no treatment” (“NT”) control (mean
+/- SD, n = 3-4). Statistical significance was assessed using an ordinary two-way ANOVA with Dunnett’s multiple
comparisons test, where *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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4.6 MLKL seems to be more abundantly expressed in late atherosclerotic lesions

To better understand the role of MLKL in vivo, atherosclerotic lesions from the aortic
sinus of ApoE”" mice 4- and 16-weeks on Western diet were stained for CD68, CD45, and
MLKL (Figure 7A-F). Within a lesion, CD45+/CD68+ area broadly describes plaque content
from monocyte-derived macrophages, while CD68+/CD45- area would describe content from
smooth-muscle cell derived macrophages. Infiltrating monocytes that have been newly recruited

to the site of the lesion would be represented by CD45+ area, not yet expressing CD68.

From these early experiments, MLKL expression appears to be more abundant in late
atherosclerotic lesions compared to early lesions (Figure 7D-F), and MLKL abundance seems to
be mostly found within CD45+ or CD68+ plaque area (Figure 7A-C). Interestingly, while CD68-
plaque area accounts for 15-30% of MLKL+ area, CD45- plaque area only accounts for 2-5% of
MLKL+ area (Figure 7B-C), which may suggest that a large portion of MLKL content within an

atherosclerotic lesion comes from monocytes and monocyte-derived macrophages.

Using PlaqView!*°, an open-source tool for exploring single-cell genomics data from
peer-reviewed articles, SCRNA-seq data was pulled from studies using lineage tracing mouse
models to map the trajectory of VSMCs throughout plaque progression and trans-differentation
states®>%8. From their work, the authors were able to project their findings onto scRNAseq data
from plaque obtained from human carotid and coronary arteries. Between both studies, it would
seem that human macrophages may express more MLKL, RIPK3, and IRF1 (Figure 7G). In
particular, Pan et al., 20203 identified and characterized an “intermediary cell state” (“ICS”)
during smooth muscle cell phenotypic switching. When mapping relative mRNA abundance
along the trajectory of an “SMC” to “ICS”, it seems that relative MLKL mRNA may be higher in

this intermediate SMC differentiation state, and possibly IRF1 mRNA as well (Figure 7G). While
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preliminary, these findings open up an interesting avenue for continued research into the
regulation of MLKL expression across VSMC trans-differentiation states throughout plaque

growth and progression.
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Figure 7. MLKL appears more abundantly expressed in late atherosclerotic lesions. A Images of atherosclerotic
lesions from ApoE-/- mice 4- and 16-weeks on Western diet (WD), acquired using a spinning disk confocal
microscope. B-C Stacked bar graphs comparing the distribution of MLKL+ area within CD68+/- and CD45+/- area
(mean +/- SEM, n = 2). D Bar graphs describing positive MLKL, CD45, and CD68 area as a proportion of total lesion
area (mean +/- SD, n = 2). E-F Bar graphs comparing the distribution of MLKL+ area within CD68+/-, CD45+/- area
in early and late murine atherosclerotic lesions (mean +/- SD, n = 2). G UMAPs generated using PlaqView, describing
relative expression of mRNA from work by Pan. et al., 2020 studying plaque obtained from patients undergoing carotid
endarterectomy (3 patients, 8867 cells) and Wirka et al., 2019 studying plaque from patients undergoing coronary
artery transplant (4 patients, 9 798 cells).
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5.0 Discussion

Atherosclerosis is a chronic, progressive inflammatory disease whereby modified low-
density lipoproteins accumulate along with immune cells within the intimal layer of the artery
wall to form a plaque. A hallmark of advanced, rupture-prone atherosclerotic lesions is the
presence of a necrotic core — a dense mass of pro-inflammatory and cellular debris. Our lab and
others have previously demonstrated that a key driving force behind necrotic core formation and
expansion is necroptosis, where the mixed lineage kinase domain like pseudokinase, MLKL is a
key executioner of this process. Moreover, advances in single-cell sequencing technologies have
revealed that vascular smooth muscle cells have the capacity to transdifferentiate into
“macrophage-like” cells, accounting for almost half of the cell content in advanced plaques.
While the contribution of necroptosis in macrophages and macrophage-derived foam cells to
plaque growth and instability has been fairly-well studied, the role of necroptosis in vascular

smooth muscle cells in this process remains unclear.

This work describes an inherent resistance of VSMCs to oxLDL-induced cell death,
where necroptosis can be potentiated in these cells through secreted factors in conditioned media
from BMDMs. Confocal microscopy along with Western blots reveal upregulation of MLKL and
potentiation of necroptotic pMLKL signal in VSMCs treated with oxLDL in the presence of
conditioned media from BMDMs. Moreover, these experiments have implicated STAT1 and
IRF1 as possible transcriptional regulators of MLKL expression in VSMCs treated in BMDM
conditioned media. Preliminary staining of murine atherosclerotic lesions and data pulled from a
single-cell genomics database appears to suggest that MLKL abundance is more pronounced in
macrophages, and upregulation of MLKL expression in VSMCs may be a precursory event to

phenotypic switching in vivo.
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5.1 Cell Death and Interactions between Macrophages and Vascular Smooth Muscle Cells
The capacity for macrophages to influence the behaviour of vascular smooth muscle cells
in atherosclerotic lesions is not unprecedented. In particular, macrophages have been shown to
promote VSMC proliferation, migration, and de-differentiation using both in vivo and in vitro
models of atherosclerosis. Similarly, VSMCs have also been shown to direct monocyte-adhesion,

recruitment, and survival within lesions>> '8!

Macrophage conditioned media is often used to promote lipid uptake in vascular smooth
muscle cells and stimulate foam cell formation®*!32-1%8 In particular, recent work from Dubland
et al., 2021°° demonstrated that secretion of lysosomal acid lipase (LAL) from macrophages
leads to the release of cholesterol esters from lysosomes into the cytoplasm of vascular smooth
muscle cells. This release of cholesterol esters ultimately promotes metabolism of these lipids.
However, when VSMCs are treated with LAL along with pro-atherogenic lipoproteins (e.g.
agLDL), which characteristically downregulate key cholesterol efflux transporters (e.g.
ABCAT1/G1), the release of these free cholesterol esters into the cytoplasm leads to an
overwhelming accumulation of lipid-rich droplets within VSMCs. Accumulation of free
cholesterol within the cytoplasm of VSMCs ultimately drives the development of a highly
inflammatory, foam cell. In this sense, it may be interesting to determine whether exogeneous
LAL activity contributes to priming oxLDL-induced necroptosis in VSMCs, or equally, whether
it may be capable of stimulating MLKL upregulation. A role for LAL in MLKL upregulation in
VSMCs would be particularly interesting because MLKL has previously been implicated in lipid

trafficking and extracellular vesicle formation in macrophages!36:1%

With respect to potentiation of cell death in vascular smooth muscle cells by

macrophages, existing studies have demonstrated that direct cell-to-cell contact between these
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cell types is able to potentiate apoptosis through nitric oxide enhancement of Fas/FasL
interactions'**!%3. In our work, we do see some potentiation of apoptotic cell death in VSMCs
treated with staurosporine in the presence of BMDM conditioned media, without the need for
direct co-culture. It is possible that direct co-culture of these two cell types might generate a
more pronounced induction of cell death in VSMCs, likely through previously described NO-
mediated Fas/FasL signaling'®!!°2. However, the use of macrophage-conditioned media to prime

necroptosis in vascular smooth muscle cells has not been previously shown.

Interestingly, recent work from Weindel et al., 2022!* describes a novel mechanism in
which GSDMD is shown to puncture mitochondria to release ROS, and essentially trigger a shift
from pyroptosis to RIPK1/RIPK3/MLKL-dependent necroptosis. In their work, the authors were
studying Mycobacterium tuberculosis infection in macrophages!®*; however, in the context of
VSMCs, where we observe upregulation of GSDMD in cells treated with conditioned media
(Figure 4, S8), it would be interesting to know if GSDMD activity facilitates necroptosis of these
cells. Western blotting does appear to suggest that GSDMD upregulation seems to occur
simultaneously with increased pMLKL signal. Assessing whether GSDMD is associated with
mitochondria in these samples using confocal microscopy may help determine whether GSDMD
could mediate necroptosis in VSMCs treated in BMDM conditioned media. More generally, it
may be interesting to know if macrophages have the capacity to prime cell death in other cell
types, including fibroblasts and endothelial cells. In the same vein, it could be interesting to
determine whether other immune cells, like T-cells or neutrophils are able to potentiate

necroptosis in vascular smooth muscle cells.
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5.2 MLKL Regulation

In primary hepatocytes from patients with autoimmune hepatitis, combined STAT1 and
IRF1 signaling has been shown to upregulate expression of MLKL!”". Equally, work from Knuth
et al., 2019'7® found that interferon-gamma (IFNYy) could induce MLKL upregulation through
IRF1 and STAT1 signaling in human-derived epithelial and macrophage cell lines (EFM-192A,
HeLa, MDA-MB 231, MV4-11). In both of these studies, upregulation of MLKL was described
as having a “sensitizing” effect, associated with higher rates of necroptosis. More broadly, the
role of IFNy signaling and upregulation of MLKL to promote necroptosis has also been reported
in lung epithelial cells and embryonic fibroblasts!’®!%°, Interestingly, macrophage-secreted IL-18
has been shown to stimulate adhesion, inflammation, and apoptosis of macrophage-like VSMCs

through STAT3-signaling'®®.

Experiments from Zhou et al., 2021'*7 demonstrate that MLKL and calcium/calmodulin-
dependent protein kinase II (CaMKII) mediate necroptosis in VSMCs. In particular, the authors
show that SIRNA KO of MLKL or CaMKII in VSMCs leads to a reduction in cell death, and that
MLKL is necessary for activation of CaMKII'*’. In transgenic models of MLKL deletion, RIPK3
has been shown to trigger NLRP3-mediated inflammasome assembly in BMDMs!*® treated with
LPS, leading to activation of caspase-1 and cleavage of pro-IL-1B8. While the authors did not
assess activation of GSDMD, it would have been interesting to see if the cell death being
induced was related to pyroptosis, possibly as a means of compensating for loss of MLKL-
mediated necroptosis. In either case, this RIPK3-mediated form of cell death may explain the cell

death observed in our MLKL”- BMDMs and VSMCs (Figure 4F, S10).

Using ChIP-seq analysis performed in HeLa cells, Satoh et al., 2013 identified 1,441

STATTI target genes, including IRF1, GSDMD, Bcl-3, and APOL1/3/4/6. Similarly, Wu et al.,
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2022%% performed ChIP-seq in primary human B-cells, activated with TLR9 agonist, CgP. In
doing so, the authors identified 2,289 STAT3 target genes, including caspase-8, IL-6/7, and

NOTCH2.

For vascular smooth muscle cells, STAT1 and STAT3 signaling are know regulators of

phenotypic switching and trans-differentiation!”®. While VSMCs treated with oxLDL in BMDM

conditioned media do not appear to express CD68 (Figure S13), increases in STAT1 signaling
could be associated with some sort of intermediary state preceding, or leading up to, trans-

differentiation in VSMCs. While our studies require more optimization, the role of STAT1 and
IRF1 in regulating MLKL expression in VSMCs remains an interesting area of exploration for

understanding cell death and atherosclerosis.

5.3 MLKL Expression in Atherosclerotic Lesions
To date, reported in vivo immunofluorescence staining for MLKL in vascular smooth

muscle cells is limited. Work from Zhou et al., 20217

shows that total and phosphorylated
forms of MLKL are dramatically upregulated in an induced model of murine abdominal aortic
aneurysm (AAA), and that this signaling is RIPK3-dependent. Similarly, work from Bai et al.,
2024%°! demonstrated that MLKL upregulation in a-SMA+ VSMCs was associated with
advanced lesions from cigarette-tar stimulated ApoE”" high-fat diet (HFD) mice, and that this

upregulation was ER-dependent. /n vitro stimulation of VSMCs with increasing doses of

cigarette tar showed upregulation of RIPK1/3 and MLKL, with a corresponding increase in

necroptotic pMLKL signal®!. Taken together, it would seem that MLKL upregulation is possibly

a phenotype of an acutely activated vascular smooth muscle cell.
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5.4 Resilience of Vascular Smooth Muscle Cells to Cell Death

Over the years, VSMC resilience against apoptosis has been attributed to PI3K/Akt,
ERK1/2, and NF-«B signaling to enhance activity and expression of anti-apoptotic proteins, Bcl-
2 and Bcl-xL2922%° More broadly, autophagy and downregulation of cFLIP have also been
associated with vascular smooth muscle cell resistance to oxidative stress®*?1%2!! Interestingly,
the need for in vitro sensitization of VSMCs to apoptosis is often reported in cells treated in 25

205-207

mM, “high-glucose” cell culture media , although some have described potentiation of cell

death by high-glucose media through generation of ROS?!2,

In the context of atherosclerosis, priming of apoptotic cell death has been described in
VSMCs co-treated with TNFa and 7-ketocholesterol!? or free fatty acids?!*. Senescence and
pro-inflammatory cytokines have also been shown to prime apoptosis in VSMCs®20%215 Geng et
al., 1996%" reported human and rat VSMCs would not undergo cell death unless treated in a
combination of TNFa, IFNy, and IL-1B?!5, and that none of these stimuli alone could induce cell
death. Their findings lead the authors to predict that the “production of immune cytokines by
vascular cells and/or infiltrating leukocytes may regulate apoptotic death of SMCs during

atherogenesis ">,

Most reports describing resistance of VSMCs to cell death have done so in regards to
apoptosis. There is limited discussion of VSMCs resistance to other forms of programmed cell
death, including necroptosis or pyroptosis. Likewise, there is not much published data about
priming of VSMCs to undergo necroptosis. In most cases, it is because these studies were

published before pyroptosis or necroptosis had been discovered (2001-2005).
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5.5 Future Directions and Implications of Studying MLKL in VSMCs and Atherosclerosis
Exploring the role of MLKL regulation and expression in vascular smooth muscle cells
has broad implications for our understanding of atherosclerosis, particularly in relation to
mechanisms of cell death, inflammation, and potentially lipid trafficking. In doing so, we not
only advance our understanding of vascular disease, but also support the development of new,

targeted therapies to improve patient outcomes.

In particular, identifying and comparing MLKL interacting partners between BMDMs
and VSMCs under normal, lipid-loaded, or necroptotic conditions may provide further insight
into the varying roles of MLKL in these cells. While still preliminary, lentiviral transduction of
BMDMs and VSMCs has been optimized, and TurboID plasmids have been constructed for use
in proximity labelling experiments to identify and compare potential interacting partners of
MLKL (Figure S16). The overall design for this TurbolD project, along with experiments
optimizing biotin and streptavidin incubation time and concentrations are summarized in Figures

S17-19.

5.6 Conclusions

To our knowledge, this work is the first to describe an inherent resistance of VSMCs to
oxLDL-induced cell death. Our findings demonstrate that oxLDL-induced necroptosis of
VSMCs can be potentiated through secreted factors from BMDM conditioned media (Figure 1).
Confocal microscopy along with Western blots reveal upregulation of MLKL and potentiation of
necroptotic pMLKL signal in VSMCs treated with oxLDL in the presence of conditioned media
from BMDMs. Moreover, these experiments have implicated STAT1 and IRF1 as possible
transcriptional regulators of MLKL expression in VSMCs treated in BMDM conditioned media.

Preliminary staining of murine atherosclerotic lesions and data pulled from a single-cell
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genomics database appears to suggest that MLKL abundance is more pronounced in
macrophages, and upregulation of MLKL expression in VSMCs may be a precursory event to

phenotypic switching in vivo.

We propose the following tentative hypothesis for a two-step mechanism to describe
potentiation of cell death in vascular smooth muscle cells by macrophages (Figure 8). First,
secreted factors from BMDM conditioned media (possibly TNFa, IFNy, IL-6, and/or IL-18)
prime VSMC:s by triggering JAK/STAT signaling to phosphorylate STAT1. When
phosphorylated, STAT1 phosphorylates and upregulates expression of IRF1. The combined
action of pSTAT1 and pIRF1 leads to upregulation of MLKL expression in VSMCs. Second,
upregulation of MLKL sensitizes VSMCs to oxLDL-mediated necroptosis through
RIPK1/RIPK3/MLKL signaling. Alternatively, oxLDL-mediated necroptosis could be activated
through GSDMD-mediated release of ROS from mitochondria to activate RIPK1/RIPK3/MLKL

signaling.
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Figure 8. Working hypothesis for MLKL upregulation and potentiation of cell death in VSMCs by conditioned
media. BMDM conditioned media likely potentiates cell death in VSMCs through a “two-step” process. (1) Secreted
factors from BMDMs signal to VSMCs through some sort of receptor-mediated signaling mechanism, possibly
JAK/STAT signaling, to promote expression of MLKL. (2) These VSMCs, once MLKL is upregulated, become more
receptive to cell death signals received through oxLDL + zVAD treatment, potentiating necroptosis in these cells.
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Figure S1. BMDMs undergo cell death at higher rates than VSMCs. Heat maps showing rates of cell death in
BMDMs and VSMCs as measured by LDH (magenta) and SYTOX (green) assays over time. Data points shown
represent the mean with SEM from parallel LDH and SYTOX experiments (n = 3).
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Figure S2. BMDM conditioned media appears to potentiate cell death in VSMCs. Heat maps comparing rates of
cell death in VSMC:s treated with and without BMDM conditioned media, as measured by LDH (magenta) and
SYTOX (green) assays over time. Data points shown represent the mean with SEM from parallel LDH and SYTOX
experiments (n = 3).
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Figure S3. BMDM conditioned media potentiates cell death in VSMCs treated with oxLDL that is likely not
apoptosis. Heat maps comparing rates of SYTOX+ cell death (green) against cleaved caspase-3/7+ nuclei (orange)
in BMDMs and VSMCs over time (mean, n = 5).
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Figure S4. BMDM conditioned media potentiates cell death in VSMCs treated with oxLDL that is likely not
apoptosis. Line graphs showing rates of SYTOX+ cell death (green) and cleaved caspase-3/7+ nuclei (orange) in
BMDMs and VSMCs over time (mean +/- SEM, n = 5).
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Figure S5. Airyscan confocal fluorescence microscopy of BMDMs and VSMCs under serum-reduced conditions,
18 hours post-treatment with oxLDL +/- zZVAD, Necl. VSMCs are shown treated in the presence or absence of
BCM.
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Figure S6. Relative protein abundance as measured by western blotting of samples from BMDMs treated under
serum reduced conditions with oxLDL +/- zZVAD, Necl (mean +/- SD, n = 3).
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Figure S7. Relative protein abundance as measured by western blotting of samples from VSMCs treated under
serum reduced conditions with oxLDL +/- zZVAD, Necl, with and without BMDM conditioned media (mean +/- SD,
n = 3-4). Statistical significance was assessed using an ordinary two-way ANOVA with Dunnett’s multiple
comparisons test, where *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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Figure S8. Western blots of BMDMs and VSMCs under serum-reduced conditions treated for 6 hours with oxLDL

+/- zVAD, Necl. VSMCs are shown treated in the presence or absence of BMDM conditioned media.
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Figure S9. Relative protein abundance as measured by western blotting of samples from BMDMs treated under serum
reduced conditions with oxLDL +/- zVAD, Necl (mean +/- SD, n = 3).
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Figure S10. Line graphs comparing cell death over time, as measured by SYTOX assay of both WT and MLKL-/-
BMDMs and VSMCs treated under serum reduced conditions with oxLDL +/- zVAD, Necl. VSMCs are shown treated
in the presence or absence of BMDM conditioned media (mean +/- SEM, n = 4).
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Figure S11. Line graphs comparing rates of cell death as measured by SYTOX staining overtime in VSMCs treated
under serum-reduced conditions with oxLDL +/- zZVAD, Necl or TNFa with varying concentrations of TNFR1
inhibitor +/- BMDM conditioned media (mean +/- SEM, n = 2-5).
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Figure S12. Preliminary data from airyscan confocal fluorescence microscopy of BMDMs and VSMCs under serum-
reduced conditions 18 hours post-treatment with oxLDL or TNFa +/- zZVAD, Necl. VSMCs are shown treated in the
presence or absence of BMDM conditioned media.
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Figure S13. Preliminary data from confocal fluorescence microscopy of BMDMs and VSMCs under serum-reduced
conditions, 18 hours post-treatment with oxLDL +/- zVAD, Necl. VSMCs are shown treated in the presence or
absence of BMDM conditioned media.
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Figure S14. Preliminary data from ELISAs performed on conditioned media from wildtype (WT) and MLKL-/-
BMDMs under serum reduced conditions treated with oxLDL, LPS, or TNFa. “X X denotes samples where the signal
was too high to meaningfully measure.
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Figure S15. Airyscan confocal fluorescence microscopy of BMDMs and VSMCs 18 hours post-treatment with oxLDL
+/- zVAD, Necl. VSMCs are shown treated in the presence or absence of BMDM conditioned media.
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Figure S16. BMDMs and VSMCs preferentially express lentiviral vectors under an enhanced CMV promoter over
and SFFV promoter. A Transduction efficiency of BMDMs and VSMCs 72 hours post-infection with LV-mCherry
and LV-eGFP. BMDMs are subjected to two infection events with lentivirus mediated through an immunosuppressive
transduction reagent, 10 uM of cyclosporine A (CSA). VSMCs are only infected once with lentivirus, using 6 pg/mL
of polybrene as a transduction reagent. B Schematic describing the two lentivirus vectors assayed in this experiment.
C Final plasmid map of the TurbolID construct being prepared.
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Figure S17. Schematic describing the overall stages of a proposed MLKL-interacting partners
project, along with goals related to the first three stages of the pipeline, including a summary of
the TurbolID constructs that have been assembled by the uOttawa GEM Core.
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