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Abstract

Aims: Progressive deposition of cholesterol in the arterial wall characterizes
atherosclerosis, which underpins most cases of myocardial infarction and
stroke. Insulin-like growth factor-1 (IGF-1) is a hormone that regulates systemic
growth and metabolism and possesses anti-atherosclerotic properties. We
asked whether endothelial-restricted augmentation of IGF-1 signaling is
sufficient to suppress atherogenesis.

Methods and Results: We generated mice with endothelial-restricted over-
expression of human wildtype IGF-1R (hIGFREO/ApoE”) or a signaling
defective K1003R mutant human IGF-1R (mIGFREO/ApoE™) and compared
them to their respective ApoE” littermates. hIGFREO/ApoE” had less
atherosclerosis, circulating leukocytes, arterial cholesterol uptake, and vascular
leakage in multiple organs, whereas mIGFREO/ApoE" did not exhibit these
phenomena. Overexpressing wildtype IGF-1R in human umbilical vein
endothelial cells (HUVEC) altered the localization of tight junction proteins and
reduced paracellular leakage across their monolayers, whilst overexpression of
K1003R IGF-1R did not have these effects. Moreover, only overexpression of
wildtype IGF-1R reduced HUVEC internalization of cholesterol-rich low density
lipoprotein particles and increased their association of these particles with
clathrin, but not caveolin-1, implicating it in vesicular uptake of lipoproteins.
Endothelial overexpression of wildtype versus K1003R IGF-1R also reduced
expression of YAP/TAZ target genes and nuclear localization of TAZ, which
may be relevant to its impact on vascular barrier and atherogenesis.
Conclusions: Endothelial IGF-1 signaling modulates both para- and trans-
cellular vascular barrier function. Beyond reducing atherosclerosis, this could
have relevance to many diseases associated with abnormal vascular

permeability.

Translational perspective

Atherosclerosis is initiated by circulating cholesterol-rich lipoproteins passing
across the arterial endothelial barrier. We show that increasing endothelial
overexpression of insulin-like growth factor-1 receptors (IGF-1R) reduces
leakage between and across endothelial cells, which is associated with reduced
atherogenesis. The signaling function of IGF-1R is required for this process,
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which may explain some of the anti-atherosclerotic properties of its ligand IGF-
1. Our data suggest that augmenting vascular IGF-1 signaling has the potential
to augment vascular barrier function, which has the potential not only to reduce

atherogenesis, but also many other diseases associated with vascular leakage.
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Introduction

Atherosclerosis is the leading cause of death and disability worldwide," and is
likely to remain a major public health problem as the projected global epidemic
of type 2 diabetes mellitus (T2DM) unfolds during the first half of this century.?
Dysfunction of the vascular endothelial lining is thought to initiate this process,
permitting cholesterol-rich lipoproteins to transit from the circulation into the
arterial wall, forming atherosclerotic plagues.® Pathological, experimental and
therapeutic evidence now strongly support the notion that atherosclerosis is a
chronic inflammatory disorder.* This inflammation is initiated by progressive
accumulation of cholesterol-rich lipoproteins within the arterial wall, forming
necrotic cores isolated from the bloodstream by a protective ‘fibrous cap’.
Passage of circulating lipoproteins into the arterial wall requires transit across
the vascular endothelial lining, either via gaps between adjacent endothelial
cells (paracellular) or by active transport by endothelial cells (transcellular).®

IGF-1 is an endocrine and autocrine/paracrine growth factor that regulates cell
survival, growth and metabolism.® Its cognate receptor tyrosine kinase (IGF-
1R) is widely expressed in endothelial cells 7, especially brain endothelial
cells,®10 where its role is poorly explored. However, it is notable that the blood-
brain barrier endothelium is unusually resistant to paracellular leakage and
transcellular cholesterol transport. Low concentrations of circulating IGF-1 are
implicated in the development of human atherosclerosis.’-® IGF-1R
expression is reduced in advanced human atherosclerotic plaque,' and in the
aorta of obese mice.' Consistent with an anti-atherosclerotic action, studies of
cultured endothelial cells have shown IGF-1 to have antioxidant effects,'® to
increase production of the anti-atherosclerotic signaling radical nitric oxide
(NO)," and to protect against reactive oxygen species-mediated endothelial
cell senescence and apoptosis.'® Atherosclerosis prone apolipoprotein E
knockout (ApoE”) mice deficient in |IGF-1 develop accelerated
atherosclerosis,'® whilst administration of IGF-1 to ApoE” mice can slow the
development of atherosclerosis.?°

Despite abundant expression of IGF-1R in endothelial cells, data on the role of
endothelial IGF-1/IGF-1R in vascular biology remains limited. Some studies
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suggest that augmenting endothelial IGF-1 signaling limits paracellular vascular
leakage by increasing the expression or activation of proteins forming
endothelial cell-cell junctions.?!?> However, as most cholesterol accumulation
in the arterial wall is presumed to be via transcellular transport,® the relevance
of IGF-1 to atherosclerosis via endothelial junctions alone is unclear. IGF-1
receptor (IGF-1R) expression is enriched in brain endothelial cells.®-1° Notably,
the brain vasculature is unusually resistant to cholesterol transit, both via
passive leakage between endothelial cells and active trans-endothelial
transit.2324 Here, we show that ApoE~" mice with transgenic over-expression of
human IGF-1R in the endothelium (hIGFREO/ApoE”) have reduced
atherosclerosis with reduced paracellular vascular leakage and cellular

cholesterol uptake.

Methods

Animals and animal procedures

Mice were maintained in a temperature and humidity-controlled environment
with a 12-hour light-dark cycle. Genotyping was performed using PCR
amplification of ear notch genomic DNA. hIGFREO/ApoE~- were generated by
crossing ApoE”- mice with human IGF-1 receptor endothelium over expressing
mice (hIGFREO) 25. mIGFREO/ApoE” were generated by crossing ApoE™"
mice with K1003R mutant human IGF-1 receptor endothelium over expressing
mice (MIGFREOQ).26 Male mice were studied in all experiments. This work was
conducted with local institutional approval and in accordance with guidelines
from Directive 2010/63/EU of the European Parliament on the protection of
animals used for scientific purposes under United Kingdom Home Office project
license P144DDO0DG6.

In vivo assessment of glucose and lipid homeostasis

In vivo metabolic testing was performed as previously described 2728, For
glucose tolerance tests, mice were fasted for 16 hours, followed by
intraperitoneal (IP) injection of 1g/kg glucose. For insulin tolerance tests, mice
were fasted for 4 hours, followed by IP injection of 0.75 units/kg insulin
(Actrapid; NovoNordisk, Bagsvaerd, Denmark), after which blood glucose was

determined at 30 minute intervals by tail vein sampling using a portable meter



0 N OO 0o B~ 0N =

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33

CVR-2024-0127R1 Revision

(Accu-chek Aviva; Roche Diagnostics, Burgess Hill, U.K.). Plasma insulin and
IGF-1 were measured using ultrasensitive mouse ELISA kits (CrystalChem,
Downers Grove, IL and R&D systems, Minneapolis, MN) as previously
described 5. Triglycerides and cholesterol were measured in fasting plasma
using colorimetric assays (Abcam, UK) as described 2.

In vivo blood pressure measurement

Systolic blood pressure was measured using tail-cuff plethysmography in
conscious mice 2220, Mice were pre-warmed for 10 minutes in a thermostatically
controlled restrainer (CODA2 System, XBP1000; Kent Scientific). Three
training sessions were performed during the week before measurements were
taken. The mean of at least five separate recordings on three occasions was
taken to calculate mean systolic blood pressure.

Studies of vasomotor function in aortic rings

Aortic vasomotor function was assessed as previously described 2731, A
cumulative dose response to the constrictor phenylephrine, (1nmol/L to
10umol/L), was first performed followed by relaxation responses to the
endothelium dependent vasodilator acetylcholine (Ach; 1nmol/L-10umol/l) and
endothelium independent vasodilator sodium nitroprusside (SNP; 0.1nmol/L-
1umol/l), responses are expressed as % change in preconstricted tension.
Basal NO in response to isometric tension was assessed as the constrictor
response to the non-selective NO synthase (NOS) inhibitor L-NMMA (0.1mM) in
aortic segments maximally pre-constricted with phenylephrine. The effects of the
superoxide dismutase/catalase mimetic MnTmPyP (10 pmol/L for 30 min,

Calbiochem) on aortic relaxation was examined, as previously reported 28,

Nitric oxide synthase activity

The effect of insulin and IGF-1 on eNOS activity in aorta was determined by
conversion of ['*C]-L-arginine to [*C]-L-citrulline as we described 2. Aortic
segments were incubated at 37°C for 20min in HEPES buffer pH 7.4 (in
mmol/L): 10 HEPES, 145 NaCl, 5 KCI, 1 MgS0O4, 10 glucose, 1.5 CaClz
containing 0.25% BSA. 0.5 uCi/ml L- ['*C] arginine was then added for 5min
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and tissues stimulated with, insulin (100nmol/L) or IGF-1 (100nmol/L), 30min
before the reaction was stopped with cold phosphate-buffered saline (PBS),
containing 5mmol/L L-arginine and 4mmol/L EDTA after which tissue was
denatured in 95% ethanol. After evaporation, the soluble cellular components
were dissolved in 20 mmol/L HEPES-Na* (pH 5.5), and applied to a well-
equilibrated DOWEX (Na* form), column. The L-['*C] citrulline content of the
eluate was quantified by liquid scintillation counting and normalized against

total cellular protein.

Quantification of atherosclerosis

After being fed western diet for 12 weeks, mice were anaesthetized with inhaled
4% isoflurane before euthanasia with terminal exsanguination, followed by
perfusion with 4% paraformaldehyde, as described 283032 The heart was
removed to study the aortic sinus, and the thoraco-abdominal aorta was used
en face quantification of plaque 283032, For en face analysis, aortas were cut
longitudinally, stained with oil red O, and photographed with an Olympus SX61
microscope. Percent plaque area was measured using Image Pro Express
software (Media Cybernetics, Rockville, MD). Aortic sinus specimens were
embedded in paraffin or optimum cutting temperature compound (OCT).
Sections were cut at 3um or 6um thickness for paraffin-embedded or OCT-
embedded tissue, respectively, at the level of the aortic valve cusps. Paraffin
sections were stained with Miller Van-Gieson, imaged with an Olympus B41
microscope, and plaque area quantified as previously reported 2. Cryosections
were incubated overnight at 4°C with rat monoclonal antibody against the
macrophage marker F4/80 (Abcam, ab6640) in 1% BSA in PBS with 5% goat
serum, followed by an Alexa Fluor 647-conjugated secondary antibody.
Sections were mounted with Vectashield agueous mountant (Vector Labs)
containing DAPI to reveal nuclei. Imaging was performed with a Zeiss LSM880
confocal microscope. F4/80+ macrophage area within the aortic sinus was
defined using the thresholding function of Imaged (NIH, Bethesda, MD).

Circulating and bone marrow leukocyte flow cytometry
Heparinized whole blood underwent erythrocyte lysis (Pharmalyse, BD
Biosciences) prior to isolation of leukocytes by centrifugation. Bone marrow was
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flushed from one femur and tibia using phosphate-buffered saline (PBS) with
0.5% bovine serum albumin (BSA) and 2mM EDTA. After washing and
resuspending in PBS with 0.5% BSA and 0.5% foetal calf serum, cells were
incubated at 4°C with CD16/32 Fc block (BD Biosciences), then ten minutes
later with anti-CD45-VioBlue (Miltenyi Biotec), anti-CD11b-FITC (Miltenyi
Biotec), anti-Ly6G-PE (Miltenyi Biotec) and Ly6C-APC (eBioscience), for a
further ten minutes, prior to washing unbound antibodies. Some bone marrow
samples were separately stained with anti-lineage cocktail-eFluor450
(eBioscience), anti-c-Kit-PE (Miltenyi Biotec), and anti-Sca-1-APC (Miltenyi
Biotec) for ten minutes. Flow cytometry (Fortessa BD Biosciences) was
performed to acquire leukocytes based on typical light scatter properties, with
further gating used to define the following subsets: total leukocytes - CD45%;
myeloid cells - CD45*CD11b*; monocytes - CD45*CD11b*Ly6GLy6C*;
neutrophils - CD11b*Ly6G"-Ly6C"'; ‘inflammatory’ monocytes - CD11b*Ly6G-
Ly6C"'; ‘patrolling’ monocytes - CD11b*Ly6G Ly6C'°; hematopoietic stem cells
- Lin"Sca-1+*c-Kit*. All populations are expressed as cells/ml for blood or
cells/femur+tibia for bone marrow. Representative images of the gating
strategies are provided in Figure S12.

Pulmonary endothelial cell isolation and culture

Primary endothelial cells were isolated from lungs by immunoselection with
CD146-microbeads (Miltenyi Biotec), as previously reported 2¢. Bead-bound
cells were magnetically separated from non-bead bound cells using MS
columns (Miltenyi Biotec) and resuspended in Endothelial growth medium-MV2
(PromoCell, Heidelberg, Germany) supplemented with hEGF, hydrocortisone,
VEGF, hFGF-B, R3-IGF-1, ascorbic acid, gentamicin, amphotericin-B and 5%
FCS and seeded on fibronectin coated plates. Cells were cultured at 37°C in

5% CO2 with twice-weekly media changes until confluent.

Immunoblotting

Primary pulmonary endothelial cells were lysed in extraction buffer containing
50mM HEPES, 120mM NaCl, 1mM MgClz, 1mM CaClz, 10mM NaP207, 20mM
NaF, 1mM EDTA, 10% glycerol, 1% NP40, 2mM sodium orthovanadate,
0.5ug/ml leupeptin, 0.2mM PMSF, and 0.5ug/ml aprotinin. Cell extracts were
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sonicated in an ice-bath and centrifuged for 15 minutes at 13000 rpm, before
protein measurements were carried out by BCA assay (Pierce Protein
Quantification Kit) using the supernatant. Equal amounts of cellular protein
were resolved on SDS polyacrylamide gels (Invitrogen) and transferred to
polyvinylidine difluoride membranes. Immunoblotting was carried out with
indicated primary antibodies, diluted as necessary in 5% BSA-TBST buffer.
Blots were incubated with appropriate HRP-conjugated secondary antibodies
and developed with enhanced chemiluminescence (Millipore). Fifty micrograms
of total cell lysate was used for immunoprecipitation and thirty micrograms for
western blotting with indicated antibodies: B-Actin (Santa Cruz Biotechnology,
sc-47778), HSP90 o/p (Santa Cruz Biotechnology, sc-13119), Nox2 (BD
Biosciences, 611414), Nox4 (Gift from Professor Ajay Shah 26), IGF-1R (Cell
Signaling Technology, 8521), phospho-IGF-1R (Cell Signaling Technology,
3918S), eNOS (Cell Signaling Technology, 9572), phospho-eNOS (Cell
Signaling Technology, 9570), VCAM-1 (Abcam, ab174279), ICAM-1 (Abcam,
ab25375), VE-Cadherin (Santa Cruz Biotechnology, sc-9989) phospho-Y731
VE-Cadherin (Sigma-Aldrich, SAB4301448), Occludin (Thermo, 71-1500),
Claudin-5 (Thermo, 34-1600), CD31 (DAKO, M0823), Akt (BD Biosciences,
610860), phospho-Akt (Cell Signaling Technology, 4060), p38 MAPK (Cell
Signaling Technology, 9212), phospho-p38 MAPK (Cell Signaling Technology,
9216), JNK (Cell Signaling Technology, 9252), phospho-JNK (Cell Signaling
Technology, 9255), Erk1/2 (Cell Signaling Technology, 4696), phospho-Erk1/2
(Cell Signaling Technology, 4370), YAP/TAZ (Cell Signaling Technology,
8418S), Histone H3 (Cell Signaling Technology, 4499T), alpha-tubulin (Santa
Cruz Biotechnology, c-5286). Immunoblots were scanned on a Syngene G:Box

Chemi XT4 and quantified using the FIJI software package.

qRT-PCR

RNA was isolated using TRI-Reagent (Sigma) and cDNA prepared using a
High-Capacity cDNA Reverse Transcription kit (Applied Biosystems) according
to the manufacturer’'s instructions, as previously described 2. Real-time
quantitative reverse transcription PCR (gRT-PCR) was undertaken using an
ABI-7500 System with specific Tagman primer/probe sets (Applied Biosystems)
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for detecting Actb (Mm00607939_s1), IGF1R (Hs00609566 _m1), Vcami
(Mm01320970_mT1), lcam1(Mm00516023_m1). Data are expressed relative to
Actb mRNA expression using the 22T method.

Bone marrow transplant studies

Sca-1* bone marrow cells were isolated from the femurs and tibiae of 8-week
old ApoE” or hIGFREO/ApoE’ donor mice using anti-Sca-1 microbeads,
according to the manufacturer’s protocol (Miltenyi Biotec). 8-week old male
ApoE’ mice were irradiated with a single dose of 8.45Gy one day prior to
receiving an intravenous injection of 1x10® donor Sca-1* bone marrow cells.
Drinking water was supplemented with Enrofloxacin (0.005%) for 4-weeks after
bone marrow transplantation as prophylaxis against infection. Recipient mice
were then fed western diet for 12 weeks before assessing circulating leukocyte
counts and aortic atherosclerosis using the methods described above.
Confirmation of appropriate bone marrow engraftment was confirmed by
assessing bone marrow leukocyte and LSK abundance, and by defining
hIGFREO transgene in genomic DNA, as appropriate.

Bone marrow and femoral artery VE-Cadherin immunofluorescence

Mice received an intravenous injection of 12.5ug Alexa Fluor® 647 conjugated
anti-mouse VE-Cadherin antibody (Biolegend) and were euthanized 10 minutes
later. Femurs were immediately fixed in 4% paraformaldehyde in PBS and
placed on ice for 4 hours, decalcified in 0.5M EDTA at 4°C for 24 hours, and
then cryoprotected in a solution of 20% sucrose and 2% polyvinylpyrrolidone at
4°C for 24 hours 33, Bones were then placed in embedding solution (8 g gelatin
(Sigma-Aldrich), 2 g PVP and 20 g sucrose in 80 ml PBS), and then stored at -
80°C, before cryosectioning (Leica CM3050S) at 70um thickness. Sections
were mounted on slides with DAPI Fluoromount-G® counterstain (Southern
Biotech). Femoral arteries were cut longitudinally and mounted en face on a
slide with DAPI Fluoromount-G® counterstain. All samples were imaged on a
Zeiss LSM880 confocal microscope. Imaged (NIH, Bethesda) was used to
define a thresholded VE-Cadherin stained area percentage in bones and
femoral arteries. Thresholded images of the femoral artery were further utilised

to create a distance map, the data from which were summarized using the

10
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histogram function, which describes the number of pixels required to move from
VE-Cadherin positive to negative for every VE-Cadherin positive pixel; this was

used to infer a junctional thickness profile.

Aortic endothelial BODIPY-LDL-uptake

Mice received an intravenous injection of 50ug BODIPY-LDL (Thermo; L3483)
and were euthanized by terminal exsanguination whilst under inhaled 4%
isoflurane anesthesia 30 minutes later. After perfusion-fixation with 4%
paraformaldehyde in PBS, the aorta was dissected free cut longitudinally and
mounted en face on a slide with DAPI Fluoromount-G® counterstain. All
samples were imaged on a Zeiss LSM880 confocal microscope. Imaged (NIH,

Bethesda) was used to define a thresholded BODIPY stained area percentage.

Evans blue vascular permeability assay

Mice were anaesthetized with inhaled 4% isoflurane and 100uL 5% Evans blue
(Sigma-Aldrich) was injected intravenously into the tail vein. After 15 min the
mouse was euthanized by terminal exsanguination, and perfused with 25ml
PBS, via cardiac puncture to clear all vascular-resident dye. The whole aorta
(root to abdominal bifurcation), brain, femur, tibia and gastrocnemius/soleus
muscle were harvested. These were dried overnight at 55°C, then weighed and
placed into 1ml formamide for 24 hours at 55°C. The femur and tibia were cut
into small pieces before placing into the formamide (Sigma-Aldrich). After 24
hours, samples were centrifuged at 1000G for 5 minutes. A concentration curve
was created for Evans Blue. These were transferred to a 96-well plate with
duplicate 100uL samples. Absorbance of all samples was measured at 620nm
using a Thermo Multiskan™ GO Microplate Spectrophotometer and adjusted
using formamide absorbance as a blank. The concentration of Evans Blue was
calculated using the concentration curve and then standardised to dry sample
weight. Individual mouse data were normalised within experimental batches to

the wildtype batch mean.

Generation of lentivirus particles, titer quantification and cell transduction
Human IGF1R cDNA was sub-cloned into the vector pLVX-TetOne™ (TaKaRa)
allowing for doxycycline-regulated protein expression. The sequence of human

11
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wild-type IGF1R and its K1003R mutant were verified by sequencing (DNA
Sequencing & Services, MRC PPU, University of Dundee). For generation of
lentivirus particles, HEK-293 LentiX™ cells were seeded at 5x108 per 100mm
dish in 10mL of Dulbecco’s Modified Eagle’s Medium (DMEM)/Glutamax
(Thermo) supplemented with 10% tetracycline-free fetal calf serum (FCS)
(TaKaRa), 100U/mL  penicillin, 100ug/mL  streptomycin, 0.25ug/mL
amphotericin B (Merck). The next day cells were transfected using Lenti-X™
Packaging Single Shots (VSV-G) (TaKaRa) following the manufacturer’s
instructions. The obtained lentivirus supernatant was concentrated using Lenti-
X™ Concentrator solution (TaKaRa) following the manufacturer’s instructions.
The lentivirus supernatant was stored at -80°C. For quantification of the
lentivirus titer, a lentivirus-associated p24 ELISA kit (Cell Biolabs) was used.
HUVEC were transduced at a multiplicity of infection (MOI) of 10 for 16-18
hours before induction of protein expression with doxycycline hyclate (Merck)
for 48 to 72 hours.

Human umbilical vein endothelial cell studies

Passage 3-4 HUVEC (Promocell) from at least 3 different donors were cultured
in Endothelial Cell Growth Medium 2 (Promocell) supplemented with 1x
Antibiotic Antimycotic Solution (Merck) at 37°C in 5% CO.. For transduction
with lentivirus particles coding for wildtype or kinase dead (K1003R) human
IGF1R under a doxycycline inducible promoter using a MOI of 10. 16-18 hours
later, IGF-1R expression was induced with doxycycline (2ug/mL) for 72 hours.
Immunoblotting studies: Cells were lysed in Cell Extraction Buffer (Invitrogen)
supplemented with Protease Inhibitor Cocktail (Merck). 15ug cell lysate was
loaded on a 4-12% NuPAGE Bis-Tris gel (Thermo), resolved by
electrophoresis, and subsequently transferred on to a Nitrocellulose membrane
using the TransBlot Turbo™ system (BioRad). For preparation of nuclear and
cytosolic lysates used for immunoblotting, see details in NF-kB activity assay.
10ug lysate were used for cytoplasmic and nuclear immunoblotting.
Immunocytochemistry: Confluent HUVEC were fixed with pre-warmed 2%
paraformaldehyde for 5 minutes (or with methanol for 10 mins at -20°C for
claudin-5 experiments), permeabilized with 0.1% TritonX-100 for 5 minutes at

12
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RT, and non-specific sites were blocked using 5% donkey serum/PBS for 60
minutes at room temperature. Primary antibody incubation (VE-Cadherin, clone
BV-9, BioLegend 348502, 5 pg/ml; Claudin-5 Invitrogen 34-1600, 1 pg/ml;
Caveolin-1, Cell Signaling Technology 3267, 1:200 dilution; Clathrin heavy
chain, Cell Signaling Technology 4796, 1:100 dilution; ApoB, Thermo MIA1605,
2 pg/ml) was in 1% donkey serum/PBS overnight at 4°C. Secondary antibody
incubation was in 1% donkey serum/PBS for 60 minutes at room temperature.
Cells were mounted with ProLong™ Diamond with DAPI (Thermo). Cells were
visualized using an LSM880 microscope (Zeiss). Permeability studies: HUVEC
were seeded to confluence at 1x10%cm? into 6.5mm diameter PET-inserts with
0.4um pores (Corning). After 72 hours the confluent monolayers were washed
in ECGM2 and one hour later were stimulated on the apical side with PBS or
100uM H20: for 20 minutes in ECGM2 with 2% fetal calf serum prior to apical
addition of 50ug 40KDa FITC-dextran in ECGM2 with 2% fetal calf serum with
or without 100uM H2O: for a further 20 minutes. Medium was collected from the
basal side and fluorescence recorded using 480nm excitation and 520nm
emission using a Synergy H1 plate reader (Biotek). LDL-cholesterol uptake
studies: Unlabeled or BODIPY-labelled LDL cholesterol (Thermo) were applied
to HUVEC at a concentration of 10ug/ml in ECGM2 for 30 minutes prior to
washing twice with PBS and fixation with pre-warmed 2% paraformaldehyde
for 5 minutes. Unlabeled LDL was visualized with ApoB immunocytochemistry,
as described above. BODIPY-labeled LDL was visualized directly using an
LSM880 microscope (Zeiss). NF-xB activity assay: HUVEC were grown,
transduced with WT or K1003R IGF-1R lentivirus particles, and expression
induced as described above. After 72h, cells were trypsinised, collected by
centrifugation at 4°C and stored at -80°C in freezing medium Cryo-SFM
(Promocell). Untransduced HUVEC treated with PBS (Merck) or 10ng/mL TNF-
o (Biotechne) for 4h followed by storage in Cryo-SFM at -80°C served as control
for NF-xB activation. To obtain the nuclear extract, Nuclear Extraction Kit
(Abcam, ab113474) was used following the manufacturer's protocol. To
measure NF-xB activity, NF-xB p65 Transcription Factor Assay Kit (Abcam,
ab133112) was used following the manufacturer’s protocol and using 5ug

nuclear extract per condition. Analysis of cell surface ICAM1 and VCAM1
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expression by flow cytometry: HUVEC were grown, transduced with WT or
K1003R IGF-1R lentivirus particles, and expression induced as described
above. After 72h, cells were detached with 0.48mM EDTA in PBS and gentle
scraping, collected by centrifugation at 4°C and immuno-labelled with APC-
conjugated anti-ICAM1 (Miltenyi Biotec, 130-121-427) and FITC-conjugated
anti-VCAM1 (Miltenyi Biotec, 130-124-703); positive control HUVEC were
exposed to 10ng/mL TNF-a (Biotechne) for 4h instead of lentiviral transduction.
Analysis was performed using a Beckman Coulter CytoFLEX flow cytometer,
collecting data from at least 10,000 singlet cells. Representative images of the
gating strategies are provided in Figure S12. RNA-seq: RNA was isolated from
confluent HUVEC overexpressing wildtype or K1003R IGF-1R using TRIzol
(Thermo) and the RNA Clean & Concentrator-25 kit (Zymo Research) with
DNAse | treatment. RNA-seq was performed by the University of Leeds Next
Generation Sequencing core facility (lllumina NextSeq 2000) to acquire 100
base pair single-end reads. Raw data have been deposited at ArrayExpress
(https://www.ebi.ac.uk/biostudies/arrayexpress) under accession |ID E-MTAB-
14458.

Bioinformatics

Quality control of the raw sequences was performed using FastQC v.0.11.4 to
evaluate the overall quality 3*. Adapter sequences were trimmed from raw reads
(TrimGalore v.0.6.6) 5, before alignment to the mouse genome (GRCm39)
using STAR aligner v.2.7.10a followed by featureCounts (Subread v2.0.1) to
derive gene count data *. Subsequent bioinformatics were conducted using
DESeqg2 v.1.36.0 in the R environment (v4.2.0) for differential gene expression
analysis ¥, and g:Profiler (https:/biit.cs.ut.ee/gprofiler/gost) for defining
enriched Gene Ontology (GO) terms amongst differentially expressed genes
(DEGs). Multiple testing was accounted for using Benjamini-Hochberg false
discovery rate (FDR) adjusted p values, both when defining DEGs and enriched
GO terms.

Statistics
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Data were analyzed using GraphPad Prism 10 (GraphPad Software Inc).
Results are expressed as mean (SEM). Comparisons within groups are made
using paired Students t tests, and between groups using unpaired Students t-
tests or repeated measures ANOVA as appropriate. Where repeated t-tests are
performed, a Bonferroni correction is applied. P<0.05 is considered statistically
significant and all statistical tests are 2-sided. n denotes number of mice per
experiment, or number of animals where cells are used, or number of human
donors (i.e. independent experimental replicates). Researchers were blinded to
genotype or treatment allocation in all experiments.

Results

hIGFREO/ApoE" mice develop less atherosclerotic plaque

To generate atherosclerosis prone mice with increased endothelial expression
of IGF-1R, we crossed previously described ‘hIGFREQO’ mice (with endothelium
specific transgenic expression of human IGF-1R)?> with ApoE knockout mice to
generate hIGFREO/ApoE”. hIGFREO/ApoE” and ApoE” littermates were
born at frequencies compatible with Mendelian inheritance and appeared
morphologically normal. There was no difference in body weight between
hIGFREO/ApoE" and ApoE™ littermates prior to western diet feeding (at 8
weeks of age) or at study completion (at 20 weeks of age) (Figure S1a). Total
IGF-1R expression was significantly increased in lung endothelial cells from
hIGFREO/ApoE" (Figure S1b), and human IGF-1R mRNA was not expressed
in non-endothelial cells of hIGFREO/ApoE™ lungs (Figure S1c). Human IGF-
1R mRNA was barely detectable (>100 fold lower than fresh aorta) in circulating
CD11b* cells from hIGFREO/ApoE™ (Figure S1d) demonstrating minimal Tie2

promoter-induced transgene expression in the myeloid compartment.

After 12-weeks western diet feeding (Figure 1a), hIGFREO/ApoE™" developed
significantly less atherosclerosis in the thoraco-abdominal aorta (Figure 1b),
aortic arch (Figure 1c) and aortic sinus (Figure 1d), compared to ApoE™"
littermates. Immunofluorescence analysis of the aortic sinus also revealed
reduced F4/80+ macrophage content in hIGFREO/ApoE” (Figure 1e).
However, expression of the leukocyte adhesion molecules VCAM-1 and ICAM-
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1 was similar in aortae (Figure S2a-d) and isolated pulmonary EC (Figure
S2e,f) from hIGFREO/ApoE~" and control littermates.

Since IGF-1 is an established regulator of systemic metabolism, we performed
a detailed characterization of systemic glucose metabolism and serum lipid
profiles. After 12 weeks of western diet feeding, there was no difference in
fasting glucose (Figure S3a), glucose tolerance (Figure S3b), insulin tolerance
(Figure S3c), fasting serum insulin concentration (Figure S3d), or fasting IGF-
1 concentration (Figure S3e). Furthermore, there was no difference in fasting
serum ftriglyceride (Figure S3f) or cholesterol profile (Figure S3g) between
hIGFREO/ApoE~" and ApoE™ littermates. Hence, altered systemic metabolism

did not appear to explain altered atherosclerosis in hIGFREO/ApoE ™.

As IGF-1 receptors influence endothelial nitric oxide and reactive oxygen
species production, we next asked whether changes in these atherosclerosis-
modulating factors were apparent in IGFREO/ApoE~". After 12 weeks western
diet there was no difference in the systolic blood pressure of hlGFREO/ApoE ™"
versus control littermates (Figure S4a). Ex vivo assessment of aortic
vasomotion found no significant differences in endothelium-dependent and -
independent vasorelaxation in response to acetylcholine (Figure S4b) or SNP
(Figure S4c), respectively. Moreover, we found similar constrictor responses
to phenylephrine (Figure S4d) and the non-selective NOS inhibitor L-NMMA
(Figure S4e), indicative of comparable NO biogenesis in response to isometric
tension (quantified in Figure S4f). To explore the possibility that generation of
reactive oxygen species (ROS) influenced vascular function and
atherogenesis, we quantified acetylcholine-mediated vasodilation in the
presence of the superoxide dismutase mimetic MnTMPyP and found no
differences (Figure S5a). Expression of NADPH oxidases NOX2 and NOX4,
both important sources or ROS in EC, were also similar in hIGFREO/ApoE"
and ApoE” aortae (Figure S5b) and pulmonary EC (Figure S5c). Since IGF-
1R signals downstream to the NO generating enzyme eNOS, we also quantified
basal expression of eNOS, and the ratio of ‘activated’ S1177-phosphorylated
eNOS to total eNOS and elicited no differences (Figure S5d). Moreover, we
found no difference in insulin- or IGF-1-stimulated aortic eNOS activity in
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hIGFREO/ApoE~" compared to ApoE” EC (Figure S5e,f). Therefore, altered
NO or ROS abundance appeared unlikely to explain the reduced
atherosclerosis of hIGFREO/ApoE~" mice.

Next, we quantified circulating leukocytes as key mediators of atherosclerosis.
Compared to ApoE™ littermates, hIGFREO/ApoE" had a statistically significant
41% reduction in total circulating leukocytes (Figure 1f), which was consistent
in magnitude across subsets including: CD45*CD11b* myeloid cells (Figure
S6a), CD45*CD11b*Ly6GLy6C* total monocytes (Figure S6b; p=0.069),
CD11b*Ly6GLy6C" ‘inflammatory’ monocytes (Figure S6c), CD11b*Ly6G
Ly6C ‘patrolling’ monocytes (Figure S6d; p=0.16), and CD11b*Ly6G*Ly6C"
neutrophils (Figure S6e). The ratio of ‘inflammatory’ to ‘patrolling’ monocytes
was not significantly different (Figure S6f). Compared to ApoE™ littermates,
hIGFREO/ApoE” had similar bone marrow total leukocytes (Figure 1g),
myeloid cells (Figure S6g), monocytes (Figure S6h), and neutrophils (Figure
S6i). Furthermore, we observed no difference in the abundance of Lin"Sca-1+c-
Kit* (LSK) hematopoietic stem cells (Figure S6j). These data imply that
leukocytes are being appropriately generated in the bone marrow, but are not
entering the systemic circulation.

To corroborate that undetected alterations in hematopoietic cells of
hIGFREO/ApoE” did not explain their reduced circulating leukocytes and
atherosclerosis, we conducted bone marrow transplantation studies. Donor
bone marrow Sca-1+ cells from hIGFREO/ApoE~" or ApoE” control mice were
transplanted in to irradiated ApoE™" recipients, which were then fed western diet
for 12-weeks after a 4-week period of recovery (Figure S7a). Appropriate
engraftment of hIGFREO/ApoE~- donor bone marrow was confirmed at the end
of the experiment by detecting hIGF-1R genomic DNA in bone marrow. We
observed no differences in total leukocyte count (Figure S7b), CD45*CD11b*
myeloid cells as a proportion of total leukocytes (Figure S7c), or ‘inflammatory’
to ‘patrolling’ monocyte ratio (Figure S7d). Moreover, there was no difference
in bone marrow resident total leukocytes (Figure S7e), CD45*CD11b* myeloid
cells as a proportion of total leukocytes (Figure S7f), or LSK hematopoietic
stem cells as a proportion of bone marrow cells (Figure S7g). Aortic
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atherosclerotic plaque area was also unaltered in ApoE” recipients of
hIGFREO/ApoE" bone marrow (Figure S7h). Therefore, off-target effects in
hematopoietic cells do not account for the phenotype of hIGFREO/ApoE~- mice.

hIGFREO/ApoE” mice have lower endothelial paracellular and transcellular
permeability

We next focused on endothelial junctions, given their proposed dysfunction in
early atherogenesis, leading to subendothelial transit of LDL-cholesterol and
leukocytes.?* Perfusion of mice with a fluorophore tagged anti-VE-Cadherin
antibody revealed that arterial VE-Cadherin junctions appeared thinner and
more organized in hIGFREO/ApoE~ versus ApoE” (Figure 2a). Quantification
of this confirmed that thicker VE-Cadherin junctions were significantly more
common in ApoE” controls (Figure 2b), in association with a larger VE-
Cadherin stained surface area (Figure 2c¢); this phenotype is known to be linked
with reduced vascular leakage.®® To define vascular permeability in multiple
vascular beds, including the bone marrow and aorta, we perfused mice with
Evans blue dye and quantified extravascular leakage; this revealed significantly
reduced leakage in multiple vascular beds of hIGFREO/ApoE" (Figure 2d).
Importantly, this was not associated with any reduction in bone marrow
vascularity (Figure 2e), suggesting the reduced bone marrow vascular
permeability of hIGFREO/ApoE” relates to altered vessel function, not
abundance. Hence, increased endothelial IGF-1R overexpression induces a
leakage resistant endothelial junction morphology and reduces vascular

permeability in multiple vascular beds.

Whilst endothelial junctions are an important regulator of LDL-cholesterol
transit into the arterial wall, transcellular transport across EC also makes a
substantial contribution.?*3% Indeed, in contrast with arterial endothelium, brain
endothelium transports very little circulating LDL-cholesterol to its abluminal
surface;?*4° IGF-1R expression is also enriched in brain EC.8° Moreover,
recent data have linked IGF1R expression in brain EC to the extent of their
selective transcytosis of circulating molecules.*' Hence, to complement our
Evans blue dye leakage studies, we also studied vascular uptake of infused
atherogenic lipoproteins. Eight-week-old hIGFREO/ApoE” mice fed a normal
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chow diet received intravenous injection of fluorescent BODIPY-LDL
cholesterol prior to visualizing its accumulation in the aortic endothelial
monolayer 30 minutes later. This revealed markedly lower LDL fluorescence in
the aortic endothelium of hIGFREO/ApoE~ versus control littermates (Figure
2f), indicating that lower transcellular permeability to LDL may contribute to their
lower atherosclerotic plaque area after feeding with a high cholesterol diet.

IGF-1R kinase activity is required for its permeability modulating effects

To define the relevance of these findings to human vascular biology and to
explore underpinning mechanisms, we overexpressed IGF-1R in human
endothelium. Human umbilical vein endothelial cells (HUVEC) were transduced
with lentivirus particles allowing doxycycline-inducible wild-type (WT) IGF-1R
overexpression (Figure 3a); transduced cells not exposed to doxycycline
served as control. To define if the signaling function of the IGF-1R transgene is
essential for its functional effects, we also repeated experiments using an
identical lentivirus system allowing doxycycline-inducible K1003R IGF-1R
expression; this mutation in the ATP binding domain renders IGF-1R kinase
inactive.?® This system achieved a near 3-fold increase in IGF-1R protein
(Figure 3b), broadly mimicking our murine model (Figure S1b). Cells were
grown to confluence and exposed to 100uM hydrogen peroxide to model the
permeability-inducing conditions observed in atherosclerosis. In comparison
with control cells, WT IGF-1R overexpression led to thinner VE-Cadherin
junctions and reduced VE-Cadherin junction area; no such effect was observed
with K1003R IGF-1R overexpression (Figure 3c-e). Importantly, leakage of
FITC-Dextran across a confluent monolayer of WT IGF-1R overexpressing
HUVEC was substantially reduced versus control cells, whereas K1003R IGF-
1R overexpression had no effect (Figure 3f). Hence, the kinase activity of IGF-
1R is required for its influence on paracellular leakage between endothelial
junctions, implying that its downstream signaling cascade is required.

Liang et al have shown that mice with endothelial deletion of IGF-1R exhibit

increased renal leukocyte infiltration after ureteric obstruction, associated with
increased phosphorylation of the endothelial cell-cell junction protein VE-

19



0 N o 0o B~ 0N =

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

CVR-2024-0127R1 Revision

Cadherin at Y731.2" Moreover, Higashi et al have found that deletion of
endothelial IGF-1R increases atherosclerosis in mice, associated with a trend
toward increased vascular leakage in vivo and decreased expression of
multiple EC junction proteins in vitro.?> Therefore, we immunoblotted for EC
junction proteins using our in vitro HUVEC model. Overexpression of WT IGF-
1R was not associated with increased expression of the junction proteins
Claudin-5, CD31, Occludin or VE-Cadherin; similarly, overexpression of
K1003R IGF-1R did not alter expression of these proteins (Figure S8a).
Notably, we also found no difference in VE-Cadherin Y731 phosphorylation in
IGF-1R overexpressing HUVEC (Figure S8b). However, we noted increased
Claudin-5 junctional area in WT, but not K1003R, IGF-1R overexpressing
HUVEC using immunofluorescence (Figure S8c). These data are consistent
with IGF-1 signaling altering the localization, but not expression, of junctional
proteins (VE-Cadherin and Claudin-5), perhaps by altering junctional protein
turnover, resulting in stabilized cell-cell junctions.

To address the transcellular route, we again performed BODIPY-LDL uptake
experiments in HUVEC overexpressing WT or K1003R IGF-1R. These
revealed a reduction in LDL uptake in cells expressing WT IGF-1R versus non-
transduced cells, whilst the converse was observed in K1003R IGF-1R
expressing cells (Figure 3g). To explore if this reflected altered interaction of
LDL-cholesterol with clathrin or caveolin coated vesicles — the two major routes
of transcytosis — we defined co-localization between proteins coating these
vesicles and the LDL-cholesterol intrinsic protein ApoB. We found only a small
proportion of ApoB co-localized with caveolin-1 and this was not altered by WT
or K1003R IGF-1R overexpression. However, we noted a significant increase
in the co-localization of ApoB with clathrin-heavy chain when WT IGF-1R was
overexpressed, whilst K1003R over-expression did not alter this (Figure S9).
This may imply that altered behavior of clathrin-mediated vesicle transport
underpins the lower quantity of BODIPY-LDL internalized by WT IGF-1R
overexpressing HUVEC.

To explore signaling events that may underpin the phenotype observed in
HUVEC overexpressing WT IGF-1R, we performed immunoblotting of total and
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phosphorylated IGF-1R and kinases in its major downstream pathways. As
shown in Figure S10a-b, there was a non-significant 2-fold increase in
phosphorylated IGF-1R in WT IGF-1R overexpressing cells, which was not
observed with K1003R IGF-1R expression. Neither WT nor K1003R
overexpression altered the expression of total or phosphorylated Akt, nor ERK,
JNK and p38 MAP kinases. An NF-kB activity assay also revealed no change
in activation induced by WT or K1003R IGF-1R (Figure S10c), despite robust
activation by TNF-a. Similarly, flow cytometry revealed no difference in cell
surface localized adhesion molecules VCAM-1 and ICAM-1 (Figure S10d).

This led us to perform an unbiased assessment of WT versus K1003R IGF-1R
overexpressing HUVEC using RNA-seq to guide our analyses. Comparison of
data from 3 samples per group revealed no hits achieving false discovery rate
adjusted p values<0.05, but did yield 48 hits with unadjusted p<0.05 (Table 1
and Supplemental Data 1). Functional enrichment analysis of the 48 hits
(Supplemental Data 2) revealed Gene Ontology terms including ‘Positive
regulation of signal transduction’ (GO:0009967) and ‘Actin filament-based
process’ (GO:0030029), but did not highlight specific molecular pathways to
pursue. However, we noted multiple genes regulated by YAP/TAZ transcription
factors, a process not encapsulated by Gene Ontology terms. Therefore, we
defined overexpression of YAP/TAZ target genes using a published list of 22
targets,*? finding 4 of these within our 48 hits (Chi-squared statistic 374.9;
p<1x10%). These 4 gene hits (ANKRD1, CTGF, CYR61 and AXL) were
downregulated in WT versus K1003R IGF-1R expressing HUVEC, leading us
to hypothesize diminished nuclear YAP/TAZ localization in WT IGF-1R
overexpressing cells. To test this, we immunoblotted YAP and TAZ in nuclear
and cytosolic lysates from of WT versus K1003R IGF-1R expressing HUVEC
and confirmed a lower nuclear abundance and lower nuclear:cytosolic ratio of
TAZ in WT overexpressing cells (Figure 3h). These data suggest that WT IGF-
1R suppresses endothelial nuclear TAZ localization, a phenomenon previously

associated with reduced atherogenesis.*
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Finally, to ascertain if the kinase activity of the endothelial IGF-1R transgene
reduced vascular permeability, circulating leukocyte abundance and
atherogenesis in vivo, we crossed mIGFREO mice (with endothelium specific
transgenic expression of K1003R mutant human IGF-1R)?® with ApoE”- mice to
generate mIGFREO/ApoE™. mIGFREOQ are identical to hIGFREO, except for
modification of their IGF-1R transgene to the K1003R mutant we assessed in
vitro. These mice were indistinguishable from their control littermates in terms
of body mass before and after western diet feeding (Figure S11a-b), fasting
serum glucose (Figure S11c), glucose tolerance (Figure S11d) and insulin
tolerance (Figure S11e). However, when fed a western diet for 12 weeks, they
were not protected against the development of atherosclerosis versus littermate
controls (Figure 4a). Moreover, they exhibited no reduction in total circulating
leukocytes (Figure 4b), nor in subsets including: CD45+*CD11b* myeloid cells
(Figure 4c), CD11b*Ly6G*Ly6C" neutrophils (Figure 4d), CD45*CD11b*Ly6G"
Ly6C* total monocytes (Figure 4e), CD11b*Ly6GLy6CM ‘inflammatory’
monocytes (Figure 4f), or CD11b*Ly6G Ly6C" ‘patrolling’ monocytes (Figure
4g9). The ratio of ‘inflammatory’ to ‘patrolling’ monocytes was also not
significantly different (Figure 4h). Similarly, mIGFREO/ApoE" mice were not
protected against vascular leakage versus littermate controls, in stark contrast
with the phenotype of hIGFREO/ApoE™" (Figure 4i). These data corroborate
the requirement for IGF-1R kinase activity for its modulation of endothelial

permeability, circulating leukocytes and atherogenesis.

Discussion

We demonstrate for the first time that increasing endothelial IGF-1R reduces
atherosclerosis, modifies vascular endothelial junctions and reduces leakage
between endothelial cells, and suppresses endothelial LDL-cholesterol uptake.
This implies that endothelial IGF-1 receptors suppress multiple pathways that
could lead to atherosclerosis. Moreover, this may be relevant to other disease
processes caused by abnormal paracellular and/or transcellular transit across
the vascular endothelium. Mechanistically, we prove that that the kinase
function of IGF-1R is required for these effects, indicating that they are not a

structural property of the receptor, but instead represent signaling phenomena.
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We have previously shown that ApoE’ mice with vascular endothelial over-
expression of the human insulin receptor (referred to as hIRECO/ApoE™)
develop increased atherosclerosis.?® These mice were generated and reared in
an identical manner to hIGFREO/ApoE™", and so their opposing phenotypes are
striking and suggest important differences in the signaling of these
evolutionarily related receptors.** Indeed, elegant studies from the group of
Ronald Kahn have found important signaling differences in preadipocytes
expressing chimeric insulin/IGF-1 receptors with exchange of their ligand
binding and intracellular kinase domains.*® It is likely that multiple factors
downstream of the activated IGF-1R are likely to be responsible for the
phenotypes we have demonstrated. Our analyses suggest that wildtype IGF-
1R suppresses nuclear localization of the transcription factor TAZ in endothelial
cells, offering one potential explanation for the phenotype we observed. Indeed,
YAP/TAZ silencing has been shown to reduce atherogenesis in mice,*
diminish endothelial VE-Cadherin turnover,*® and regulate clathrin-mediated
endocytosis.*’ In contrast to prior studies exploring the effects of insulin and
IGF-1 on HUVEC,*-%2 we did not find IGF-1R overexpression to increase the
expression of the leukocyte adhesion molecules VCAM-1 and ICAM-1. Those
studies implicated downstream signaling via p38 and ERK,4%:52 which we also
did not observe. This may reflect differing downstream signaling induced by a
modest and sustained signaling stimulus in our model, versus the intense and
short-lived stimulus arising from exposure to large concentrations of IGF-1 or
insulin. Further mechanistic studies are needed to understand these

differences and may help to guide therapeutic translation.

It is important to note that whilst endothelial IGF-1R overexpression suppresses
atherogenesis, administration of IGF-1 ligand is unlikely to represent a means
to achieve clinical translation. IGF-1 induced acromegaly-like side-effects in
clinical trials as a diabetes therapy,> and more importantly is a mechanistically
distinct intervention from IGF-1R overexpression. Much more work is needed
to define how IGF-1R influences endothelial TAZ localization, but
understanding this novel observation provides a prospective path to translating
our findings to clinical benefit in modulating atherogenesis and other diseases
linked to abnormal vascular barrier function. Although YAP/TAZ inhibitors are
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being developed,>* these are also likely to have wide-ranging systemic effects
and so it is likely that defining endothelial specific targets arising from our

findings may lead to more refined therapies.

Our work extends the findings of other groups who noted IGF-1R knockout to
increase endothelial leakage.?'>2 These groups reached differing conclusions
regarding the underlying mechanisms, noting altered expression of multiple
junctional proteins,?? or altered phosphorylation of VE-Cadherin.? We concur
with some of their findings in regard to IGF-1R diminishing paracellular
permeability, yet we note altered junctional abundance on
immunofluorescence, rather than expression or modification of the junctional
proteins claudin-5 and VE-Cadherin. Notably, diminution of YAP/TAZ signaling
reduces VE-Cadherin turnover,*® offering a potential explanation for our
findings. There are also some parallels between our data and studies of IGF-1
regulation of gut epithelia, with multiple studies showing IGF-1 induced
expression of epithelial claudins and reduction in paracellular leakage.>®
However, whilst paracellular vascular permeability is potentially relevant to
atherogenesis, much of the LDL cholesterol that forms atherosclerotic plaque
is actively transported across endothelial cells. Our finding that increased IGF-
1R expression reduces endothelial LDL uptake in vitro and in vivo is therefore
a particularly important and novel observation. This adds to the recent elegant
studies of Yang et al who identified brain endothelial Igf1r expression as being
robustly associated with transcellular transport activity.#' Notably, Igfir
expression is enriched in brain endothelial cells, versus those from other
organs, and so our data imply that IGF-1R could have a causal role in the
association noted by Yang et al, although this requires further exploration.
Whether downstream modulation of YAP/TAZ is relevant to their data is unclear
and will be an important direction for future neurovascular research. It will also
be important for future studies to corroborate our findings in human arterial
endothelial cells, given their relevance to atherosclerosis.

Our data are particularly relevant to the phenomenon of atherosclerosis and
suggest that diminished vascular IGF-1 signaling promotes atherogenesis, at
least in part, via increased paracellular and transcellular vascular permeability.
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However, there may be wider implications for other diseases associated with
abnormal vascular permeability, ranging from generalized diseases like sepsis
or cancer to organ specific diseases like dementia. Further exploration is
needed of the downstream mechanisms by which IGF-1, but not insulin,
receptor signaling promotes these phenomena in endothelial cells. In
conjunction with our findings, these data could have wide ranging implications
for our understanding of vascular biology and lead to novel disease

therapeutics to normalize multiple aspects of vascular barrier function.

25



0 N OO o B~ 0N =

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

CVR-2024-0127R1 Revision

Acknowledgements

This work was funded by the British Heart Foundation (PG/15/73/31743). MD,
AMNW and KJG were supported by British Heart Foundation (BHF) clinical
research training fellowships. MTK is a BHF professor; RMC was a BHF
Intermediate clinical fellow. The University of Leeds biocimaging core facility is
supported by the Wellcome Trust (WT104918MA) and the flow cytometry
facility is supported by the Biotechnology and Biological Sciences Research
Council (BB/R000352/1). lllustrations were created with BioRender.

Author contributions

M.D., AB.,, N.Y., AM, HV,, AS.,, NM.,, CW.C, P.S, LEE., AW, K.G,, S.G,,
N.T.W, N.H., V.P., N.W., H.l., K.B., and R.C. conducted the experiments; M.D.,
AB., NY., D.B.,, SW., MK, and R.C. designed the experiments; S.W, R.C.
and M.K secured the funding; S.W and N.Y. secured ethical approvals; M.D.,
A.B., N.Y., and R.C. wrote the manuscript; all other others provided critical

revision of the manuscript.

Declaration of interests
R.M.C. has received speaker’s fees from Janssen Oncology for work unrelated

to this project.

Data availability

Raw data are available on request from the corresponding author. RNA-seq
data have been deposited under accession ID E-MTAB-14458 at ArrayExpress
(https://www.ebi.ac.uk/biostudies/arrayexpress)

26



—

0O NO O WD

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38

39
40
41

CVR-2024-0127R1 Revision

References

1.

Lozano R, Naghavi M, Foreman K, Lim S, Shibuya K, Aboyans V,
Abraham J, Adair T, Aggarwal R, Ahn SY, AIMazroa MA, Alvarado M,
Anderson HR, Anderson LM, Andrews KG, Atkinson C, Baddour LM,
Barker-Collo S, Bartels DH, Bell ML, Benjamin EJ, Bennett D, Bhalla K,
Bikbov B, Abdulhak A Bin, Birbeck G, Blyth F, Bolliger I, Boufous S,
Bucello C, Burch M, Burney P, Carapetis J, Chen H, Chou D, Chugh
SS, Coffeng LE, Colan SD, Colquhoun S, Colson KE, Condon J,
Connor MD, Cooper LT, Corriere M, Cortinovis M, Vaccaro KC de,
Couser W, Cowie BC, Criqui MH, Cross M, Dabhadkar KC, Dahodwala
N, Leo D De, Degenhardt L, Delossantos A, Denenberg J, Jarlais DC
Des, Dharmaratne SD, Dorsey ER, Driscoll T, Duber H, Ebel B, Erwin
PJ, Espindola P, Ezzati M, Feigin V, Flaxman AD, Forouzanfar MH,
Fowkes FGR, Franklin R, Fransen M, Freeman MK, Gabriel SE,
Gakidou E, Gaspari F, Gillum RF, Gonzalez-Medina D, Halasa YA,
Haring D, Harrison JE, Havmoeller R, Hay RJ, Hoen B, Hotez PJ, Hoy
D, Jacobsen KH, James SL, Jasrasaria R, Jayaraman S, Johns N,
Karthikeyan G, Kassebaum N, Keren A, Khoo J-P, Knowlton LM,
Kobusingye O, Koranteng A, Krishnamurthi R, Lipnick M, Lipshultz SE,
Ohno SL, Mabweijano J, Macintyre MF, Mallinger L, March L, Marks
GB, Marks R, Matsumori A, Matzopoulos R, Mayosi BM, McAnulty JH,
McDermott MM, McGrath J, Memish ZA, Mensah GA, Merriman TR,
Michaud C, Miller M, Miller TR, Mock C, Mocumbi AO, Mokdad AA,
Moran A, Mulholland K, Nair MN, Naldi L, Narayan KMV, Nasseri K,
Norman P, O’Donnell M, Omer SB, Ortblad K, Osborne R, Ozgediz D,
Pahari B, Pandian JD, Rivero AP, Padilla RP, Perez-Ruiz F, Perico N,
Phillips D, Pierce K, Pope lll CA, Porrini E, Pourmalek F, Raju M,
Ranganathan D, Rehm JT, Rein DB, Remuzzi G, Rivara FP, Roberts T,
Ledn FR De, Rosenfeld LC, Rushton L, Sacco RL, Salomon JA,
Sampson U, Sanman E, Schwebel DC, Segui-Gomez M, Shepard DS,
Singh D, Singleton J, Sliwa K, Smith E, Steer A, Taylor JA, Thomas B,
Tleyjeh IM, Towbin JA, Truelsen T, Undurraga EA,
Venketasubramanian N, Vijayakumar L, Vos T, Wagner GR, Wang M,
Wang W, Watt K, Weinstock MA, Weintraub R, Wilkinson JD, Woolf AD,
Wulf S, Yeh P-H, Yip P, Zabetian A, Zheng Z-J, Lopez AD, Murray CJL.
Global and regional mortality from 235 causes of death for 20 age
groups in 1990 and 2010: a systematic analysis for the Global Burden
of Disease Study 2010. Lancet 2012;380:2095-2128.

Guariguata L, Whiting DR, Hambleton |, Beagley J, Linnenkamp U,
Shaw J. Global estimates of diabetes prevalence for 2013 and
projections for 2035. Diab Res Clin Pract 2013;103:137-149.

27



0N O W D=

o

—_ -
N = O

—_ =
o~ W

—_ ok -
0 N O

NDIMNDDNDDNDDN =
A OWODND = OO

NDINDDNDNDDN
©O© 00 NO O

W WWWwwWwww
ook, —2O

W W w
© 00

CVR-2024-0127R1 Revision

10.

11.

Ross R. Atherosclerosis - An inflammatory disease. N Engl J Med
1999;340:115-126.

Ridker PM, Everett BM, Thuren T, MacFadyen JG, Chang WH,
Ballantyne C, Fonseca F, Nicolau J, Koenig W, Anker SD, Kastelein
JJP, Cornel JH, Pais P, Pella D, Genest J, Citkova R, Lorenzatti A,
Forster T, Kobalava Z, Vida-Simiti L, Flather M, Shimokawa H, Ogawa
H, Dellborg M, Rossi PRF, Troquay RPT, Libby P, Glynn RJ.
Antiinflammatory Therapy with Canakinumab for Atherosclerotic
Disease. N Engl J Med 2017;377:1119-1131.

Abumrad NA, Cabodevilla AG, Samovski D, Pietka T, Basu D, Goldberg
IJ. Endothelial Cell Receptors in Tissue Lipid Uptake and Metabolism.
Circ Res 2021;128:433-450.

Cubbon RM, Kearney MT, Wheatcroft SB. Endothelial IGF-1 Receptor
Signalling in Diabetes and Insulin Resistance. Trends Endocrinol Metab
2016;27:96—-104.

Chisalita Sl, Arnqvist HJ. Insulin-like growth factor | receptors are more
abundant than insulin receptors in human micro- and macrovascular
endothelial cells. Am J Physiol Endocrinol Metab 2004;286:896—901.

Muniji RN, Soung AL, Weiner GA, Sohet F, Semple BD, Trivedi A,
Gimlin K, Kotoda M, Korai M, Aydin S, Batugal A, Cabangcala AC,
Schupp PG, Oldham MC, Hashimoto T, Noble-Haeusslein LJ, Daneman
R. Profiling the mouse brain endothelial transcriptome in health and
disease models reveals a core blood—brain barrier dysfunction module.
Nat Neurosci 2019;22:1892—-1902.

Nolan DJ, Ginsberg M, Israely E, Palikugi B, Poulos MG, James D, Ding
B-S, Schachterle W, Liu Y, Rosenwaks Z, Butler JM, Xiang J, Rafii A,
Shido K, Rabbany SY, Elemento O, Rafii S. Molecular Signatures of
Tissue-Specific Microvascular Endothelial Cell Heterogeneity in Organ
Maintenance and Regeneration. Dev Cell 2013;26:204—-219.

Kalucka J, Rooij LPMH de, Goveia J, Rohlenova K, Dumas SJ, Meta E,
Conchinha N V, Taverna F, Teuwen L-A, Veys K, Garcia-Caballero M,
Khan S, Geldhof V, Sokol L, Chen R, Treps L, Borri M, Zeeuw P de,
Dubois C, Karakach TK, Falkenberg KD, Parys M, Yin X, Vinckier S, Du
Y, Fenton RA, Schoonjans L, Dewerchin M, Eelen G, Thienpont B, Lin
L, Bolund L, Li X, Luo Y, Carmeliet P. Single-Cell Transcriptome Atlas
of Murine Endothelial Cells. Cell 2020;180:764—779.

Juul A, Scheike T, Davidsen M, Gyllenborg J, Jorgensen T. Low Serum
Insulin-Like Growth Factor | Is Associated With Increased Risk of
Ischemic Heart Disease. Circulation 2002;106:939-944.

28



0O ~NOoO OV bk WD =

11
12
13

14
15
16
17

18
19
20
21

22
23
24

25
26
27

28
29
30

31
32
33
34
35

36
37
38
39

CVR-2024-0127R1 Revision

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Laughlin GA, Barrett-connor E, Criqui MH, Kritz-silverstein D. The
Prospective Association of Serum Insulin-Like Growth Factor | ( IGF-I)
and IGF-Binding Protein-1 Levels with All Cause and Cardiovascular
Disease Mortality in Older Adults : The Rancho Bernardo Study. J Clin
Endocrinol Metab 2004;89:114—120.

Vaessen N, Heutink P, Janssen JA, Witteman JCM, Testers L, Hofman
A, Lamberts SWJ, Oostra BA, Pols HAP, Duijn CM Van. A
Polymorphism in the Gene for IGF-1. Diabetes 2001;50:2—7.

Patel VA, Zhang Q-J, Siddle K, Soos MA, Goddard M, Weissberg PL,
Bennett MR. Defect in Insulin-Like Growth Factor-1 Survival Mechanism
in Atherosclerotic Plaque—Derived Vascular Smooth Muscle Cells Is
Mediated by Reduced Surface Binding and Signaling. Circ Res
2001;88:895-902.

Imrie H, Abbas A, Viswambharan H, Rajwani A, Cubbon RM, Gage M,
Kahn M, Ezzat VA, Duncan ER, Grant PJ, Ajjan R, Wheatcroft SB,
Kearney MT. Vascular Insulin-Like Growth Factor-I Resistance and
Diet-Induced Obesity. Endocrinology 2009;150:4575-4582.

Higashi Y, Pandey A, Goodwin B, Delafontaine P. Insulin-like growth
factor-1 regulates glutathione peroxidase expression and activity in
vascular endothelial cells : Implications for atheroprotective actions of
insulin-like growth factor-1. Biochem Biophys Acta 2013;1832:391-399.

Zeng G, Quon MJ. Insulin-stimulated production of nitric oxide is
inhibited by wortmannin. Direct measurement in vascular endothelial
cells. J Clin Invest 1996;98:894—-898.

Higashi Y, Sukhanov S, Anwar A, Shai S-Y, Delafontaine P. IGF-1,
oxidative stress and atheroprotection. Trends Endocrinol Metab
2010;21:245-254.

Shai S, Sukhanov S, Higashi Y, Vaughn C, Rosen CJ, Delafontaine P.
Low circulating insulin-like growth factor | increases atherosclerosis in
ApoE-deficient mice. Am J Physiol Heart Circ Physiol 2011:1898—-1906.

Sukhanov S, Higashi Y, Shai S, Vaughn C, Mohler J, Li Y, Song Y,
Titterington J, Delafontaine P. IGF-1 Reduces Inflammatory Responses
, Suppresses Oxidative Stress , and Decreases Atherosclerosis
Progression in ApoE-Deficient Mice. Arterioscler Thromb Vasc Biol
2007;27:2684-2690.

Liang M, Woodard LE, Liang A, Luo J, Wilson MH, Mitch WE, Cheng J.
Protective Role of Insulin-Like Growth Factor-1 Receptor in Endothelial
Cells against Unilateral Ureteral Obstruction e Induced Renal Fibrosis.
Am J Pathol 2015;185:1234—-1250.

29



oOo~N OO0k WD =

11
12

13
14
15
16
17
18

19
20
21
22
23
24
25

26
27
28
29

30
31
32
33
34
35

36
37
38
39

40
41

CVR-2024-0127R1 Revision

22.

23.

24.

25.

26.

27.

28.

29.

30.

Higashi Y, Sukhanov S, Shai S-Y, Danchuk S, Snarski P, Li Z, Hou X,
Hamblin MH, Woods TC, Wang M, Wang D, Yu H, Korthuis RJ, Yoshida
T, Delafontaine P. Endothelial deficiency of insulin-like growth factor-1
receptor reduces endothelial barrier function and promotes
atherosclerosis in Apoe-deficient mice. Am J Physiol Heart Circ Physiol
2020;319:H730-H743.

Bjorkhem |, Meaney S. Brain Cholesterol: Long Secret Life Behind a
Barrier. Arterioscler Thromb Vasc Biol 2004;24:806—815.

Mundi S, Massaro M, Scoditti E, Carluccio MA, Hinsbergh VWM van,
Iruela-Arispe ML, Caterina R De. Endothelial permeability, LDL
deposition, and cardiovascular risk factors—a review. Cardiovasc Res
2018;114:35-52.

Imrie H, Viswambharan H, Sukumar P, Abbas A, Cubbon RM,
Yuldasheva N, Gage M, Smith J, Galloway S, Skromna A, Rashid ST,
Futers TS, Xuan S, Gatenby VK, Grant PJ, Channon KM, Beech DJ,
Wheatcroft SB, Kearney MT. Novel role of the IGF-1 receptor in
endothelial function and repair: studies in endothelium-targeted IGF-1
receptor transgenic mice. Diabetes 2012;61:2359-2368.

Viswambharan H, Yuldasheva NY, Imrie H, Bridge K, Haywood NJ,
Skromna A, Hemmings KE, Clark ER, Gatenby VK, Cordell P, Simmons
KJ, Makava N, Abudushalamu Y, Endesh N, Brown J, Walker AMN,
Futers ST, Porter KE, Cubbon RM, Naseem K, Shah AM, Beech DJ,
Wheatcroft SB, Kearney MT, Sukumar P. Novel Paracrine Action of
Endothelium Enhances Glucose Uptake in Muscle and Fat. Circ Res
2021;129:720-734.

Wheatcroft SB, Shah AM, Li J-M, Duncan E, Noronha BT, Crossey PA,
Kearney MT. Preserved Glucoregulation but Attenuation of the Vascular
Actions of Insulin in Mice Heterozygous for Knockout of the Insulin
Receptor. Diabetes 2004;53:2645-2652.

Viswambharan H, Yuldasheva NY, Sengupta A, Imrie H, Gage MC,
Haywood NJ, Walker AM, Skromna A, Makova N, Galloway SL, Shah
P, Sukumar P, Porter KE, Grant PJ, Shah AM, Santos CX, Li J, Beech
DJ, Wheatcroft S, Cubbon RM, Kearney MT. Selective Enhancement of
Insulin Sensitivity in the Endothelium In Vivo Reveals a Novel
Proatherosclerotic Signalling Loop. Circ Res 2017;120:784—798.

Duncan ER, Crossey PA, Walker S, Anilkumar N, Poston L, Douglas G,
Ezzat VA, Wheatcroft SB, Shah AM, Kearney MI. Effect of Endothelium-
Specific Insulin Resistance on Endothelial Function In Vivo. Diabetes
2008;57:3307-3314.

Gage MC, Yuldasheva NY, Viswambharan H, Sukumar P, Cubbon RM,
Galloway S, Imrie H, Skromna A, Smith J, Jackson CL, Kearney MT,

30



0N O WO =

o

—_ i 1 o ol
o Ok WN—=O

—_ o -
© 0 N

N DN
- O

NN
W N

NN N
o O A~

NN
o0

W wwhn
N = O O

w w
~ W

W www
0 N O O

CVR-2024-0127R1 Revision

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Wheatcroft SB. Endothelium-specific insulin resistance leads to
accelerated atherosclerosis in areas with disturbed flow patterns: A role
for reactive oxygen species. Atherosclerosis 2013;230:131-139.

Abbas A, Imrie H, Viswambharan H, Sukumar P, Rajwani A, Cubbon
RM, Gage M, Smith J, Galloway S, Yuldeshava N, Kahn M, Xuan S,
Grant PJ, Channon KM, Beech DJ, Wheatcroft SB, Kearney MT. The
Insulin-Like Growth Factor-1 Receptor Is a Negative Regulator of Nitric
Oxide Bioavailability and Insulin Sensitivity in the Endothelium. Diabetes
2011;60:2169-2178.

Rajwani A, Ezzat V, Smith J, Yuldasheva NY, Duncan ER, Gage M,
Cubbon RM, Kahn MB, Imrie H, Abbas A, Viswambharan H, Aziz A,
Sukumar P, Vidal-Puig A, Sethi JK, Xuan S, Shah AM, Grant PJ, Porter
KE, Kearney MT, Wheatcroft SB. Increasing circulating IGFBP1 levels
improves insulin sensitivity, promotes nitric oxide production, lowers
blood pressure, and protects against atherosclerosis. Diabetes
2012;61:915-924.

Kusumbe AP, Ramasamy SK, Starsichova A, Adams RH. Sample
preparation for high-resolution 3D confocal imaging of mouse skeletal
tissue. Nat Protoc 2015;10:1904—-1914.

Babraham Institute. FastQC
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/

Babraham Institute. TrimGalore
https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/

Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, Batut
P, Chaisson M, Gingeras TR. STAR: ultrafast universal RNA-seq
aligner. Bioinformatics 2012;29:15-21.

Love MI, Huber W, Anders S. Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biol 2014;15:550.

Huynh J, Nishimura N, Rana K, Peloquin JM, Califano JP, Montague
CR, King MR, Schaffer CB, Reinhart-King CA. Age-Related Intimal
Stiffening Enhances Endothelial Permeability and Leukocyte
Transmigration. Sci Transl Med 2011;3:112ra122-112ra122.

Zhang X, Sessa WC, Fernandez-Hernando C. Endothelial Transcytosis
of Lipoproteins in Atherosclerosis. Front Cardiovasc Med 2018;5.

Kakava S, Schlumpf E, Panteloglou G, Tellenbach F, Eckardstein A
von, Robert J. Brain Endothelial Cells in Contrary to the Aortic Do Not
Transport but Degrade Low-Density Lipoproteins via Both LDLR and
ALK1. Cells 2022;11.

31



—_ 4 . —_
OO~ ON O O©C0ON OO P~WDN-—

—_ ok -
o N O

NDNDDN =
N = O o

NN DN DN
(o) 2é) INF N d]

NN
o0

W WwWwnN
- O O

W wWwwww
o Ok, W

W W w
© 00

CVR-2024-0127R1 Revision

41,

42.

43.

44.

45.

46.

47.

48.

49.

50.

Yang AC, Stevens MY, Chen MB, Lee DP, Stahli D, Gate D, Contrepois
K, Chen W, Iram T, Zhang L, Vest RT, Chaney A, Lehallier B, Olsson N,
Bois H du, Hsieh R, Cropper HC, Berdnik D, Li L, Wang EY, Traber GM,
Bertozzi CR, Luo J, Snyder MP, Elias JE, Quake SR, James ML, Wyss-
Coray T. Physiological blood—brain transport is impaired with age by a
shift in transcytosis. Nature 2020;583:425—-430.

Wang Y, Xu X, Maglic D, Dill MT, Mojumdar K, Ng PK-S, Jeong KJ,
Tsang YH, Moreno D, Bhavana VH, Peng X, Ge Z, Chen H, Li J, Chen
Z, Zhang H, Han L, Du D, Creighton CJ, Mills GB, Camargo F, Liang H.
Comprehensive Molecular Characterization of the Hippo Signaling
Pathway in Cancer. Cell Rep 2018;25:1304-1317.e5.

Wang K-C, Yeh Y-T, Nguyen P, Limqueco E, Lopez J, Thorossian S,
Guan K-L, Li Y-SJ, Chien S. Flow-dependent YAP/TAZ activities
regulate endothelial phenotypes and atherosclerosis. Proc Natl Acad
Sci USA 2016;113:11525-11530.

Belfiore A, Frasca F, Pandini G, Sciacca L, Vigneri R. Insulin Receptor
Isoforms and Insulin Receptor/Insulin-Like Growth Factor Receptor
Hybrids in Physiology and Disease. Endocr Rev 2009;30:586-623.

Nagao H, Cai W, Wewer Albrechtsen NJ, Steger M, Batista TM, Pan H,
Dreyfuss JM, Mann M, Kahn CR. Distinct signaling by insulin and IGF-1
receptors and their extra- and intracellular domains. Proc Natl Acad Sci
USA 2021;118:2019474118.

Neto F, Klaus-Bergmann A, Ong YT, Alt S, Vion A-C, Szymborska A,
Carvalho JR, Hollfinger |, Bartels-Klein E, Franco CA, Potente M,
Gerhardt H. YAP and TAZ regulate adherens junction dynamics and
endothelial cell distribution during vascular development. Elife 2018;7.

Rausch V, Hansen CG. The Hippo Pathway, YAP/TAZ, and the Plasma
Membrane. Trends Cell Biol 2020;30:32—48.

Balaram SK, Agrawal DK, Allen RT, Kuszynski CA, Edwards JD. Cell
adhesion molecules and insulin-like growth factor-1 in vascular disease.
J Vasc Surg 1997;25:866—-876.

Madonna R, Pandolfi A, Massaro M, Consoli A, Caterina R De. Insulin
enhances vascular cell adhesion molecule-1 expression in human
cultured endothelial cells through a pro-atherogenic pathway mediated
by p38 mitogen-activated protein-kinase. Diabetologia 2004;47:532—
536.

Madonna Raffaele De RC. Prolonged exposure to high insulin impairs
the endothelial P13-kinase/Akt/nitric oxide signalling. Thromb Haemost
2009;101:345-350.

32



— —h
- O OWo Nooorh WON =

I U T U I G G
O© 00 NO O~ WN

N
o

NDINODNDNDDN
OO =

N
»

CVR-2024-0127R1 Revision

51.

52.

53.

54.

55.

Madonna R, Massaro M, Caterina R De. Insulin potentiates cytokine-
induced VCAM-1 expression in human endothelial cells. Biochim
Biophys Acta 2008;1782:511-516.

Li G, Barrett EJ, Ko S-H, Cao W, Liu Z. Insulin and Insulin-Like Growth
Factor-1 Receptors Differentially Mediate Insulin-Stimulated Adhesion
Molecule Production by Endothelial Cells. Endocrinology
2009;150:3475-3482.

Jabri N, Schalch DS, Schwartz SL, Fischer JS, Kipnes MS, Radnik BJ,
Turman NJ, Marcsisin VS, Guler HP. Adverse effects of recombinant
human insulin-like growth factor | in obese insulin-resistant type I
diabetic patients. Diabetes 1994;43:369-374.

Hagenbeek TJ, Zbieg JR, Hafner M, Mroue R, Lacap JA, Sodir NM,
Noland CL, Afghani S, Kishore A, Bhat KP, Yao X, Schmidt S, Clausen
S, Steffek M, Lee W, Beroza P, Martin S, Lin E, Fong R, Lello P Di,
Kubala MH, Yang MN-Y, Lau JT, Chan E, Arrazate A, An L, Levy E,
Lorenzo MN, Lee H-J, Pham TH, Modrusan Z, Zang R, Chen Y-C,
Kabza M, Ahmed M, Li J, Chang MT, Maddalo D, Evangelista M, Ye X,
Crawford JJ, Dey A. An allosteric pan-TEAD inhibitor blocks oncogenic
YAP/TAZ signaling and overcomes KRAS G12C inhibitor resistance.
Nat Cancer 2023;4:812-828.

Zhao T-Y, Su L-P, Ma C-Y, Zhai X-H, Duan Z-J, Zhu Y, Zhao G, Li C-Y,
Wang L-X, Yang D. IGF-1 decreases portal vein endotoxin via
regulating intestinal tight junctions and plays a role in attenuating portal
hypertension of cirrhotic rats. BMC Gastroenterol 2015;15:77.

33



0 N OO o B~ 0N =

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

CVR-2024-0127R1 Revision

Figure legends

Figure 1: hIGFREO/ApoE™" mice develop less atherosclerotic plaque. a)
Schema of hIGFREO/ApoE™ generation. In comparison with ApoE-/-
littermates, hIGFREO/ApoE" develop: b) Reduced atherosclerotic plaque area
defined by Oil-Red O staining in thoraco-abdominal aorta (n=11,13); scale bar
denotes 5 mm; ¢) Reduced atherosclerotic plaque area defined by Oil-Red O
staining in aortic arch (n=11,13); scale bar denotes 2000 um d) Reduced
atherosclerotic plaque area in the aortic sinus (n=6,6); scale bar denotes 500
um; e) F4/80* macrophage abundance (n=5,5); scale bar denotes 250 um f)
Circulating CD45+ leukocytes (n=15,15); g) Bone marrow total CD45*
leukocytes (n=8,13). Data expressed as mean (SEM); * denotes P<0.05; n
denotes number of mice per group; all statistical comparisons are made with
unpaired Student t-tests.

Figure 2: hIGFREO/ApoE™" exhibit morphological features of VE-Cadherin
junction stabilization, reduced vascular paracellular permeability and
reduced endothelial LDL-cholesterol uptake. a) Representative images of
femoral artery VE-Cadherin junctions in hIGFREO/ApoE~" and ApoE™ controls
(scale bar denotes 50 pm). b) VE-Cadherin junctions are thinner in
hIGFREO/ApoE~- ¢) VE-Cadherin junction area is lower in hIGFREO/ApoE"
(n=8,8). d) Vascular permeability of Evans blue dye is reduced in multiple
vascular beds of hIGFREO/ApoE™ (n=11,8). e) Vascularity of bone marrow is
similar in hIGFREO/ApoE~" and ApoE" controls; in representative images, red
denotes VE-Cadherin (VECAD) and blue denotes DAPI (n=9,10) ; scale bar
denotes 100 pym f) Uptake of BODIPY-labelled LDL-cholesterol is reduced in
the aortic endothelium of hIGFREO/ApoE " at 8-weeks of age without western
diet feeding (representative images on left show BODIPY in green and DAPI in
blue; n=5,5) ; scale bar denotes 25 ym. Data expressed as mean (SEM); *
denotes P<0.05; n denotes number of mice per group; all statistical

comparisons are made with unpaired Student t-tests.

Figure 3: IGF-1 receptor overexpression reduces paracellular leakage and
LDL-cholesterol uptake in human endothelial cells via its kinase domain.
a) Schema of lentiviral constructs used to achieve doxycycline-inducible
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wildtype or kinase-dead (K1003R) IGF1R overexpression. b) Wildtype and
K1003R IGF-1R protein expression are increased approximately 3-fold by
doxycycline. ¢) Representative images of HUVEC VE-Cadherin with either
wildtype or K1003R IGF1R overexpression (VE-Cadherin — red, DAPI — blue).
d) VE-Cadherin junction thickness is reduced in confluent HUVEC exposed to
100uM hydrogen peroxide overexpressing wildtype IGF-1R, but remains
unchanged with cells overexpressing K1003R IGF-1R. e) VE-Cadherin junction
area is similar in confluent HUVEC overexpressing wildtype or K1003R IGF-
1R. f) Paracellular leakage of 40KDa FITC-Dextran is reduced in HUVEC
overexpressing wildtype IGF-1R, but not K1003R, IGF-1R. ¢g) Uptake of
BODIPY-labelled LDL-cholesterol is reduced in HUVEC overexpressing
wildtype IGF-1R, but not K1003R, IGF-1R (representative images on left;
BODIPY — green, DAPI — blue). h) Representative immunoblots of YAP/TAZ
and loading controls in nuclear and cytosolic lysates, accompanied by
quantification of normalized nuclear TAZ expression and nuclear:cytosolic TAZ
ratio, showing reduced nuclear TAZ in HUVEC overexpressing wildtype versus
K1003R IGF-1R; ns denotes non-specific band in a-tubulin blot. Data
expressed as mean (SEM); * denotes P<0.05; n=3,3 in panels a-g and n=4,4
in panel h; all statistical comparisons are made with unpaired Student t-tests.

Figure 4: ApoE"" mice with endothelial-specific overexpression of the
kinase-dead K1003R mutant IGF-1R (mIGFREO/ApoE) exhibit comparable
atherosclerosis, circulating leukocytes and vascular permeability to
ApoE"" mice. After 12 weeks of western diet feeding, there was no difference
between mIGFREO/ApoE” and ApoE” in: a) lipid deposition in aorta
(representative images on left; n=10,21); scale bar denotes 5 mm; b)
Circulating CD45* leukocytes (n=10,8); ¢) Circulating CD45+*CD11b* myeloid
cells (n=10,8); d) Circulating CD45+*CD11b*Ly6G"Ly6C" neutrophils (n=10,8);
e) Circulating CD45+*CD11b*Ly6GLy6C* monocytes (n=10,8); f) Circulating
CD45+*CD11b*Ly6GLy6C" ‘inflammatory’ monocytes (n=10,8); g) Circulating
CD45+*CD11b*Ly6GLy6C ‘patrolling’ monocytes (n=10,8); h) Ratio of
‘inflammatory’ to ‘patrolling’ circulating monocytes (n=10,8); or i) Vascular

permeability of Evans blue dye in multiple vascular beds (n=9,6). Data
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expressed as mean (SEM); n denotes number of mice per group; all statistical
comparisons are made with unpaired Student t-tests.

Supplemental material description

Supplemental Figure 1: hIGFREO/ApoE™"" mice develop normally and have
appropriate endothelial expression of the human IGF-1R transgene. a) No
difference in body mass of hIGFREO/ApoE’ compared to ApoE™" littermates
between onset of western diet feeding (WDF) at 8 weeks of age, and
completion of western diet feeding at 20 weeks of age (n=17,20,12,19); b)
Increased expression of total (human and murine) IGF-1R protein in endothelial
cells from hIGFREO/ApoE~ versus ApoE™ littermates (n=6,20); ¢) Human IGF-
1R mRNA was not expressed in non-endothelial cells of hIGFREO/ApoE~ or in
endothelial cells from ApoE" littermates (n=9,11,5); d) Human IGF-1R was
barely detectable in CD11b* myeloid cells from hIGFREO/ApoE~’ (n=3,3,3).
Data expressed as mean (SEM) * denotes P<0.05; n denotes number of mice

per group; all statistical comparisons are made with unpaired Student t-tests.

Supplemental Figure 2: Expression of leukocyte adhesion molecules is
similar in the aorta and pulmonary endothelial cells of hIGFREO/ApoE ™"
and ApoE™" littermates after 12 weeks of western diet feeding. a) Aortic
VCAM1 mRNA (n=9,8); b) Aortic VCAM1 protein (note that a blank lane is
present between ApoE” and hIGFREO/ApoE™ lanes in representative blot;
n=8,7); ¢) Aortic ICAM1 mRNA (n=9,8); d) Aortic ICAM1 protein (note that a
blank lane is present between ApoE’” and hIGFREO/ApoE” lanes in
representative blot; n=7,7); e) Pulmonary endothelial cell VCAM1 protein
(n=8,17); f) Pulmonary endothelial cell ICAM1 protein (n=8,17). Data expressed
as mean (SEM); n denotes number of mice per group; all statistical

comparisons are made with unpaired Student t-tests.

Supplemental Figure 3: The metabolic profile of hIGFREO/ApoE™ is
comparable to ApoE™ controls. After 12 weeks of feeding, there was no
difference between hIGFREO/ApoE” and ApoE” in: a) Fasting glucose
(n=7,8); b) Glucose tolerance (n=5,5); ¢) Insulin tolerance (n=5,5); d) Fasting
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serum insulin (n=12,13); e) Serum IGF-1 (n=10,10); f) Serum triglycerides
(n=11,17); or, g) Total cholesterol (n=11,17) in hIGFREO/ApoE~ compared to
ApoE™ littermates. Data expressed as mean (SEM); n denotes number of mice

per group; all statistical comparisons are made with unpaired Student t-tests.

Supplemental Figure 4: Systolic blood pressure and aortic vasomotor
responses are unchanged in hIGFREO/ApoE™". After 12 weeks of feeding,
there was no difference between hIGFREO/ApoE~’ and ApoE™ in: a) Systolic
blood pressure (n=12,19); b) Acetylcholine-induced aortic relaxation (n=7,14);
c) Sodium nitroprusside (SNP)-induced aortic relaxation (n=7,14); d)
Phenylephrine-induced aortic constriction (n=7,14); e,f) Aortic constriction to
the non-selective nitric oxide synthase (NOS) inhibitor L-NMMA, after
phenylephrine pre-constriction (n=7,14). Data expressed as mean (SEM); n
denotes number of mice per group; statistical comparisons for panels a and f
are made with unpaired Student t-tests, and repeated measures ANOVA for
panels b to e.

Supplemental Figure 5: Vascular oxidative stress, NADPH oxidase (NOX)
isoform -2 and -4 expression, and eNOS expression and phosphorylation
were similar in hIGFREO/ApoE™ versus ApoE™" littermates after 12 weeks
western diet feeding. a) MNTMPyP-induced blunting of acetylcholine-induced
aortic relaxation (n=4,3). b) Aortic NOX2 and NOX4 expression (note that a
blank lane is present between ApoE’ and hIGFREO/ApoE” lanes in
representative blot; n=11,12, 10,13). ¢) Pulmonary endothelial cell NOX2 and
NOX4 expression (n=7,15, 7,16). d) Basal aortic S1177-phospho-eNOS to total
eNOS ratio (n=10,10); e) Insulin stimulated NOS activity (n=9,8); f) IGF-1
stimulated NOS activity (n=5,5). Data expressed as mean (SEM); n denotes
number of mice per group; statistical comparisons for panels a-b are made with
repeated measures ANOVA, and unpaired Student t-tests for panels c-f.

Supplemental Figure 6: Circulating, but not bone marrow, leukocyte
populations are reduced in hIGFREO/ApoE™". a) Circulating CD45*CD11b*
myeloid cells (n=15,15); b) Circulating CD45*CD11b*Ly6GLy6C* monocytes
(n=15,15); ¢) Circulating CD45*CD11b*Ly6G Ly6C" ‘inflammatory’ monocytes
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(n=15,15); d) Circulating CD45*CD11b*Ly6GLy6C" ‘patrolling’ monocytes
(n=15,15); e) Circulating CD45+*CD11b*Ly6G"Ly6C" neutrophils (n=15,15); f)
Ratio of ‘inflammatory’ to ‘patrolling’ circulating monocytes (n=15,15); g) Bone
marrow CD45*CD11b* myeloid cells (n=8,13); h) Bone marrow
CD45+*CD11b*Ly6GLy6C* monocytes (n=8,13); i) Bone marrow
CD45+*CD11b*Ly6G"Ly6C" neutrophils (n=8,13); j) Bone marrow Lin"Sca-1+*c-
Kit* hematopoietic stem cells (n=8,13). Data expressed as mean (SEM); *
denotes P<0.05; n denotes number of mice per group; all statistical

comparisons are made with unpaired Student t-tests.

Supplemental Figure 7: Transplantation of hIGFREO/ApoE™ donor bone
marrow in to ApoE™ recipients does not influence circulating leukocyte
abundance or the development of atherosclerosis. a) Schema of bone
marrow transplantation experiments. Transplantation of hIGFREO/ApoE™"
donor bone marrow, versus ApoE~ donor bone marrow, in to ApoE~ recipients
does not alter: b) Circulating total CD45* leukocytes (n=10,9); ¢) Circulating
myeloid cells (n=10,9); d) Ratio of ‘inflammatory’ to ‘patrolling’ circulating
monocytes (n=10,9); e) Bone marrow total CD45* leukocytes (n=10,8); f) Bone
marrow myeloid cells (n=10,8); g) Bone marrow Lin"Sca-1*c-Kit* hematopoietic
stem cells (n=10,8); h) Total aortic atherosclerotic plague area defined by Oil-
Red O staining (n=13,14); scale bar denotes 5 mm. Data expressed as mean
(SEM); n denotes number of mice per group; all statistical comparisons are

made with unpaired Student t-tests.

Supplemental Figure 8: Overexpression of wildtype IGF-1R in human
endothelial cells alters the localization, but not expression or post-
translational modification, of junction proteins. a) Immunoblotting of human
umbilical vein endothelial cells (HUVEC) overexpressing wildtype or K1003R
IGF-1R reveals neither alters the expression of claudin-5, CD31, occludin or
VE-Cadherin (n=5,5,5,5). b) Representative images of HUVEC claudin-5 with
either wildtype or K1003R IGF1R overexpression (Claudin-5 —red, DAPI — blue;
scale bar denotes 50 ym). HUVEC overexpressing wildtype or K1003R IGF-1R
exhibit no difference in VE-Cadherin Y731 (n=3,3). ¢) Claudin-5 junctional area
is increased in HUVEC overexpressing wildtype, but not K1003R
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(n=12,12,12,12). Data expressed as mean (SEM); * denotes P<0.05; n denotes
number of donors per group; all statistical comparisons are made with unpaired
Student t-tests.

Supplemental Figure 9: Overexpression of wildtype, but not K1003R, IGF-
1R in human endothelial cells increases colocalization of administered
LDL cholesterol with clathrin, but not caveolin-1. Representative confocal
images of ApoB (green) and clathrin heavy chain (red) or caveolin-1 (red)
immunofluorescence in human umbilical vein endothelial cells expressing
either wildtype or K1003R IGF-1R 30 minutes after exposure to human LDL-
cholesterol. Green denotes ApoB fluorescence and red denotes caveolin-1 or
clathrin heavy chain fluorescence. Expression of wildtype, but not K1003R,
IGF-1R increased colocalization of ApoB with clathrin; no difference was noted
for colocalization with caveolin-1. Data expressed as mean (SEM); * denotes
P<0.05; n=3 per group; all statistical comparisons are made with unpaired
Student t-tests.

Supplemental Figure 10: Overexpression of wildtype or K1003R IGF-1R
does not influence inflammatory signaling in human endothelial cells. a)
Representative immunoblots accompanying panel b, showing expression of
IGF-1R, phospho-IGF-1R (Y1135), Akt, phospho-Akt (S473), JNK, phospho-
JNK (T183/Y185), ERK1/2, phospho-ERK1/2 (T202/Y204), p38, phospho-p38
(T180/Y182) and HSP90 loading control. b) Quantification of immunoblotting
reveals a nominal increase in phospho-IGF-1R in human umbilical vein
endothelial cells expressing wildtype IGF-1R, but no impact of wildtype or
K1003R IGF-1R overexpression on Akt, JNK, ERK or p38 phosphorylation. c)
NF-kB activity is not altered in human umbilical vein endothelial cells expressing
wildtype or K1003R IGF-1R, although stimulation with tumor necrosis factor-
alpha 10ng/mL (TNF-a) for 4h induces robust activation. d) Cell surface
expression of VCAM-1 and ICAM-1 is not altered in human umbilical vein
endothelial cells expressing wildtype or K1003R IGF-1R, although stimulation
with TNF-a. 10ng/mL for 4h induces robust induction of surface expression,

defined as geometric mean fluorescence intensity (MFI) and percentage of cells
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with expression. Data expressed as mean (SEM); n=3-4 per group; all statistical

comparisons are made with unpaired Student t-tests.

Supplemental Figure 11: The metabolic profile of mIGFREO/ApoE™ is
comparable to ApoE™ controls. a) Experimental schema; b) Body mass at
onset of western diet at 8 weeks of age, and completion of western diet feeding
at 20 weeks of age (n=29,26,26,27); ¢) Fasting glucose (n=13,29); d) Glucose
tolerance (n=13,29); e) Insulin tolerance (n=16,11). Data expressed as mean
(SEM); n denotes number of mice per group; all statistical comparisons are

made with unpaired Student t-tests.

Supplemental Figure 12: Flow cytometry gating strategies. Representative
images of gating strategies used to define blood and bone marrow-resident
leukocytes (upper panel), bone marrow-resident haematopoietic stem cells
(middle panel), and human umbilical vein endothelial cell surface expression of
VCAM-1 and ICAM1 (lower panel; TNF-a denotes tumor necrosis factor alpha).

Supplemental Data 1: RNA-sequencing comparison of human umbilical
endothelial cells overexpressing WT IGF-1R versus K1003R IGF-1R

Supplemental Data 2: g:Profiler functional enrichment analysis of 48
differentially expressed genes identified in human umbilical endothelial cells
overexpressing WT IGF-1R versus K1003R IGF-1R (presented in Table 1).
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1 Table 1: Differentially expressed genes in WT IGF-1R versus K1003R IGF-
2 1R overexpressing HUVEC

Gene Log2 Fold Change Unadjusted p value
ANKRD1 -0.24 0.0004
POTEE 1.34 0.0007
MSMO1 -0.24 0.0053
CFL2 -0.24 0.0061
ESM1 -0.19 0.0108
STC1 0.42 0.0129
MT-ATP8 -0.27 0.0138
RFNG 0.35 0.0173
AC008750.5 2.96 0.0174
LINCO1145 -2.43 0.0196
RNU6-100P -3.56 0.0197
AC004241.5 2.41 0.0198
AC037198.1 0.18 0.0240
COL12A1 -0.14 0.0267
AC040904.1 -3.77 0.0288
ANLN -0.15 0.0292
CDH2 -0.17 0.0295
GADD45B -0.31 0.0295
CTGF -0.12 0.0297
NDUFAF4P3 -3.90 0.0298
HOXC8 -1.85 0.0299
CYR®61 -0.12 0.0301
ANKRDG6 0.37 0.0303
AC012313.1 0.55 0.0311
RN7SKP198 -3.25 0.0316
AC003080.1 0.47 0.0325
AXL -0.15 0.0329
PLOD2 -0.14 0.0348
SERPINE1 -0.11 0.0373
ABTB1 0.43 0.0376
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DPM1
AC084024.1
PRPF4
ALCAM
AJMA1
CCAT2
TFRC

ZAR1
TGFB2
AC125257.1
TMSB15B
MME-AS1
LSM3
RPL26P27
GBA2
PSAT1
RPL31P52
CALU

-0.28
-1.55
-0.24
-0.13
-1.00
2.34
-0.13
2.53
-0.27
-0.34
1.66
2.66
-0.28
1.49
0.15
-0.20
1.83
-0.13

0.0381
0.0383
0.0400
0.0403
0.0405
0.0427
0.0442
0.0448
0.0452
0.0457
0.0462
0.0462
0.0470
0.0472
0.0481
0.0492
0.0498
0.0498

Differentially expressed genes achieving unadjusted statistical significance

between human umbilical vein endothelial cells overexpressing wildtype versus

K1003R IGF-1R. Complete data from this RNA-seq analysis is presented in

Supplemental Data 1.
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