1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2021 March 01.

-, HHS Public Access
«

Published in final edited form as:
Arterioscler Thromb Vasc Biol. 2020 March ; 40(3): 714-732. doi:10.1161/ATVBAHA.119.313832.

Statins Disrupt Macrophage Racl Regulation Leading to
Increased Atherosclerotic Plaque Calcification

Abigail Healy, Joshua M. Berus, Jared L. Christensen, Cadence Lee, Chris Mantsounga,
Willie Dong, Jerome P. Watts Jr., Maen Assali, Nicolle Ceneri, Rachael Nilson, Jade
Neverson, Wen-Chih Wu, Gaurav Choudhary, Alan R. Morrison”

Providence VA Medical Center, Providence, Rhode Island 02908, USA; Department of Internal
Medicine (Section of Cardiovascular Medicine), Alpert Medical School at Brown University,
Providence, Rhode Island, 02903 USA

Abstract

Objective: Calcification of atherosclerotic plaque is traditionally associated with increased
cardiovascular event risk; however, recent studies have found increased calcium density to be
associated with more stable disease. HMG-CoA reductase inhibitors or “statins” reduce
cardiovascular events. Invasive clinical studies have found that statins alter both the lipid and
calcium composition of plaque, but the molecular mechanisms of statin-mediated effects on plaque
calcium composition remain unclear. We recently defined a macrophage Rac-I1L-1p signaling axis
to be a key mechanism in promoting atheroscleraotic calcification and sought to define the impact
of statin therapy on this pathway.

Approach and Results: Here, we demonstrate that statin therapy is independently associated
with elevated coronary calcification in a high-risk patient population and that statins disrupt the
complex between Racl and its inhibitor, RhoGDI, leading to increased active (GTP-bound) Racl
in primary monocytes/macrophages. Racl activation is prevented by rescue with the isoprenyl
precursor geranylgeranyl diphosphate. Statin treated macrophages exhibit increased activation of
NF-xB, increased IL-1p mRNA, and increased Racl-dependent IL-1f protein secretion in
response to inflammasome stimulation. Using an animal model of calcific atherosclerosis,
inclusion of statin in the atherogenic diet led to a myeloid Racl-dependent increase in
atherosclerotic calcification, which was associated with increased serum IL-1p expression,
increased plaque Racl-activation, and increased plaque expression of the osteogenic markers, ALP
and RUNX2.

Conclusion: Statins are capable of increasing atherosclerotic calcification through disinhibition
of a macrophage Racl-1L-1p signaling axis.
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Introduction:

Ischemic heart disease caused by atherosclerosis is the leading cause of morbidity and
mortality in the world?. Calcification of atherosclerotic plaques is predictive of total
atherosclerotic burden and risk of cardiovascular and all-cause mortality? 3. Rapid
progression of vascular calcification is associated with a poor prognosis and increased risk
of events* °. Yet, there has been growing evidence recently that certain types of densely
calcified plaques can be associated with more stable disease3: 6-10, highlighting our limited
understanding of the determinants of event risk with regard to atherosclerotic calcification.

For prevention of cardiovascular events, the current standard of care is pharmacotherapy
with 3-hydroxy-3-methylglutaryl coenzymeA (HMG-CoA) reductase inhibitors or
“statins”11-15_ Statins are extremely successful at reducing cardiovascular events, and
consequently, guidelines have moved toward more aggressive statin use16-20, Statins were
developed as lipid lowering agents, but multiple studies have demonstrated that statins
reduce the risk of myocardial infarction out of proportion to their lipid lowering effects6-19,
These “pleiotropic effects” of statins have been attributed to the possibility that statins affect
isoprenyl-based post-translational modification of protein, given isoprenyl groups are
derived from precursor molecules within the cholesterol synthesis pathway downstream of
mevalonate. The effects of statin therapy on atherosclerotic calcification have been
controversial with initial studies suggesting statins reduce or slow atherosclerotic
calcification and later studies indicating the opposite?1-24, Moreover, recent studies have
identified an association between statin therapy and increased plaque calcium composition
relative to lipid composition, yet the mechanism that determines this association remains
undefined?2. 25, 26,
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Racs are small GTPases and key signal transducers in inflammatory cells, influencing the
expression of growth factors and cytokines2’-31, Racs are post-translationally modified by
an isoprenyl lipid group, specifically geranylgeranyl diphosphate (GGPP), which is thought
to regulate subcellular localization32. Racl expression is ubiquitous, whereas Rac? is
primarily limited to cells of hematopoietic origin33. Rac1 and Rac2 share significant
identity, except for a hypervariable region upstream of their isoprenylation site2%. Though
Racs often compensate for each other in terms of cellular function, Racs can also compete
with each other for primary regulators, indicating that changes in gene expression of one
Rac can simultaneously influence the activation state of the other34. Recently, our laboratory
identified Rac2 as a major regulatory determinant of the degree of macrophage IL-1p
expression by its regulation of Racl activity upstream of NF-xB and reactive oxygen species
production3®. Consequently, the Rac2 gene deletion model led to progressive inflammatory
atherosclerotic calcification that was dependent on IL-1p signaling, and Rac2™/~
macrophages demonstrated increases in Racl activation and Racl-dependent IL-18
expression. The activity of Racl is regulated by three major enzymes: 1) guanine nucleotide
exchange factors (GEFs), which activate Racl by promoting the exchange of GDP for GTP;
2) guanine nucleotide dissociation inhibitors (GDIs), which limit the access of Racl to
GEFS; and 3) GTPase-activating proteins (GAPSs), which lead to inactivation of Racl by
accelerating its intrinsic GTPAse activity36.

Statins are known to inhibit mevalonate synthesis upstream of both cholesterol and
geranylgeranyl diphosphate synthesis, and thus statins can inhibit the isoprenylation of Racl
in addition to cholesterol synthesis3’: 38, Current literature suggests that statin treatment
disrupts Racl isoprenylation leading to reduced membrane association of Racl and
consequently reduced membrane-dependent Rac1 functions3®. However, the effects of statin
treatment on Racl activation (GTP-binding) and downstream effector signaling are less clear
and somewhat controversial. In fact, recently the genetic knockdown of the geranylgeranyl
transferase enzyme that covalently attaches the isoprenyl group to Racl demonstrated
constitutive GTP-binding of Racl and hyperactivation of Racl-dependent pathways
consequent to the loss of isoprenylation3?.

In this manuscript, we sought to explore the relationship between statin use and coronary
calcification in patients who have undergone noncontrast computed tomography followed by
the quantification of Racl activity in peripheral blood monocytes of a subset of patients. To
define a potential mechanistic relationship, we turned to preclinical models and assessed the
effect of statins on macrophage Racl activity, Racl-dependent IL-1p expression, and
consequent atherosclerotic calcification in a mouse model of hypercholesterolemia. We
hypothesize that, by inhibiting the isoprenylation of Racl, statins may disrupt the regulation
of Racl activity, leading to increased Racl activity, IL-1p expression, and consequent Rac1-
dependent atherosclerotic calcification. Defining potential pleiotropic mechanisms whereby
statins modulate plaque phenotype may lead to the development of novel therapeutic
strategies for reducing cardiovascular event risk.
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Materials and Methods:

Materials

The data that support the findings of this study are available from the corresponding author
upon reasonable request. Because of the sensitive nature of some data collected for this
study, requests to access the dataset from qualified researchers trained in human subject
confidentiality protocols may be sent to the office of the Associate Chief of Staff for
Research at Providence VA Medical Center at Research Services (151), 830 Chalkstone
Avenue, Providence, Rl 02908, or faxed to 401-457-3305; all data, analytical methods, and
study materials are available upon request to researchers, who meet the Institutional Review
Board criteria for access to VA confidential research data, for purposes of reproducing the
results or replicating the study.

Anti-Racl mouse monoclonal antibody (clone 23A8) was purchased from Abcam
(Cat#97732). Anti-activated Racl mouse monoclonal IgM antibody was purchased from
New East Biosciences (Cat#26903). Anti-Actin, Alpha-smooth muscle-Cy3 antibody was
purchased through Sigma Aldrich (Cat#C6198). PAK1 PBD agarose beads were purchased
from Cell Biolabs (Cat#STA-411). Alexa Fluor-conjugated secondary antibodies, DAPI (4,6
diamidino-2-phenylindole), and RPMI 1640 culture medium were purchased from Fisher
Scientific. Fluoroshield Mounting Medium with DAPI was purchased from Abcam
(Cat#ab104139). Cholesterol and endotoxin-free BSA were purchased from Sigma-Aldrich.
Primers used in quantitative real-time PCR were all purchased from IDT. Human Monocyte
Isolation Kit and EasySep Buffer was purchased through StemCell (Cat#19359 and #20144,
respectively). Sequences for murine primers were as follows: I1L-1p, 5’-
CCCTGCAGCTGGAGAGTGTGGA-3’ (sense) and 5°-
CTGAGCGACCTGTCTTGGCCG-3’ (antisense); TNF-a, 5°-
CACGTCGTAGCAAACCACCAA -3’(sense) and 5’-AGCAAATCGGCTGACGGTGT-3’
(antisense); GAPDH, 5’-AAGGCCGGGGCCCACTTGAA-3’ (sense) and 5’-
GGACTGTGGTCATGAGCCCTTCCA-3’ (antisense); Racl, 5’-
CTACCCGCAGACAGACGTG-3’ (sense) and 5’-AGATCAAGCTTCGTCCCCAC-3’
(antisense); HPRT, 5’-GACCGGTCCCGTCATGCCGA-3’ (sense) and 5’-
TGGCCTCCCATCTCCTTCATGACA-3’ (antisense).

Human Subjects Research

The patient studies comply with the Declaration of Helsinki and were approved by the
Institutional Review Board of the Providence VA Medical Center. We evaluated a total of
465 US Veteran patients who had undergone LCSCT between December 1, 2013 and March
31, 2014.

Coronary Artery Calcium Scoring

Studies at the Providence VA Medical Center were performed using a 128-slice CT scanner
(Siemans SOMATOM Definition AS) with a 128 mm x 0.6 mm collimation, using a helical
acquisition protocol. Rotation time was 0.5 seconds, and pitch was 0.84. Studies were not
ECG-gated. Scanning field of view was set to 380 mm. Matrix size was 512 x 512. Based on
these parameters, the minimum area required to identify calcium was 0.55 mm2. The
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average tube voltage was 120 kV, and the average tube current was 40 mAmp. Image
reconstruction slice thickness was between 1.0 and 1.25 mm.

Coronary artery calcium scoring (CACS) from lung cancer screening CT (LCSCT) were
calculated using the Agatston method?. CACS was performed using previously described
methods for other epidemiologic studies, and images were viewed and scored using a
CarestreamVue PACS (Carestream Health) imaging workstation*1=43. Briefly, the calcium
scoring application in the CarestreamVue PACS displays axial image slices for the reader.
The reader scrolls through axial slices and identifies coronary arteries with potential calcium
to be scored. The reader indicates the appropriate coronary vessel to the program by circling
a region of interest. Pixels of attenuation coefficient measurements above 130 HU and an
area =0.55 mm? within the region of interest are identified by the program as calcified are
incorporated into the calcium score. All scans were scored by the preventive cardiology
fellow (J.L.C) after being trained on 50 scans by the CCT board-certified cardiologist
(A.R.M.). Readers were blinded to patient clinical data. Inter-observer agreement was
quantified for total CACS values and the overall kappa was found to be very good at
0.907(0.859-0.956).

The VA electronic medical record was searched for patient demographics and cardiovascular
covariates including age, sex, race, and BMI. Medical history included smoking status,
hypertension, hypertensive medication, cholesterol medication, diabetes, and fasting lipid
profile. From the acquired data, the ASCVD risk scores were calculated.

Human CD14*CD16~ Monocyte Isolation

Peripheral blood CD14*CD16~ monocytes from a subset of patients either taking or not
taking statin medication were isolated from 20 mL of blood using negative selection by the
EasySep Human Monocyte Isolation Kit (StemCell Technologies, Cat#19359) per
manufacturer protocols**. Briefly, the buffy coat from whole blood was extracted using
1500rpm centrifugation at room temperature and a subsequent Ficoll density gradient to
separate out RBCs. Cells were pelleted and washed with EasySep Buffer (StemCell,
Cat#20144). EasySep Human Monocyte Isolation Kit was used to further isolate monocytes
and eliminate any remaining platelets or extraneous cell types via negative selection and
magnet filtration. Purified monocytes were allowed to adhere to glass coverslips in complete
RPMI for at least 2 hours. Adherent monocytes were washed with PBS, then fixed with 4%
PFA and stored at 4°C for subsequent staining. Fixed monocytes were washed in PBS and
incubated in 0.1% (V/V) Triton X in PBS for 10 minutes. After washing, they were
incubated in 5% goat serum in 0.1% (V/V) Triton X-PBS for 1 hour. They were then washed
and covered with primary antibody, Rac1-GTP (New East Biosciences, Cat#26903),
overnight at 4°C. Primary antibody was washed with PBS and secondary antibody, Goat
Anti-Mouse IgM AlexaFluor488 (Invitrogen, Cat#A21042), was added for 1 hour. Cells
were washed and coverslips were plated to microscopy slides using Fluoroshield Mounting
Medium with DAPI (Abcam, Cat#ab104139), and sealed with clear adhesive. Imaging was
performed on the Nikon Eclipse 80i inverted microscope, and LUTs and exposure were
standardized among all fields of view. Immunofluorescence was quantified using ImageJ#°.
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Each individual data point represents an average CTCF of 4 fields of view with at least 20
cells per field of view.

Animal Studies

The Providence VA Medical Center Institutional Animal Care and Use Committees
approved all housing protocols and experimental animal procedures. ApoE ™", Rac1™ and
CSF1R™™M mice were purchased from The Jackson Laboratory and have been previously
described*6-48, All animal studies adhered to the guidelines for experimental atherosclerosis
studies as described in the recent AHA Scientific Statement#®. All animal studies adhered to
the guidelines as described in the ATVB Council Statement for considering “sex difference”
as a biological variable0.

High Fat Diet

Male and female animals, 8-10 weeks old, were fed a high fat diet (HFD; 20% fat by weight
with 1.25% cholesterol, ENVIGO TD.02028) or HFD+Statin (atorvastatin at dry weight
concentration of 60 mg/kg of HFD chow, ENVIGO TD.150052) ad libitum for up to 20
weeks. A subset of ApoE™~,Rac1™ and CSF1R™™ mice underwent intraperitoneal
injection of tamoxifen at 2 mg daily for 10 days in order to induce myeloid RacZ gene
deletion prior to HFD+Statin treatment (HFD+Statin+mR1KO).

Macrophage Cell Cultures

Bone marrow-derived macrophages (BMDMSs) were obtained by /in vitro differentiation of
primary femur marrow cells with an established protocol that yields >97% CD11b"F4/80hi
cells30. 51, Briefly, femurs and tibiae from ApoE~~and CSF1IR™ " Rac1™M ApoE~~ mice
were dissected, cleaned, disinfected in 70% ethanol, and washed with fully supplemented
RPMI 1640 medium (10% FBS, 10 mM HEPES pH 7.4, 2 mM L-glutamine, 100 units/ml
penicillin, 10 pg/ml streptomycin, and 50 uM 2-ME). Red blood cells were removed by
ammonium-chloride-potassium lysis buffer (0.15 M NH4CI, 1 mM KHCO3, 0.1 mM
Na,EDTA, adjusted to pH 7.4) and subsequent centrifugation. Remaining bone marrow cells
were then cultured at a density of 3.5 x 106 cells/10 cm petri dish in fully supplemented
RPMI with 30% (v/v) L929 cell-conditioned medium. Cells were matured to phenotypic
macrophages over 6-8 days. Nonadherent cells were washed away with PBS. Adherent cells
were recovered with gentle pipetting in PBS with 1 mM EDTA. Flow cytometric analysis
confirmed the recovered cells to be >97% CD11b*F4/80*+30. 51,

Cholesterol Crystal Inflammasome Assay

Cholesterol crystals were generated as previously described®2. Cholesterol (Sigma) was
dissolved in 1-propanol at a concentration of 2 mg/ml. Crystals were precipitated overnight
at room temperature by dilution to 40% 1-propanol with water. Crystals were pelleted by
centrifugation and dried at 70°C. Pellets were re-suspended in 0.1% FBS in PBS at a
concentration of 50 mg/ml. Average crystal size of 1-2 um was confirmed by microscopy.
BMDMs (+/- priming with low dose (10 ng/ml) LPS for 2 hours) were then either exposed
to 1000 ug/ml cholesterol crystals or vehicle control for 24 hours. Culture supernatants were
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collected and IL-1p expression quantified by enzyme-linked immunosorbent assay (ELISA)
per manufacturer protocols (BioLegend, Cat#432604 and 430904, respectively).

NF-xB Assay

BMDMs were transfected with NF-xB Firefly Luciferase Plasmid (Promega) and pRL-TK
Renilla control plasmid (Promega), using the Amaxa Mouse Macrophage Nucleofector Kit
(Lonza). 12 hours after transfection, BMDMs were primed with LPS (10 ng/mL) for 2 hours
and then exposed to 1000 pg/ml cholesterol crystals for 12 hours. Luciferase activity in cell
lysates was measured by Dual-Glo ®Luciferase Assay System (Promega).

Reactive Oxygen Species (ROS) Assay

BMDMs were primed with 10 ng/mL LPS for 2 hours at 37 °C and then cells were exposed
to 1000 pg/ml cholesterol crystals for up to 3 hours at 37 °C. ROS detection was carried out
using ROS-Glo™ H,0, Assay (Promega) per manufacturer protocols.

Racl Activation Assay

Rac1 activity was measured by an affinity precipitation assay with Pakl PBD agarose
beads®3. BMDMs were lysed in 500 pl lysis buffer (20 mM HEPES, pH 7.4, 150 mM NaCl,
1% Triton X-100, 4 mM EDTA, 4 mM EGTA, 10% glycerol, supplemented with protease
inhibitor cocktail [Roche]). Ten percent of the whole cell lysate was set-aside for Racl
loading control. To the remainder of the sample, 10 pg of Pakl PBD beads were added,
followed by a 45-minute incubation at 4°C. Beads were washed with lysis buffer and
subsequently brought up in Laemmli sample buffer. Activated (GTP-bound) Racl was
detected by immunoblot after affinity precipitation, and whole cell lysates were used as
loading controls.

For active Racl immunofluorescence staining, human monocyctes or BMDMs were
adhered, fixed and permeabilized, followed by primary staining with mouse anti-activated
Racl (New East Biosciences) and secondary staining with Alexa Fluor 488 Goat Anti-
Mouse IgM (Invitrogen). Corrected total cell fluorescence was quantified by ImageJ*°. Each
individual data point represents an average CTCF of 4 fields of view with at least 20 cells
per field of view.

Proximity Ligation Assay

To demonstrate a complex between RhoGDI and Racl in adhered BMDMSs, a proximity
ligation assay kit was used as per manufacturer protocols®#-56. Primary antibodies to
RhoGDI and Racl were used, and secondary antibodies were conjugated to oligonucleotides
for ligation and subsequent rolling circle amplification. Quantification of proximity ligation
signal was carried out using ImageJ*®. Each individual data point represents an average of 4
fields of view from 3 slides with at least 50 cells per field of view.

Serum Protein and Cholesterol Analysis

Yale Mouse Metabolic Phenotyping Center quantified serum total cholesterol, LDL, and
triglyceride concentrations, utilizing the Roche COBAS Mira Plus automated chemistry
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analyzer. IL-1p and TNF-a were measured in serum samples using ELISA kits (Biolegend)
according to manufacturer’s protocols.

RNA Isolation and gRT-PCR

RNA from BMDMS was isolated using RNeasy® Mini Kit (QIAGEN, Cat#74106). RNA
was quantified by NanoDrop 2000 (Thermo Scientific) and then reverse transcribed by
iScript (Bio-Rad, Cat#1708891) protocol for subsequent gRT-PCR of transcript expression.
GAPDH and HPRT expression were used for normalization.

Histology and Microscopy

Animals were euthanized, and tissue was perfusion fixed with 4% paraformaldehyde. Aortas
harvested and fixed for 12 hours with paraformaldehyde (4%, buffered neutral) overnight at
4°C. Aortas were then cleaned under dissection microscope. Traditional hematoxylin and
eosin (H&E), Masson’s trichrome, and Alizarin red staining protocols were performed on
10-um thick cross sections at the level of the aortic sinus, between 1400-1700 um from the
most inferior section of the valve tissue facing the left ventricular outflow tract.
Quantifications of plaque area, plaque collagen area, and calcium area were carried out
using ImageJ*®. Each individual data point represents the average quantification from 3
aortic valve sinuses taken from the 6-8 adjacent sections per slide of on aortic sinus. Some
ascending aortas (1-2 mm) at the level of the arch inferior to the brachiocephalic branch
were fixed for 12 hours with paraformaldehyde (4%, buffered neutral) overnight at 4°C.
Aortas were then cleaned under dissection microscope, placed in 30% Sucrose for up to 1
week, and embedded in Optimal Cutting Temperature (OCT) compound in pre-labeled
Cryomold squares (Tissue-Tek®) followed by dry ice for 10-15 minutes. Tissue was
sectioned at 10 um thickness by cryostat. After sectioning, slides were dried at room
temperature for 1-2 hours before immunostaining.

Sections (10 um thickness) were immunostained Cy3-conjugated anti-a.-smooth muscle
actin (Sigma-Aldrich, Cat#C6198), anti-alkaline phosphatase (Abcam, Cat#Ab65834), anti-
RUNX2 (Abcam, Cat#Ab76956), rat anti-mouse CD68 (BioLegend #137002), or mouse
anti-activated Racl (New East Biosciences, Cat#26903). Unconjugated primary antibody
staining was visualized with Goat Anti-Rat 1IgG H&L Cy5 (Abcam, Cat#Ab6565) and Goat
Anti-Mouse 1gG, IgM (H+L) AlexaFluor488 (Invitrogen, Cat#A10680). All sections were
counterstained with DAPI. Bright field and immunofluorescence microscopy of sectioned
tissue were carried out on a Nikon Eclipse 80i inverted microscope. Images were taken with
Nikon Plan Apochromat 2X (numerical aperture 0.1), 4X (numerical aperture 0.2), 10x
(numerical aperture 0.3), 20x (numerical aperture 0.75) objective lenses. Quantifications of
percent area positive activated Racl staining, RUNX2 staining, or ALP staining per plaque
were carried out using ImageJ#®. Each individual data point represents the average
quantification of each animal using the average area of images captured from 4-6 adjacent
sections per slide.

Plague Calcium and Lipid Quantification

One day prior to euthanasia, some animals underwent intraperitoneal injection with 2 nmol
of IRDye 680RD BoneTag Optical Probe (LI-COR, Cat#926-09374). Animals were
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euthanized, and tissue perfusion fixed with 4% paraformaldehyde (buffered neutral).
Thoracic aortas underwent microdissection and subsequently imaged ex vivo with the
Odyssey Imaging System (LI-COR). Calcification was quantified with Image Studio Lite
(LI-COR). Aortas were scanned using the following acquisition settings: 1) 700 nm intensity
of 3; 2) resolution of 21 microns; and 3) focus offset of 0 mm. Image LUTS scale was set
from a minimum of 50 to a maximum of 1500, with a k of 0.2. Calcification was quantified
by outlining the entire aorta as the region of interest and determining the ratio of signal
intensity to aorta area.

Plaque lipid burden was quantified in a subset of aortas by en face staining with Qil Red O
(Sigma) as previously described®’. Aortas were fixed overnight at 4°C in neutral buffered
4% paraformaldehyde in PBS, dissected luminal surface is exposed, and pinned to a silicon
plate. Aortas were then washed in PBS and then covered in propylene glycol for 2 minutes at
room temperature for dehydration. Aortas were covered by 0.5% Oil Red O in isopropanol
for 2 hours at room temperature and then washed in 85% propylene glycol and then in PBS
until background staining is cleared. Percent area positive for Oil Red O staining was
quantified using Image J4°.

Statistical analysis

Results:

All statistical data were analyzed with the use of Stata/SE (version 15.1; StataCorp LLC,
College Station, TX), Prism 7 (GraphPad) or R software version 3.3.1 (R Core Team).
Baseline demographics and clinical characteristics were compared between the cohort that
was not taking a statin and cohort taking a statin. Continuous variables were tested for
normality and equal variance using Shapiro-Wilk test for normality and one-way ANOVA to
test for equal variance. Results are presented as mean (standard error) for continuous
variables with normal distribution or equal variance and as median (interquartile range) for
continuous variables without normal distribution, and as number (percentage) for categorical
data. The ttest was used to compare normally distributed continuous variables between 2
independent groups. The Mann-Whitney U test was used for continuous variables not
normally distributed, and Chi-square test was used for categorical variables. Adjustment for
cardiovascular covariates was carried out using Stata. A 2-sided £ <0.05 was considered
statistically significant.

Statin treatment is independently associated with increased coronary calcification in
patients undergoing noncontrast lung cancer screening chest CT.

Table 1 defines the baseline demographics and clinical characteristics of the patient
population. We evaluated a total of 465 patients who had undergone lung cancer screening
computed tomography (LCSCT) between December 1, 2013 and March 31, 2014. All
patients were US Veterans with a mean age of 67 (SE: 0.3)-years-old. The majority of the
patients were Caucasian, male, and current smokers with an elevated cardiac risk as
evidenced by a mean atherosclerotic cardiovascular disease (ASCVD) score of 21.6 (SE:
0.6)%. The mean cholesterol was 177.6 (SE: 2.0) mg/dL and the median body mass index
(BMI) was 28.0 (1QI: 24.7, 31.9) kg/m2. Approximately 28% of the patients had a history of
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diabetes and 7% of patients had a family history of early CAD. Eighteen percent of patients
had known CAD; approximately 5% had prior myocardial infarction (MI) and 5% had prior
CABG. The median coronary artery calcification score (CACS) as determined LCSCT was
595 (IQI: 125, 1570).

Of the 465 patients, there were 283 (approximately 60%) patients on statin therapy
compared to 182 patients who were not taking a statin. Patients on statin therapy had been
taking statin for a median of 56 (IQI: 24, 96) months. When comparing those on statin
therapy with those not on statin therapy, the two groups were comparable in the percent of
patients that were current smokers and that had a family history of early CAD. Patients on a
statin were older, Caucasian, and with a higher BMI and had higher rates of hypertension,
diabetes, CAD, prior MI, and prior revascularization. Patients in the statin group also had
higher ASCVD risk scores with a median score of 23.7 (SE: 0.8) % compared to 18.4 (SE:
0.8) % (P <0.0001).

Patients on statin therapy had significantly higher CACS values with a median of 941 (1QI
276, 2104) compared to 307 (1QI 54, 814) (P <0.0001) (Table I and Fig. 1A,B). Coronary
artery calcification was significantly associated with statin treatment (p-coefficient = 855.4 +
141.2, P <0.0001) and remained significant after adjustment for comorbidities such as age,
BMI, DM, HTN, HLD, CAD and active smoking (p-coefficient = 610.1 + 158.6, P
<0.0001). For those without known CAD and after controlling for ASCVD score, statin use
was also significantly associated with coronary artery calcium (B-coefficient = 351.3 +
121.5, P <0.004).

Peripheral blood CD147CD16~ monocytes from patients on statin are associated with
increased Racl activation

To assess the impact of systemic statin treatment on monocyte Racl activity, we isolated
peripheral blood monocytes from a subset of patients either taking or not taking statin. After
isolation by negative selection, CD14*CD16~ monocytes, known as an inflammatory subset
of monocytes#*, demonstrated increased Racl activation by immunofluorescence staining
with an antibody specific to the GTP-bound (active) state of Racl (Fig. 1C,D).

Statin treatment of macrophages disrupted the isoprenyl-dependent complex between
RhoGDI and Racl.

To assess potential molecular mechanisms whereby statins may be permissive of or may
promote Racl activation and consequently atherosclerotic calcification, and given our access
to the relevant genetic strains, we moved to a mouse animal model for further /n vitroand in
vivo study. Racl is post-translationally modified by geranylgeranylation, which is known to
direct Rac1’s subcellular localization32. Geranylgeranyl diphosphate (GGPP) is downstream
of mevalonate in the cholesterol synthesis pathway, and thus GGPP synthesis can be
inhibited by statins. In addition, the primary regulator of Racl, Rho-specific guanine
nucleotide dissociation inhibitor (RhoGDI), maintains Racl in the inactive (GDP-bound)
state in the cell cytosol until Rac1 can be activated by a GEF3. Crystal structure analysis
demonstrates that the principle binding interaction of Rho-GDI and Racl involves a
lipophilic pocket that serves to hold the isoprenylation modification (Fig. 2A)8. We first
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sought to identify whether the complex between Racl and RhoGDI can be disrupted by
statin treatment. Briefly, bone marrow-derived macrophages (BMDMs) from Apo£~~ mice
were incubated with or without 10 pM atorvastatin, followed by proximity ligation assay to
assess the molecular complex formation between Racl and RhoGDI. Proximity ligation
assay demonstrated that the complex between Racl and RhoGDI in resting, vehicle control-
treated BMDMs was inhibited after a 24-hour atorvastatin treatment (Fig. 2B,C). Moreover,
loss of the Rac1-RhoGDI complex by statin treatment was rescued by isoprenyl precursors,
farnesyl diphosphate (FPP) and GGPP, but the Rac1-RhoGDI complex was not rescued by
the cholesterol synthesis precursor squalene. In summary, the association in macrophages
between Racl and its inhibitor, RhoGDI, can be inhibited by atorvastatin, and this inhibition
can be rescued by supplementation with isoprenyl precursors.

Macrophage treatment with statin led to increased Racl activation.

Next, we sought to determine whether treatment of primary mouse Apo£~~ BMDMs with
atorvastatin would lead to increased Racl activation analogous to the human monocytes
from patients on statin therapy. Using an activated Racl affinity precipitation assay, lysates
from BMDMs incubated with atorvastatin for 24 hours demonstrated significantly increased
levels of GTP-bound (active) Racl in an atorvastatin dose-dependent manner. (Fig. 3A,B).
Using the monoclonal antibody specific to activated-Racl, we confirmed that relative
immunofluorescence in ApoE~~ BMDMs treated with 10 pM atorvastatin was also
increased. (Fig. 3C,D). The increase in GTP-bound Racl caused by atorvastatin treatment
was prevented by isoprenyl precursor rescue, partially by FPP and completely by GGPP
(Fig. 3E,F). The cholesterol synthesis precursor squalene had no effect on the atorvastatin-
induced activation of Racl.

Macrophage treatment with statin led to an increase in IL-1p expression that could be
prevented by supplementation with isoprenyl precursors in a Racl-dependent manner.

We previously demonstrated that increased Racl activation is associated with increased
macrophage IL-1p expression in the setting of an inflammasome stimulation assay using a
combination of LPS-priming and cholesterol crystal exposure3®. Because statin treatment
increased activation of Racl, we sought to determine whether there were consequent
increases in IL-1B production. We evaluated IL-1p expression from ApoE~~ BMDMs
cultured under inflammasome stimulation conditions, involving LPS-priming with
cholesterol crystal exposure, in the setting or absence of atorvastatin (Fig. 4A,B). As
expected, we found BMDM IL-1 mRNA expression and mature IL-1p protein secretion
into the culture media to be increased in a manner specific to the combination of low dose
(10 ng/mL) LPS and cholesterol crystal exposure relative to either LPS or cholesterol crystal
exposure alone. Moreover, treatment of the Apo£ 7~ BMDMs with 10 pM atorvastatin
during the inflammasome stimulation led to significantly increased BMDM IL-1B mRNA
expression and mature IL-1f protein secretion. In order to confirm the specificity of this
statin-induced increase in IL-1p expression, we evaluated a second marker of general
inflammation, TNF-a,, and found that TNF-a expression was comparable between the
vehicle control-treated and statin treated samples both at the mRNA and secreted protein
levels (Fig. 4C,D). Finally, under conditions of the combination of low dose LPS and
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cholesterol crystal exposure, we demonstrated a statin concentration-dependent increase in
mature IL-1p secretion into the culture media (Fig. 4E).

NF-xB activation and reactive oxygen species (ROS) production are downstream effectors of
Rac1 activity that promote priming and activation of the NLRP3 inflammasome protein
complex that promotes IL-1p maturation28: 39 59, Therefore, we sought to assess the effects
of macrophage statin treatment on NF-xB activation and ROS production. Lysates from
statin-treated BMDMs cultured in the setting of inflammasome stimulation with low-dose
LPS priming coupled to cholesterol crystal exposure demonstrated increased NF-xB
activation but reduced ROS production (Fig. 4G,H).

Given that statin treatment can potentially influence the isoprenylation of multiple small
GTPases, we sought to understand whether the statin-induced increases in IL-1p expression
were dependent on Racl, specifically. We crossed mice that express a tamoxifen inducible
Cre recombinase in myeloid cells, CSFIR™MEM* \yith Rac1™ mice to create mice with
inducible macrophage deletion of Racl on an ApoE~~ background?6: 47. BMDMs from
ApPoE~~CSF1R™ ™" Rac1™ mice were treated with or without 4-hydroxytamoxifen (4-
OH) and then stimulated with low-dose LPS plus cholesterol crystal exposure in the absence
or presence of 10 UM atorvastatin along with isoprenyl and cholesterol synthesis precursors
(Fig. 4H,1). In the vehicle control treated BMDMs, the statin-dependent increase in IL-1
production could be reduced toward baseline with isoprenyl precursors, FPP and GGPP, but
not with cholesterol synthesis precursor, squalene, indicating the statin-induced increase in
IL-1pB secretion to be due to a loss of protein isoprenylation. Moreover, genetic deletion of
Rac1 abrogated the statin induced increase in IL-1p secretion and any effects of the
isoprenyl precursors at reducing IL-1p secretion, indicating that the statin induced increases
in IL-1 secretion were in fact dependent on Racl and specifically on Racl’s isoprenylation
state.

Mice fed a HFD supplemented with atorvastatin revealed comparable cholesterol profile
and lipid plaque burden.

We next sought to evaluate the effects of statin treatment on the ApoE

“~CSF1R™M* Rac1™f animal model of atherosclerosis. Vehicle control injected animals
were fed a high fat diet (20% by fat with 1.25% cholesterol) supplemented without (HFD) or
with atorvastatin (HFD+Statin) in the chow at a dose 60 mg/kg chow dry weight. A
subgroup of animals on HFD+Statin also underwent a tamoxifen injections (2 mg
intraperitoneally daily for 10 days) to induce myeloid Rac deletion prior to being fed in
order to assess the impact of macrophage Racl expression on the statin-induced phenotype
(HFD+Statin+mR1KO). All three groups (HFD, HFD+Statin, and HFD+Statin+mR1KO)
were fed for 18 weeks. Animals on HFD+Statin demonstrated similar serum lipid panels,
including total cholesterol, triglycerides, HDL, and LDL relative to animals on HFD (Fig.
5A-D). Animals on HFD+Statin+mR1KO demonstrated a modest increase in total
cholesterol, triglycerides, and LDL. Aortas were harvested from the three groups of mice
and demonstrated comparable levels of atherosclerotic lipid burden by en face Oil Red O
staining (Fig. 5E,F). Moreover, traditional histological sectioning and staining at the level of
the aortic sinus demonstrated comparable sinus plaque area and sinus plaque collagen area
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by hematoxylin and eosin and Masson’s trichrome staining in all three groups, HFD, HFD
+Statin, and HFD+Statin+mR1KO, whereas statin treatment demonstrated a Racl-
dependent increase in sinus plaque calcium area by Alizarin Red staining (Fig. 5G-J).

Mice fed a HFD supplemented with atorvastatin demonstrated myeloid Racl-dependent
elevations of global atherosclerotic calcification and of serum IL-1p protein.

Despite similarities of serum lipid panel and atherosclerotic lipid burden, there was
histological evidence of increased atherosclerotic calcification in the mice on HFD+Statin,
using Alizarin Red staining. We next assessed global levels of active atherosclerotic
calcification in the aortas of the mice using a commercially available near-infrared
conjugated bisphosphonate compound. Near-infrared conjugated bisphosphonate
compounds can bind to hydroxyapatite deposited by osteoblast-like cells during the
mineralization of calcium, allowing for ex vivo molecular imaging and quantification of the
calcification process®?: 61, Overall, the mice fed a HFD+Statin demonstrated increased aortic
atherosclerotic calcification relative to animals on HFD, and myeloid RacZ deletion
abrogated the effect, supporting the statin-induced increase in atherosclerotic calcification to
be Racl-dependent (Fig. 6A,B). Moreover, the serum from statin-treated animals
demonstrated Racl-dependent increases in IL-1f protein levels (Fig. 6C). This statin-
dependent increase in serum IL-1p appeared specific, whereas another general inflammatory
cytokine, TNF-a, was comparable between HFD, HFD+Statin, and HFD+Statin+mR1KO
treated animals (Fig. 6D).

Of note, sex was analyzed as a biological variable for lipid panel, serum IL-1, and near
infrared calcification imaging using ANOVA, and we found no sex-dependent changes in
our hands in this preclinical model, indicating that this type of Racl-dependent increase in
IL-1B and atherosclerotic calcification appears comparably relevant to both sexes
(Supplemental Fig. I).

Statin treatment demonstrated increased plaque expression of activated (GTP-bound)
Racl along with increased expression of osteogenic markers, ALP and RUNX2, in
atherosclerotic lesions.

The inner aortic arch neointimal lesions of animals fed a HFD+Statin demonstrated
increased expression of activated (GTP-bound) Racl which was abrogated by myeloid Racl
deletion, consistent with our /n vitro findings that statin induces activation of Racl in
macrophages (Fig. 7A,B). Finally, neointimal plaque staining for the osteoblast markers,
RUNX2 and alkaline phosphatase (ALP), were increased in the mice fed a HFD+Statin, and
this increase was abrogated by myeloid Rac deletion, consistent with a myeloid Racl-
dependent expression of these markers (Fig. 7C-F).

Discussion:

Calcification of atherosclerotic plaque is common in human disease and has been identified
as a marker of disease burden, and is associated with increased risk of cardiovascular
events? 3. However, recent data has demonstrated that the ultrastructure of calcium within
individual plagues may predict vulnerability in some situations whereas stability in others,
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indicating there are likely additional factors that couple with calcification to alleviate or
worsen risk3: 6-8.62_ Statins have had tremendous success as a family of therapeutic agents
that can reduce cardiovascular events, but there is accumulating evidence that these
pleiotropic effects are out of proportion to their lipid lowering effects, supporting the
possibility that additional molecular mechanisms are at play in the stabilization of
plaquel8-20, Moreover, there has been recent controversy over whether statins can influence
the calcium composition of atherosclerotic plaque with a growing pool of clinical data
demonstrating that high-intensity statins may in fact increase atherosclerotic plaque
calcification?1-26, The potential molecular mechanisms of how statins may influence plaque
calcification are largely unknown. In our database of patients who have undergone LCSCT,
statin use was independently associated with increased coronary calcification when adjusted
for other cardiovascular risk factors. Limitations of our clinical study include it being a
single site, retrospective analysis of primarily male veterans, increasing risk of a selection
bias. However, our findings are consistent with other clinical studies that demonstrate
increased plaque calcification with statin use, supporting the importance of further study in
this area?1-26,

Recently, we identified Rac signaling to be a critical mediator of macrophage IL-1p
expression and consequent IL-1B-mediated atherosclerotic calcification. To understand the
potential molecular mechanisms whereby statins may influence atherosclerotic plaque
calcification, we assessed the impact of statins on inflammatory monocyte Racl activity in
patients followed by more mechanistic studies of macrophage Racl activity and Rac-
mediated IL-1f expression in mice. Here we identified statin-induced inhibition of
macrophage Racl isoprenylation to be a critical mediator of its complex formation with
RhoGDl, resulting in increased Racl activation, increased activation of the Rac1 effector,
NF-kB, and consequently increased IL-1@ mRNA and mature protein production upon
stimulation of the NLRP3 inflammasome. The data are supported by the ability of FPP to
partially rescue and of GGPP to fully rescue the statin mediated effects on Racl activity and
IL-1B expression, whereas squalene, which lies downstream of FPP in the cholesterol
synthesis pathway, was unable to mitigate the statin mediated effects. Though statins are
known to reduce the isoprenylation state of multiple Rac family members, conditional Racl
knockdown, using an inducible myeloid specific promoter for Cre recombinase expression
crossed with a loxP flanked Racl, confirmed the statin-mediated effect on IL-1p expression
to be specific to macrophage Racl isoprenylation.

Moreover, our /in vivo studies using animals with inducible myeloid Rac1 deletion and HFD
supplemented with atorvastatin further demonstrate statin use to be a determinant for the
degree of atherosclerotic plaque calcification in a macrophage Racl-dependent manner. We
chose a dose of statin in the chow that appeared to impact the immune response but did not
impact chronic lipid metabolism as cholesterol and plaque lipid burden were relatively
similar between treatment groups. The estimated daily mouse ad /ibitum dosing of
atorvastatin at 6 mg/kg was near the recommended high intensity statin dosing for humans
(1.07 mg/kg), and consistent with other studies that suggest a higher dose is required to have
a more significant impact on cholesterol and atherosclerosis burden in mice fed this type of
high fat diet for over 20 weeks®3. Importantly, this statin dose was associated with increased
circulating IL-1p expression and increased plaque ALP and RUNX2 expression, consistent
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with our prior studies demonstrating that increased IL-1p expression appears to trigger an
osteoblast-like differentiation of vascular smooth muscle cells leading to calcifying
plaque3®. Prior literature supports that a close association between inflammatory
macrophages and calcifying vascular cells appears required to activate vascular smooth
muscle cell to osteoblast-like phenotypic conversion, and a number of those studies involve
macrophage-secreted factors like TNF-a, or in the case of our prior study, 1L-183% 64-69 |n
our previous work, increased vascular smooth muscle cell osteogenic transcription factor
expression, including RUNX2, SOX9, OSX, and MSX2, in response to IL-1p raised the
question of possible directs mechanism of IL-1R signaling in the promotion of an osteogenic
program in mesenchymal cells3®. Further studies are required to address the molecular
mechanisms that determine the IL-1p responsiveness along with consequent changes in gene
programing in vascular smooth muscle cells /n vivo. Here, we focused on mechanisms
upstream of IL-1p that may be impacted by statin therapy, specifically Rac1-dependent
IL-1pB expression.

Our mechanistic study outlines a critical upstream signaling mechanism that may provide a
fundamental understanding of the potential impact of statin therapy on immune responses
within the plaque. Because statins are associated with reduced outcomes and plaque
stabilization, the question naturally arises as to whether both Rac1-dependent IL-1p
expression and atherosclerotic calcification are “good” or “bad”, forcing us to re-evaluate
this binary perception of neointimal inflammation and calcification in the context of both the
heterogeneous nature of plaques and the overall patient risk. In our prior studies of
atherosclerotic calcification, we had found elevated levels of ROS associated with elevated
Rac-I1L-1p signaling, whereas in the setting of statin use, ROS production was reduced,
consistent with other studies demonstrating a statin-mediated reduction of ROS7%-72, It is
possible that while some aspects of the immune response are elevated, others are blunted and
the summation is a plaque with altered phenotypic features that favor reduced vulnerability
to rupture.

Traditionally, plaque inflammation and calcification have been considered to be biologic
processes associated with increased atherosclerotic plaque vulnerability and adverse
cardiovascular events, but a number of recent studies have demonstrated that the relationship
between statins, inflammation, and calcification may be much more complicated. The
CANTOS trial recently demonstrated a significant reduction in secondary cardiovascular
events with inhibition of the potent inflammatory cytokine, interleukin-1p (I1L-1p),
supporting the inflammation hypothesis of atherosclerosis’3. However, it is important to note
that the overall benefit to all-cause and cardiovascular mortality was restricted to a subset of
patients who achieved reductions in the systemic inflammation marker, hsCRP74. Moreover,
93.4% of patients in the CANTOS trial were already on lipid lowering therapy, a majority of
which were statins, indicating that the results of the CANTOS trial reflect, in part, the
addition of systemic IL-1p inhibition to systemic statin therapy. In addition, there has been
some recent evidence that certain types of densely calcified plaques are associated with more
stable disease and that statin use may be associated with expansion of this densely calcified
stable plaque phenotype3 6-10.22,25,26  Adding to the controversy, there is growing data in
preclinical models that IL-1p antibody treatment (in absence of statin therapy) causes
plaques with decreased lesion size but remodeling of the fibrous cap with increased
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macrophage content in a manner consistent with histological features of an increased
vulnerable plague phenotype’®. This vulnerable histological phenotype has been supported
by global and smooth muscle cell selective /L-1R gene knock down models as well”>-77,
Clearly, these conflicting studies around IL-1p indicate a need for more research dedicated
to understanding the key cellular players and cellular signaling events involved in IL-1p-
IL-1R signal-mediated atherosclerotic calcification both in the presence and absence of
statin therapy, as overlapping pathways albeit with some likely variations analogous to the
changes we identified with regard to ROS may be involved.

One major limitation to basic research in this area has been the lack of a standardized small
animal model for plaque rupture that allows further dissection of potential molecular
mechanisms determining plaque vulnerability. Thus, we are not able to comment on whether
this statin-mediated mechanism of increased calcification in the setting of reduced ROS
production can lead to plaque stabilization. Similar questions can be raised about inhibiting
IL-1B and/or consequent IL-1R signaling in animal models leading to alterations in the
histological features of plaque.

In summary, we find that statin use is independently associated with increased calcification
in patients, and using an animal model of hypercholesterolemia, we present the first
potential molecular mechanism whereby statins may promote calcification of atherosclerotic
plaque through macrophage Racl-dependent IL-1p expression. Modulation of Racl-
dependent IL-1f expression to influence plaque calcium composition and ultimately plaque
phenotype may help pave the way for the development of a novel therapeutic strategy that
can mitigate cardiovascular risk, as inhibitors of Racl and IL-1p already exist and some are
already in use in clinical practice.
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CAD
CD68
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DMSO
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FPP
GDI
GDP
GEF
GGPP
GTP
HFD
HMCOA
IL-18
IL-IR
LCSCT
LPS
MI
NF-xB
NLRP3
PLA
RhoGDI
ROS
SMA
sMC

TNF-a

Coronary artery calcification score
Coronary artery disease

Cluster of Differentiation 68

Computed tomography

4’ 6-diamidino-2-phenylindole
Dimethyl sulfoxide

Enzyme-linked immunosorbent assay
Farnesyl diphosphate

GDP-dissociation inhibitor

Guanosine diphosphate

Guanine nucleotide exchange factor
Geranylgeranyl diphosphate

Guanosine diphosphate

High fat diet (20%) supplemented by 1.25% cholesterol
3-hydroxy-3-methylglutaryl coenzymeA
Interleukin-1 beta

Interleukin-1 Receptor

Lung cancer screening CT
Lipopolysaccharide

Myocardial infarction

Nuclear factor kappa-light-chain-enhancer of activated B cells

NACHT, LRR and PYD domains-containing protein 3
Proximity ligation assay

Rho GDP-dissociation inhibitor

Reactive oxygen species

Smooth muscle actin

Smooth muscle cell

Tumor necrosis factor alpha
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Highlights
. Statin therapy is associated with higher coronary artery calcium scores and

increased macrophage Racl activity in patients.

. Statins disrupt the complex between Racl and its primary inhibitor, RhoGDI,
in macrophages, leading to Racl activation and Racl-dependent IL-18
expression.

. During experimental atherosclerosis, statin therapy leads to macrophage
Racl-dependent increases in IL-1p and atherosclerotic plaque calcification.
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Figure 1. Statin treatment is associated with increased coronary calcification and peripheral
blood CD147CD16~ monocytes from patients on statin are associated with increased Rac1l
activation.

(A) CACS for each patient along with median and interquartile ranges for patients not taking

statin (No statin, gray circles) vs. patients taking statin (Statin, gray squares) (***, P=0.0001
Mann-Whitney U; 7=182 no statin and /7=283 statin). (B) Example of differences in
coronary calcium from patients of similar age not taking (No statin) or taking statin (Statin),
using LCSCT axial images at the level of proximal left anterior descending coronary artery
(LAD, yellow arrows) with total CACS of 283 and 412, respectively. Bar, 3 cm. (C)
Immunofluorescent micrographs from CD14* CD16~ monocytes isolated from patients not
taking statin (No statin, gray circles) vs. patients taking statin (Statin, gray squares) stained
with antibody specific to activated Racl (green). Counterstaining with DAPI (blue). Bar, 50
um. Quantification of Corrected Total Cell Fluorescence (CTCF) for activated Racl (**,
P=0.029 Mann-Whitney U; No statin, 7=8 patients; Statin, /7=16 patients).
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Figure 2. Statin treatment of primary bone derived marrow macrophages (BMDMs) disrupts the
isoprenylation-dependent complex between Rho-GDI and Racl.

(A) Ribbon diagram modeling the interaction between GDP-bound (inactive) Racl and Rho-
GDI. Yellow arrow denotes the isoprenyl group sitting in a hydrophobic pocket.
Hydrophobic amino acids labeled in green. (B) Micrographs of Apo£~~ BMDM s incubated
with vehicle control (DMSQ) or with atorvastatin (10 pM) without or with either FPP (5
uM), GGPP (5 uM), or squalene (5 uM) for 24 hours, followed by proximity ligation assay
to detect the Rho-GDI-Racl complex (red signal). Counterstaining with DAPI (blue). Bar,
50 pm. (C) Quantification of PLA signal from conditions in panel C (***, P<0.0001
ANOVA,; n=6 biological replicates from 3 mice). Quantitative data are displayed as mean +
SD.
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Figure 3. Statin treatment of BMDMs led to an isoprenylation-dependent increase in Racl
activation.

(A) Rac1 immunoblots from lysates of ApoE~~ BMDMs incubated with the indicated
concentrations of atorvastatin for 24 hours, after which active (GTP-bound) Racl was
affinity precipitated by PBD pulldown assay. (B) Densitometry quantification of the relative
activated (GTP-bound) Rac1 to total Racl in lysates from panel A (**, P<0.0002; n=5
biological replicates from 5 mice; 3 male and 2 female). (C) Micrographs from BMDMs
treated with atorvastatin (10 pM) and stained with antibody specific to activated (GTP-
bound) Rac1 (green). Counterstaining with DAPI (blue). Bar, 50 um. (D) Quantification of
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the Corrected Total Cell Fluorescence (CTCF) for active Raclfrom conditions in panel C
(***, P<0.0001 t-test; n=6 biological replicates from 3 mice; 2 male and 1 female). (E) Racl
immunoblots from lysates of ApoE~~ BMDM s incubated with vehicle control (DMSO) or
atorvastatin (10 uM) without or with either FPP (5 uM), GGPP (5 uM), or squalene (5 M)
for 24 hours, after which GTP-bound Racl was affinity precipitated by PBD pulldown. (F)
Densitometry quantification of the relative active (GTP-bound) Rac1 to total Racl in lysates
from panel E (**, P<0.0001; n=4 biological replicates from 4 mice; 2 male and 2 female).
Quantitative data are displayed as mean + SD.
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Figure 4. Statin treatment of BMDM s led to an Racl isoprenylation-dependent increase in IL-1p

expression.

(A) ApoE~~ BMDMs were pretreated for 24 hours with or without atorvastatin (10 pM) and
then primed with or without LPS (10 ng/ml) followed by exposure to cholesterol crystals
(1000 pg/mL) or vehicle control for another 24 hours, and cell lysates underwent real-time
PCR quantification of IL-18 mRNA (***, P<0.0001 ANOVA; =6 biological replicates from
6 mice; 3 male and 3 female). (B) ApoE 7~ BMDMs were treated as in (A) followed by by
ELISA on culture supernatants for IL-1p (***, P<0.0001 ANOVA; =6 biological replicates
from 6 mice; 3 male and 3 female). (C) ApoE”~ BMDMs were treated as in (A) followed by
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real-time PCR quantification of TNF-a. mRNA from cell lysates. (D) ApoE”~ BMDMs
were treated as in (A) followed by ELISA on culture supernatants for TNF-a. (E) Resting or
LPS-primed (10 ng/ml) ApoE~~ BMDMs were treated with or without 1000 pg/mL
cholesterol crystals for 24 hours in the setting of indicated atorvastatin concentrations
followed by ELISA on culture supernatants for IL-1p (**, P<0.0001 ANOVA,; =6
biological replicates from 6 mice; 3 male and 3 female). (F) Relative luciferase activity in
lysates from BMDM s transfected with a NF-xB responsive luciferase construct and the
treated with vehicle control (DMSO) or atorvastatin (10 pM) for 24 hours (*, P<0.05 t-test;
=6 biological replicates from 6 mice; 3 male and 3 female). (G) Relative luminescence as a
measure of ROS production in BMDMs treated with vehicle control (DMSO) or atorvastatin
(10 uM) for 24 hours (***, P<0.0001 t-test; /7=6 biological replicates from 6 mice; 3 male
and 3 female).

(1) BMDMs from ApoE”~CSFIR™MRac1™ mice were treated with vehicle control or
atorvastatin (10 uM) with or without either FPP (5 uM), GGPP (5 uM), or squalene (5 uM)
supplementation for 24 hours with or without 4-hydroxytamoxifen (4-OHT) to induce Racl
deletion and then were primed with or without LPS (10 ng/ml) and exposed to cholesterol
crystals (1000 pug/mL) or vehicle control for 24 hours followed by ELISA on culture
supernatants for IL-1p (**, P=0.0001; /=6 biological replicates from 3 mice; 2 male and 1
female). Quantitative data are displayed as mean + SD.
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Figure 5. ApoE /~CSF1RMMRac1 1/l mice fed a HFD supplemented with atorvastatin revealed
comparable cholesterol profile and plaque burden relative to those on HFD alone.

Serum total cholesterol (A), triglycerides (B), HDL (C), and LDL (D) concentrations after
18 weeks of HFD, HFD+Statin or HFD+Statin+mR1KO (**, P<0.002, ***, P<0.001 relative
to HFD by ANOVA; =12 mice; 6 male and 6 female). (E) En face Oil Red O lipid staining
of aortic whole mounts after 18 weeks of HFD, HFD+Statin, or HFD+Statin+mR1KO, along
with quantification (F) of percent aortic area stained positive for Oil Red O. Bar, 3mm. (G)
Standard histology stained for hematoxylin and eosin, Masson’s trichrome, and Alizarin red
of adjacent aortic sinus sections at the level of the aortic valve after 18 weeks of HFD, HFD
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+Statin, or HFD+Statin+mR1KO. Bar, 200 um. (H) Quantification of average aortic plaque
area by hematoxylin and eosin. () Quantification of percent plaque area staining positive for
collagen by Masson’s trichrome. (J) Quantification of percent plaque area staining positive
for Alizarin red. (*, P=0.012 by ANOVA; =6 mice; 3 male and 3 female). Quantitative data
are displayed as mean + SD.
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Figure 6. ApoE /~CSFIRMMRac1f/l mice fed a HFD supplemented with atorvastatin
demonstrate Racl dependent increases in both atherosclerotic calcification and systemic I1L-1B
expression.

(A) Ex vivo near-infrared calcium imaging from mice on normal chow (NC), HFD, HFD

+Statin or HFD+Statin+mR1KO for 18 weeks along with quantification (B) of calcification
signal relative to total aorta area (***, P<0.0001 relative to NC by ANOVA; , P<0.0001
relative to all others by ANOVA,; 7= 12 mice; 6 male and 6 female). (C) Serum IL-1p
concentrations by ELISA from ApoE™~CSFIR™MRac1 mice after 18 weeks of NC,
HFD, HFD+Statin or HFD+Statin+mR1KO (***, P<0.0001 relative to NC by ANOVA; ¢,
P=0.005 relative to all others by ANOVA; 7= 12 mice; 6 male and 6 female). (D) Serum
TNF-a concentrations by ELISA from ApoE~”~CSFIR™MRac1™ mice after 18 weeks of
NC, HFD, HFD+Statin or HFD+Statin+mR1KO (***, P<0.0001 relative to NC by ANOVA,;
=12 mice; 6 male and 6 female). Quantitative data are displayed as mean + SD.
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Figure 7. ApoE /~CSFIRMMRac1f/l mice fed a HFD supplemented with atorvastatin
demonstrate Racl dependent increases activated Racl, ALP, and RUNX2 expression.

(A) Immunofluorescence micrographs of neointimal lesions in the ascending aortic arch
lesser curvature of ApoE7~CSF1R™MRac1™ mice fed HFD, HFD+Statin or HFD+Statin
+mR1KO for 18 weeks that were stained for GTP-bound (activated) Racl (green) and CD68
(red). Nuclei counterstained with DAPI (blue). Bar, 50 pm. (B) Quantification of percent
plaque area staining positive for activated Racl expression in aortic arch plaques from A
(**, P<0.005 relative to others by ANOVA; 17=6 animals; 3 male and 3 female). (C)
Immunofluorescence micrographs of neointimal lesions derived as described in (A) that
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were stained for ALP (green) and SMA (magenta). Nuclei counterstained with DAPI (blue).
Bar, 50 um. (D) Quantification percent plaque area staining positive for ALP expression (*,
P<0.05 relative to others by ANOVA; =6 ; 3 male and 3 female). (E) Immunofluorescence
micrographs of neointimal lesions derived as described in (A) that were stained for RUNX2
(green) and SMA (magenta). Nuclei counterstained with DAPI (blue). Bar, 50 um. (F)
Quantification percent plaque area staining positive for RUNX2 expression (**, P<0.005
relative to others by ANOVA; /7=6; 3 male and 3 female). Quantitative data are displayed as
mean = SD.
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Baseline Demographics and Clinical Characteristics of Patients.
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All Patients (N= 465)

No Statin (n=182)

Statin (n=283) P Value

Age, years, mean (SE) 67 (0.3) 65 (0.6) 68 (0.4) 0.0004
BMI, median (1Q1) 28.0 (24.7, 31.9) 26.8(24.3,30.3)  28.8(25.1,33.0) 0.0006
Male, n (%) 453 (97.2) 173 (95.0) 280 (98.9) 0.01
Caucasian, n (%) 435 (93.3) 159 (87.3) 276 (97.5) <0.0001
African American, n (%) 22 (4.7) 17(9.3) 5 (1.76) <0.0001
Diabetes Mellitus, n (%) 131 (28.1) 26 (14.2) 105 (37.1) <0.0001
Hypertension, n (%) 281 (60.3) 91 (50.0) 190 (67.1) <0.0001
Hyperlipidemia, n (%) 334 (71.6) 77 (42.3) 257 (90.8) <0.0001
Total Cholesterol, mean (SE) 177.6 (2.0) 187.6 (3.2) 171.1 (2.5) 0.0001
HDL Cholesterol, median (1Q1) 42 (26, 50) 43 (37, 55) 41 (36, 48) 0.0071
Statin Use, n (%) 283 (60.8)
Current Smoker, n (%) 221 (47.4) 95 (52.1) 126 (44.5) 0.106
Family History of Early CAD, n (%) 33(7.0) 14 (7.6) 19 (6.7) 0.688
CAD, n (%) 83 (17.8) 14 (7.6) 69 (24.3) <0.0001
Prior MI, n (%) 24 (5.1) 4(2.1) 20 (7.0) 0.021
Prior CABG, n (%) 25 (5.3) 2(1.0) 23(8.1) 0.001
ASCVD Risk Score, mean (SE) 21.6 (0.6) 18.4 (0.8) 23.7(0.8) <0.0001

CACS, median (IQI)

595 (125, 1570)

307 (54, 814)

941 (276, 2104)  <0.0001

BMI = body mass index; CAD = coronary artery disease; Ml = myocardial infarction; CABG = coronary artery bypass graft surgery; ASCVD =
atherosclerotic cardiovascular disease; CACS = coronary artery calcium score.
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