PLOS ONE

Check for
updates

G OPEN ACCESS

Citation: Gruber EJ, Aygun AY, Leifer CA (2021)
Macrophage uptake of oxidized and acetylated low-
density lipoproteins and generation of reactive
oxygen species are regulated by linear stiffness of
the growth surface. PLoS ONE 16(12): e0260756.
https://doi.org/10.1371/journal.pone.0260756

Editor: Andreas Zirlik, Medizinische Universitat
Graz, AUSTRIA

Received: April 28, 2021
Accepted: November 16, 2021
Published: December 16, 2021

Copyright: © 2021 Gruber et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.

Data Availability Statement: All relevant data are
within the manuscript and its Supporting
information files.

Funding: This work was supported by the
American Association of Immunologists Careers in
Immunology Fellowship Program to EG and CL,
National Institutes of Health [T320D011000] to EG,
and the Center for Vertebrate Genomics to CL. The
content is solely the responsibility of the authors
and does not necessarily represent the official
views of the National Institutes of Health. The

RESEARCH ARTICLE

Macrophage uptake of oxidized and
acetylated low-density lipoproteins and
generation of reactive oxygen species are
regulated by linear stiffness of the growth
surface

Erika J. Gruber"®, Ali Y. Aygun, Cynthia A. Leiferc *

Department of Microbiology and Immunology, College of Veterinary Medicine, Cornell University, Ithaca, New
York, United States of America

a Current address: Department of Population Medicine and Pathobiology, College of Veterinary Medicine,
North Carolina State University, Raleigh, North Carolina, United States of America
* Cynthia.leifer@cornell.edu

Abstract

Macrophages are key players in the development of atherosclerosis: they scavenge lipid,
transform into foam cells, and produce proinflammatory mediators. At the same time, the
arterial wall undergoes profound changes in its mechanical properties. We recently showed
that macrophage morphology and proinflammatory potential are regulated by the linear stiff-
ness of the growth surface. Here we asked whether linear stiffness also regulates lipid
uptake by macrophages. We cultured murine bone marrow-derived macrophages (BMMs)
on polyacrylamide gels modeling stiffness of healthy (1kPa) and diseased (10-150kPa)
blood vessels. In unprimed BMMs, increased linear stiffness increased uptake of oxidized
(oxLDL) and acetylated (acLDL) low density lipoproteins and generation of reactive oxygen
species, but did not alter phagocytosis of bacteria or silica particles. Macrophages adapted
to stiff growth surfaces had increased mRNA and protein expression of two key lipoprotein
receptors: CD36 and scavenger receptor b1. Regulation of the lipoprotein receptor, lectin-
like receptor for ox-LDL, was more complex: mRNA expression decreased but surface pro-
tein expression increased with increased stiffness. Focal adhesion kinase was required for
maximal uptake of oxLDL, but not of acLDL. Uptake of oxLDL and acLDL was independent
of rho-associated coiled coil kinase. Through pharmacologic inhibition and genetic deletion,
we found that transient receptor potential vanilloid 4 (TRPV4), a mechanosensitive ion chan-
nel, plays an inhibitory role in the uptake of acLDL, but not oxLDL. Together, these results
implicate mechanical signaling in the uptake of acLDL and oxLDL, opening up the possibility
of new pharmacologic targets to modulate lipid uptake by macrophages in vivo.

Introduction

Atherosclerosis is a major underlying cause of cardiovascular diseases including stroke, coro-
nary artery disease, and peripheral artery disease. Now widely understood as a chronic
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inflammatory disease, atherosclerosis develops due to progressive accumulation of cholesterol-
rich low-density lipoproteins (LDL) and immune cells within the arterial wall that eventually
form lipid-rich plaques [1]. The arterial wall undergoes extensive remodeling of the extracellu-
lar matrix (ECM) resulting in the characteristic global increase in arterial stiffness and focal
regions of decreased stiffness [2-4].

Macrophages are the predominant immune cell type in atherosclerotic plaques, and scav-
enge infiltrating native low-density lipoprotein (LDL), as well as the oxidized (oxLDL) and
acetylated (acLDL) forms that are cytotoxic and pro-inflammatory [5]. Uptake of oxLDL and
acLDL occurs via multiple mechanisms, including phagocytosis and micropinocytosis; how-
ever receptor-mediated endocytosis is the dominant mechanism [6, 7]. Key receptors include
scavenger receptor (SR)A, SRb1, CD36, and lectin-like oxidized LDL receptor-1 (LOX-1) [8-
13]. Continued internalization of LDLs causes the formation of proinflammatory foam cells
that secrete cytokines (e.g. tumor necrosis factor [TNF]o.), generate reactive oxygen species
(ROS), and eventually undergo necrosis to promote progression of disease [5, 14, 15]. Foam
cells are central to plaque development in the ApoE”~ mouse model of atherosclerosis [7, 16].
Because macrophages have a high degree of functional plasticity in response to microenviron-
mental cues, modulation of macrophage function has been proposed as a therapeutic mecha-
nism to slow or reverse atherosclerosis [17, 18].

Arterial stiffness changes (measured by Young’s modulus of elasticity (pascals; Pa)) precede
hypertension, and in patients with hypertension, atherosclerosis is associated with higher risk
of death [19-21]. Regional differences in plaque occur in part due to ECM remodeling and
result in stiffnesses that vary from soft lipid-rich areas (1-5 kPa) to stiff cellular fibrotic areas
(10-14 kPa) to very stiff hypocellular fibrous cap regions up to 250kPa [3]. In a mouse model
of atherosclerosis, increased arterial stiffness also precedes plaque development, and reduction
of tissue stiffness reduces the accumulation of lipid-laden macrophages in the atherosclerotic
plaque and subsequent plaque development [19, 22]. Global arterial stiffening increases vascu-
lar permeability and leukocyte transmigration and may increase the risk of cardiovascular dis-
ease [23].

In vitro growth substrates, such as polyacrylamide gels, can be adjusted to different stiff-
nesses to interrogate the role of stiffness in regulating cell function [24, 25]. We recently
showed that macrophages on soft 1kPa polyacrylamide gels were more pro-inflammatory in
response to toll-like receptor (TLR) activation compared to macrophages on gels of higher
stiffness. Inhibition of rho-associated coiled coil kinase (ROCK1/2), a key mechanotransduc-
tion kinase that regulates diverse functions including cell migration, proliferation, and sur-
vival, enhanced TLR signaling and release of TNFa. [26, 27]. Other groups have shown that
increased linear stiffness correlates with enhanced lipopolysaccharide (LPS)-induced macro-
phage phagocytosis [28, 29]. Yet, the extent to which linear stiffness of the growth substrate
regulates macrophage uptake of lipid is not well understood.

In this study, we evaluated the role of linear stiffness in regulating three major macrophage
functions involved in the pathogenesis of atherosclerosis: phagocytosis, uptake of oxLDL and
acLDL, and generation of ROS. We show that although phagocytosis by unprimed macro-
phage was unaffected by differences in linear stiffness, accumulation of both acLDL and
oxLDL were profoundly affected. Stiffness-dependent increases in lipid accumulation corre-
lated with increased surface expression of the lipoprotein uptake receptors CD36, SRb1, and
LOX-1. Uptake of oxLDL was independent of ROCK1/2, but dependent on the major
upstream signaling hub, focal adhesion kinase (FAK). In contrast, uptake of acLDL was inde-
pendent of both ROCK1/2 and FAK. The mechanosensitive calcium ion channel, transient
potential vanilloid-4 (TRPV4), which has been implicated in regulation of oxLDL uptake, neg-
atively regulated the uptake of acLDL. Finally, we show ROS production is increased in both
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unstimulated and oxLDL-treated macrophages on stiff surfaces. Together, these findings iden-
tify mechanoregulatory mechanisms that differentially govern the uptake of acLDL and
oxLDL.

Materials and methods

Reagents

Alexa Fluor 594-conjugated BioParticles™ synthesized from killed Escherichia coli (K-12
strain), Staphylococcus aureus (Wood strain without protein A), and Zymosan A (Saccharomy-
ces cerevisiae) were from ThermoFisher Scientific (Waltham, MA). Silica beads were from Kis-
ker Biotech (Moffat Beach, Queensland) and labeled with DQ Green BSA (ThermoScientific)
as described [30]. Unlabeled oxLDL (lot number 910G18A), along with 1,1’-dioctadecyl-
3,3,3’,3’-tetramethyl-indocarbocyanine perchlorate (Dil)-labeled acLDL (fl-acLDL; J65597; lot
numbers 920C18A, 902F18A) and oxLDL (fl-oxLDL; J64164; lot numbers 920C18A, 902F18A)
were from Alfa Aesar (Tewksbury, MA). Inhibitors of ROCK1/2 (Y-27632), FAK (PF-573228),
and TRPV4 (HC-067047 and GSK2193874) were from Sigma-Aldrich (St. Louis, MO), and
used at the indicated concentrations. Primary antibodies were against murine CD36 (monoclo-
nal Armenian hamster; BioLegend; San Diego, CA), SRb1 (polyclonal rabbit; Novus biologicals;
Littleton CO), and LOX-1 (polyclonal rabbit; abcam; Cambridge, MA). Dihydroethidium
(DHE) was from ThermoFisher Scientific (Waltham, MA).

Animals and cell culture

Murine (Mus musculus) primary bone marrow-derived macrophages (BMM) were generated
from the femurs and tibias from 8-12 week old male wild type C57B/6 mice (WT; Jackson
Laboratory, Bar Harbor, ME) or TRPV4 knockout C57B/6 mice (TRPV4-/-; originally gener-
ated by Suzuki et al. and kindly provided by Dr. David Zhang) [31, 32]. Bone marrow cells
were plated at 0.8 x 10° cells/ml in 10cm non-tissue culture-treated petri dishes in DMEM sup-
plemented with 2 mM L-glutamine, 50 U/ml penicillin, 50 pg/ml streptomycin, 10% L cell con-
ditioned media (v/v), and 10% low endotoxin FBS (v/v) (complete media) and cultured at
37°C in a humidified incubator with 5% CO,. BMMs were detached with 0.25% trypsin (Corn-
ing CellGro, Tewksbury, NY, USA), as needed. Cell viability was >95% (trypan blue exclusion)
and cells were enumerated with a hemacytometer. Recovered cells were routinely >99% mac-
rophages, as determined by F4/80 staining. All animal experiments were approved by Cornell
University’s Institutional Animal Care and Use Committee (Animal Welfare Assurance
A3347-01). Cornell University is accredited by the Association for Assessment and Accredita-
tion of Laboratory Animal Care International.

Preparation of polyacrylamide gels

Polyacrylamide gels of uniform thickness were prepared as described [26]. Briefly, polyacryl-
amide mixtures were prepared using stiffness-specific ratios of bisacrylamide:acrylamide in
HEPES (14mM), and polymerized with tetramethylethylenediamine (0.0054%) and ammo-
nium persulfate (0.05%) [25]. After polymerization, PA gels were coated with sulfa-SANPAH
(sulfosuccinimidyl 6-(4’-azido-2’-nitrophenylamino)hexanoate) (0.2mg/mL, Sigma), and
crosslinked with ultraviolet light for 10 minutes. Covalent binding of fibronectin (20pg/ml,
Corning, Bedford, MA) to the gel surfaces was achieved with overnight incubation at 4°C.
Lastly, PA gels were equilibrated in complete media at 37°C for 1 hour prior to cell
attachment.
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Table 1. Primer sequences for qPCR.

Gene

18S [33]
LOX-1
CD36 [34]
SRA

SRB1
LDL-R
ABCAL [35]
ABCG1

https://doi.org/10.1371/journal.pone.0260756.t001

Phagocytosis assay and microscopy

4 x 10A5 BMMs were transferred to fibronectin-coated PA gels (1kPa, 20kPa, 150kPa) or fibro-
nectin-coated glass for 24 hours. Fluorescently labeled silica beads or microbial BioParticles™
were opsonized by incubating with mouse serum 30 minutes at 37°C on an orbital rotator.
Beads and Bioparticles™ were washed in sterile phosphate buffered saline (PBS), quantified on
a hemacytometer, and added to the macrophages at a ratio of 3:1 (beads) or 10:1 (Bioparti-
cles™). The assay was synchronized with a two-minute centrifugation at 400 x g and cells were
incubated at 37°C for the indicated times. Coverslips were rinsed in PBS, fixed in 3% parafor-
maldehyde (PFA) in PBS, permeabilized in 0.1% Triton-X, and blocked with 1% bovine serum
albumin (BSA; Affymetrix) in PBS. BMMs were incubated with Alexa Fluor 488-phalloidin
(165nM, ThermoFisher) in 1% BSA (w/v) in PBS for 20 minutes at 22°C to stain filamentous
actin. Coverslips and PA gels were mounted onto glass slides with Prolong Anti-Fade with
DAPI (ThermoFisher Scientific). Slides were imaged with an Axio Imager M1 microscope
(Zeiss, Thornwood, USA) and an Axiocam MRm (Zeiss). A minimum of 50 phagocytic cells
on each surface were analyzed; the number of particles per cell was quantified using Cell

Counter plugin in Image] software (open source).

RNA purification and quantitative real-time PCR (qPCR)

Total RNA was isolated and purified with TRIzol according to the manufacturer’s instructions
(Thermo Fisher Scientific, Waltham, MA). RNA was quantified by spectrophotometry (Qua-
well Q3000, Palo Alto, CA). Residual genomic DNA was digested with DNase I (Invitrogen,
Carlsbad, CA), and cDNA was synthesized using SuperScript III reverse transcriptase reagents
(Invitrogen) according to the manufacturer’s instructions in a thermocycler (BioRad MyCy-
cler, Hercules, CA).

Quantitative real-time PCR (qPCR) was performed in duplicate using Power SYBR Green
master mix reagent (Applied Biosystems by Life Technologies) according to the manufactur-
er’s instructions on an Applied Biosystems 7500 Fast Real-Time PCR System (Life Technolo-
gies) in standard mode. Cycle parameters were: 1 cycle at 50°C for 2 min, 1 cycle at 95°C for
10 min, then 40 cycles at 95°C for 15 sec and 60°C for 1 min. Relative gene expression was
calculated with the AACt method using 18S as the reference housekeeping gene. Primer
sequences are listed in Table 1. Unless otherwise indicated, primers were designed with the
Integrated DNA Technologies Realtime PCR Tool. All primers were purchased from Inte-
grated DNA Technologies (San Diego, CA).

Reverse
5’ GTAACCCGTTGAACCCCATT3’ 5’ CCATCCAATCGGTAGTAGCG3’
5’ GCTATGGGAGAATGGAACTC3' 5’ GCTCCGTCTTGAAGGTATG3’
5’ GATGACGTGGCAAAGAACAG3' 5’ TCCTCGGGGTCCTGAGTTAT3'
5’ CTCTCTACCTCCTTGTGTTTG3” 5’ TCCATAGGACCTTGAGATGT3'
5’ AGTGGGGGTGGGAGAGAAAC3' 5’ CAAGCCTGTGAGCCTGAAGC3'
5’ GGCCATCTATGAGGACAAAG3' 5’ TCAGCCACCAAATTCACAT3’
5’ ATAGTGTGGAGCTGCCCCATCA3’ 5’ CCACATCCTGCAAGTAGGCGAAZ’
5’ TGTTCTTCTCCATGCTGTTC3” 5’ TCAGGCTGTACCAGTAGTT3'
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Flow cytometric analysis

BMM:s were equilibrated to fibronectin-coated PA gels or fibronectin-coated glass. To measure
lipid uptake, after 20 hours, media was replaced with OptiMEM supplemented with 1% BSA
for 1 hour, and cells were then incubated with or without fl-acLDL (2pg/ml) or fl-oxLDL (2pg
/ml) on the gels for 4 hours at 37°C. For inhibition studies, BMMs were pretreated with inhibi-
tors (Y-27632, PF-573228, HC-067047, and GSK2193874) for 1 hour at 37°C prior to incuba-
tion with lipid. To measure surface protein expression of lipid uptake receptors, cells on PA
gels for 24 hours were detached and nonspecific binding was blocked with unlabeled anti-
CD16/CD32. Cells were incubated with unconjugated antibodies against CD36, SRb1, or
LOX1 in PBS supplemented with 5% goat serum. After washing in 1% BSA in PBS, BMMs
were incubated with goat anti-Armenian hamster Alexa Fluor 647(CD36) or goat anti-rabbit
Alexa Fluor 488 (SRb1, LOX1) secondary antibodies. Negative controls were cells incubated
with secondary antibody alone. To detect generation of reactive oxygen species (ROS), BMMs
were equilibrated to gels and glass for 22 hours. They were then incubated with or without
oxLDL (25mg/ml) in OptiMEM with 1% BSA for 2 or 24h at which time media was replaced
with warm (37°C) PBS with or without dihydroethidium (DHE; 10uM) for 45 minutes. Cells
were then washed and detached with 50mM EDTA in PBS. Single cell suspensions were pre-
pared in Hanks’ buffered salt solution (HBSS, Corning, NY) with 1% BSA (w/v) and 0.1%
sodium azide (w/v). Data were acquired with a BD FACSCantoTM II Flow Cytometer (BD
Biosystems, San Jose), and a minimum of 10,000 events were analyzed using Flow]o software
(FlowJo, LLC, Ashland, OR).

Statistical analysis

Data were graphed and analyzed using GraphPad by Prism software (La Jolla, USA). Compari-
sons were made using unpaired t-test, Kruskal-Wallis, or one-way ANOVA with Tukey’s mul-
tiple comparisons test, as indicated in the figure legends. p < 0.05 was considered significant.
Experimental replicate numbers are indicated in the figure legends.

Results

Phagocytosis in unprimed macrophages is not regulated by growth surface
linear stiffness

Phagocytosis by plaque macrophages plays an important and complex role in the pathogenesis
of atherosclerosis [36]. LPS-induced phagocytosis has been reported to depend on growth sur-
face stiffness [28, 29], but it is unknown whether phagocytosis in the absence of LPS-priming
is similarly regulated. Thus, we investigated phagocytosis of serum opsonized ~2um silica
beads and BioParticles (Gram-negative bacteria [E.coli], Gram-positive bacteria [S. aureus],
and Zymosan [S. cerevisiae]) by BMMs equilibrated to fibronectin-coated 1, 20, 150kPa gels or
fibronectin-coated glass. Fibronectin enrichment is one of the earliest changes to the ECM in
atherosclerosis-prone regions [37, 38]. Around 60% of macrophages phagocytized at least one
silica particle, and there was no difference in the percentage of phagocytic cells on any of the
surfaces at either 5 minutes (S1A Fig) or 30 minutes (Fig 1A, representative microscopy images
S2 Fig). Although the percentage of BMMs that phagocytized at least one particle appeared to
be higher for each of the biologic particles compared to silica beads, this observation was only
significant in BMM:s on 20kPa PA gels incubated with E. coli (One-way ANOVA, p<0.05) and
S. aureus (One-way ANOVA, p<0.01). For each of the biologic particles, we found no differ-
ence in the percentage of phagocytic cells on any of the surfaces at either 5 minutes (S1C, SIE
and S1G Fig) or 30 minutes (Fig 1C, 1E and 1G).
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Fig 1. Phagocytosis in unprimed macrophages is independent of growth surface linear stiffness. Primary bone
marrow-derived macrophages (BMMs) were grown on fibronectin-coated 1, 20, 150kilopascal (kPa) polyacrylamide
gels or fibronectin-coated glass for 24 hours. BMMs were incubated for 30 min with fluorescently-labeled (A-B) silica
beads, (C-D) E.coli, (E-F) S.aureus, or (G-H) Zymosan A particles for 30min, fixed in 3% paraformaldehyde, stained
with phalloidin (F-actin), and imaged by epifluorescence microscopy. (A, C, E, G) show the percentage of BMMs on
each of the surfaces that phagocytized at least one particle. Mean +/- standard deviation from three independent
experiments is shown. Data were analyzed by one-way ANOVA with Tukey’s multiple comparisons test; no significant
differences were reported. In (B, D, F, H), the number of internalized particles per cell from a minimum of 50 BMM:s
per condition in three independent experiments were quantified. Results were analyzed by the Kruskal-Wallis test.

https://doi.org/10.1371/journal.pone.0260756.g001
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On all surfaces, phagocytosis of a single silica bead was the most common observation (Fig
1B). BMMs on 20kPa gels phagocytized more beads than BMMs on 150kPa gels at 5 minutes;
however, this difference was transient since there was no difference at 30 minutes (Fig 1B, and
S1 Fig). At 5 minutes, the distribution of the number of E. coli particles per phagocytic BMM
was slightly shifted to the right (more particles per cell) on 20kPa gels and glass compared to
the other surfaces; this difference was gone by 30 minutes (Fig 1D and S1 Fig). These results
differed from those observed with S. aureus or Zymosan A particles. No differences in the
number of phagocytized of S. aureus or Zymosan A particles were detected at 5 minutes; how-
ever, at 30 minutes the distribution of the number of phagocytized S. aureus and Zymosan A
BioParticles per BMM was shifted to the right on glass versus 1kPa, 20kPa, or 150kPa gels (Fig
1F and 1H, and S1 Fig). Although there were subtle differences in the number of particles
phagocytized by BMMs on glass compared to gels, we conclude that, in general, phagocytosis
in unprimed BMMs is independent of surface stiffness.

Uptake of acetylated and oxidized LDL by macrophages is regulated by the
linear stiffness of the growth surface

BMM accumulation of oxLDL (fl-oxLDL) and acLDL (fl-acLDL) is time- and dose-dependent
(S3 Fig). We next asked whether the linear stiffness of the growth surface regulates macro-
phage uptake of fl-oxLDL or fl-acLDL. In BMMs grown on 1, 10, or 20kPa gels prior to incuba-
tion with fl-oxLDL, uptake of fl-oxLDL was lowest in BMMs grown on 1kPa gels and two-fold
higher in BMMs grown on 10kPa and 20kPa gels (Fig 2A). Uptake of fl-acLDL in BMMs
grown on 1, 10, or 20kPa gels was also lowest on 1kPa gels; uptake increased in BMMs on
20kPa gels by approximately 17% (Fig 2B). Thus, uptake of both fl-oxLDL and fl-acLDL was
significantly increased in BMMs grown on 10kPa versus 1kPa gels, with no further increase on
20kPa gels. We conclude modified LDL uptake is dependent on growth surface stiffness, and is
greater at linear stiffnesses that approximate atherosclerotic artery (10-20kPa) compared to
that of normal blood vessel (1-2kPa) [3].

Linear stiffness regulates expression of LOX-1, CD36, and SRb1

Receptor-mediated endocytosis is the dominant mechanism for the uptake of oxLDL and
acLDL; thus, we next asked whether linear stiffness of the growth surface regulated expression
of key lipoprotein uptake receptors: CD36, SRA (bind oxLDL and acLDL); SRb1 (binds
oxLDL, acLDL, and high density lipoprotein); LOX-1 (binds oxLDL), and LDL receptor
(LDL-R; binds native LDL) [10, 15, 39].

BMMs on 150kPa PA gels expressed higher levels of CD36 and SRb1 mRNA than BMMs on
1kPa PA gels (Fig 3A and 3B). While there was a trend for intermediate levels of expression at
20kPa, the difference was only significant for SRb1 (Fig 3B). Unexpectedly, mRNA expression
of LOX-1 was approximately two-fold lower in macrophages adapted to PA gels of 20kPa or
150kPa stiffness compared to those on 1kPa PA gels (Fig 3C). No differences in the mRNA
expression of LDL-R or SRA were detected (S4A and S4B Fig). There were also no differences in
mRNA expression of the cholesterol efflux transporters ATP-binding cassette transporter (ABC)
Al or ABCGI (S4C and $4D Fig). We conclude that surface linear stiffness regulates mRNA
expression of the CD36, SRB1, and LOX-1 scavenger receptors that recognize modified LDLs.

Since uptake of oxLDL differed significantly between BMMs on 1kPa and 10kPa gels, we
used flow cytometry to measure surface expression of CD36, SRb1, and LOX-1 on BMMs
equilibrated to these two surfaces. Similar to the mRNA expression data, surface expression of
CD36 and SRb1 was increased in BMMs on higher stiffness 10kPa gels compared to BMMs on
1kPa gels (Fig 3D and 3E). Interestingly, despite lower mRNA expression on higher stiffness
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Fig 2. Uptake of oxidized LDL (oxLDL) and acetylated LDL (acLDL) is regulated by growth surface stiffness. Primary bone marrow-
derived macrophages (BMMs) were grown on fibronectin-coated 1, 10, 20kilo pascal (kPa) polyacrylamide gels 24 hours prior to
incubation with fluorescently labeled (A) oxLDL (fl-oxLDL, 2ug/ml) or (B) acLDL (fl-acLDL, 2pg/ml) for 4 hours. BMMs were removed
into a single cell suspension for analysis of lipid uptake by flow cytometry. Graphs are representative of a minimum of three independent
experiments. Mean +/- standard deviation of 3 biological replicates is shown. Data were analyzed with one-way ANOVA with Tukey’s
multiple comparisons test. * p = 0.05; **** p < 0.001.

https://doi.org/10.1371/journal.pone.0260756.9002

(20kPa and 150kPa) gels, surface expression of LOX-1 was increased in BMMs equilibrated to
10kPa gels (Fig 3F) compared to 1kPa gels. We conclude that increased surface stiffness (10kPa
vs 1kPa) signals macrophages to upregulate surface expression of the lipid uptake receptors
CD36, SRb1, and LOX-1, which correlates with increased uptake of oxLDL and acLDL.

Macrophage uptake of oxLDL requires functional FAK

We recently showed that TLR4-induced TNFo secretion is higher in macrophages equilibrated
to 1kPa gels compared to stift gels, and that mechanotransduction via ROCK1/2 attenuates
TLR signaling and cytokine release [26]. Here, we asked whether uptake of either fl-oxLDL or
fl-acLDL was also dependent on signaling through ROCK1/2. BMM:s were plated on fibronec-
tin-coated glass coverslips, an extremely high stiffness where mechanotransduction signaling
would be expected to be highest. At this extreme stiffness, we found that pharmacologic inhibi-
tion of ROCK1/2 for had no effect on the uptake of either fl-oxLDL or fl-acLDL in BMMs (Fig
4A and 4B). When mechanotransduction signaling was more broadly inhibited with an inhibi-
tor of FAK, a major signaling hub upstream of ROCK1/2, uptake of fl-oxLDL was decreased
(Fig 4C). In contrast, inhibition of FAK had no effect on the uptake of fl-acLDL (Fig 4D).
Thus, we conclude that FAK, but not ROCK, regulates oxLDL uptake, and that neither

kinase is important for acLDL uptake.

Inhibition of TRPV4 enhances macrophage uptake of acLDL

Scheraga et al. showed that the mechanosensitive ion channel, TRPV4, was required for maxi-
mal LPS-induced phagocytosis in alveolar and bone marrow derived macrophages [29, 40].
The Rahaman group showed genetic deletion and pharmacologic inhibition of TRPV4
decreased uptake of oxXLDL by peritoneal macrophages [41, 42]. Given potential functional
differences in peritoneal versus bone marrow-derived macrophages, we next asked whether
uptake of oxLDL or acLDL was similarly regulated in bone marrow-derived macrophages. We
first measured the uptake of oxLDL and acLDL in the presence of two different inhibitors of
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Fig 3. Growth surface stiffness regulates macrophage expression of CD36, SRb1, and LOX1. Primary bone marrow-derived macrophages (BMMs)
were grown on fibronectin-coated polyacrylamide gels of the indicated stiffness (kPa; kilopascals) for 24 hours. A-C) Quantitative real-time PCR was used
to measure mRNA expression of A) cd36, B) scavenger receptor b1 (srbl), and C) lectin-type oxidized LDL receptor-1 (lox-1). Expression was normalized
to 185 mRNA. Graphs are a compilation from 3 independent experiments. Mean +/- standard deviation is shown, and data were analyzed by one-way
ANOVA with Tukey’s multiple comparisons test. * p < 0.05, ** p < 0.01. D-F) BMMs were removed from the gels and analyzed by flow cytometry for
surface expression of D) CD36, E) SRb1, and F) LOX-1. Data are representative histograms from two independent experiments. Gray shaded = BMMs on
1kPa; black open line = BMMs on 10kPa.

https://doi.org/10.1371/journal.pone.0260756.9003

TRPV4. HC-067047 is a small molecule inhibitor of TRPV4, with little to no effect on other
TRP channels [43]. GSK2193874 is a less selective small molecule inhibitor of TRPV4 that also
inhibits TRPV1, TRPA1, TRPC3, TRPC6, and TRPMS [44, 45]. In contrast to previous studies
in peritoneal macrophages, uptake of fl-oxLDL by BMMs was not affected by either TRPV4
inhibitor (Fig 5A and 5B). Unexpectedly, both TRPV4 inhibitors increased fl-acLDL uptake by
10-40% (Fig 5D and 5E). These data support a role for TRPV4 in negatively regulating uptake
of acLDL.

To confirm these findings, we measured uptake of fl-oxLDL and fl-acLDL by BMMs
derived from WT and TRPV4-/- mice. Similar to acute pharmacologic inhibition of TRPV4,
genetic absence of complete TRPV4 had no effect on the uptake of fl-oxLDL in BMMs (Fig
5C). However, uptake of fl-acLDL was increased in TRPV4-/- BMMs compared to WT BMMs
(Fig 5F). We conclude that TRPV4 activity limits uptake of acLDL, but not oxLDL, in BMMs.

TRPV4 mediates lipid uptake independent of stiffness

TRPV4 activity is regulated, in part, by mechanical stimuli, although the precise mechanisms
governing this effect are not clear [29, 40]. We reasoned that if mechanoregulation of acLDL
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Fig 4. Uptake of oxLDL and acLDL are independent of ROCK1/2; maximal uptake of oxXLDL requires FAK.
Primary bone marrow-derived macrophages (BMM:s) were grown on fibronectin-coated glass for 18 hours. A) BMMs
were treated with the rho-associated coiled coil kinase (ROCK)1/2 inhibitor, Y-27632 (10uM, ROCKi), or vehicle
control for 1 hour, followed by a 4-hour incubation with fluorescently labeled oxidized LDL (fl-oxLDL; 2ug/ml).
BMMs were removed and fluorescence was measured by flow cytometry. B) As in (A), except with fluorescently
labeled acetylated LDL (fl-acLDL; 2pug/ml). C) As in (A), except BMMs were pretreated with the focal adhesion kinase
(FAK) inhibitor, PF-573228 (10uM, FAKi), or vehicle control and fl-oxLDL. D) As in (C), except with fl-acLDL. Each
point is the median fluorescent intensity (10,000 events) from one biologic replicate. Mean +/- standard deviation is
shown, and results were analyzed by the unpaired t-test. Data are representative of a minimum of three independent
experiments.

https://doi.org/10.1371/journal.pone.0260756.9004

uptake occurred via altered TRPV4 activity, the stiffness-dependent differences in macrophage
uptake of fl-acLDL, but not fl-oxLDL, would be abrogated in TRPV4-/- BMMs. As predicted,
absence of full TRPV4 did not alter the stiffness-dependent increase in uptake of fl-oxLDL (Fig
6A and 6B), supporting the acute inhibition studies and our conclusion that TRPV4 does not
regulate oxLDL uptake. In contrast, the stiffness-dependent differences in the uptake of fl-
acLDL were abrogated in TRPV4-/- BMMs compared to WT BMM:s (Fig 6C and 6D). We
conclude that signaling through TRPV4, likely along with other as-yet unidentified mechano-
transducers, regulates the uptake of acLDL.

Basal ROS production and response to oxLDL are linear stiffness-
dependent
Reactive oxygen species (ROS) are highly reactive oxygen-containing molecules such as super-

oxide, hydrogen peroxide, hydroxyl radical, and peroxynitrite [46]. ROS produced by macro-
phages in the arterial intima induce tissue damage and contribute to the development of
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Fig 5. Decreased TRPV4 activity enhances the uptake of acLDL, but not oxLDL. Primary bone marrow-derived macrophages (BMMs)
were grown on fibronectin-coated glass for 18 hours. A) BMM:s were treated with the transient receptor potential vanilloid (TRPV4)
inhibitors: HC-067047 (7.5uM, HC) or vehicle control (DMSO) for 1 hour, followed by a 4-hour incubation with fluorescently labeled
oxidized LDL (fl-oxLDL; 2pug/ml). BMMs were removed and fluorescence was measured by flow cytometry. B) As in (A) except with
GSK2193874 (5uM, GSK219). C) BMMs isolated from wild type C57B/6 (WT) or TRPV4-/- mice were incubated with fl-oxLDL (2ug/ml)
for 4 hours. Cells were removed and fluorescence was measured by flow cytometry. D-F) As in (A-C, respectively), except with fluorescently
labeled acetylated LDL (fl-acLDL; 2pug/ml). Each point is the median fluorescent intensity (10,000 events) from a single biologic replicate.
Mean +/- standard deviation is shown, and results were analyzed by the unpaired t-test. Data are representative of a minimum of three
independent experiments.

https://doi.org/10.1371/journal.pone.0260756.9005

atherosclerosis by promoting inflammation and smooth muscle cell proliferation [47-49].
Because oxidative stress has been associated with increased arterial stiffness [50], we next
asked whether surface stiffness regulates basal ROS production in BMMs.

We found that basal ROS levels were significantly higher in unstimulated BMMs equili-
brated for 24 hours on 10kPa PA gels compared to 1kPa PA gels (Fig 7A). After 48 hours, ROS
production was increased by BMMs on both stiffnesses, but the increased production on
10kPa was more pronounced (Fig 7B). Equilibration of BMM:s on fibronectin-coated glass cov-
erslips resulted in an even higher basal ROS production (S5 Fig); however, this stiffness is well
beyond the normal physiological stiffness of tissues [51, 52].

Because 0xLDL is known to induce of ROS production by multiple cell types, including
macrophages [53-56], we next asked whether oxLDL-induced ROS production would be
increased in BMMs on 10kPa compared to 1kPa PA gels. oxLDL did not induce an increase in
ROS at 2 hours (Fig 7C and 7D) in BMMs on either stiffness. In contrast, after 24 hours, ROS
production in oxLDL-treated BMM:s on both stiffnesses was increased compared to baseline
and was higher in BMMs on 10kPa than on 1kPa (Fig 7E and 7F). We conclude that increased
stiffness enhances basal and oxLDL-induced production of ROS by macrophages.
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Fig 6. TRPV4 regulates acLDL uptake independently of linear stiffness. A) Primary bone marrow-derived macrophages (BMMs) from wild
type C57B/6 mice (WT) were grown on fibronectin-coated 1, 10, and 20kilopascal (kPa) polyacrylamide gels 24 hours prior to incubation with
fluorescently labeled oxidized LDL (fl-oxLDL; 2ug/ml) for 4 hours. BMMs were removed and fluorescence was analyzed by flow cytometry. B)

Asin (A), except with BMMs from TRPV4-/- mice. C) As in (A), except with fluorescently labeled acetylated LDL (fl-acLDL; 2pg/ml). D) As in
(C), except with fl-acLDL (2ug/ml). Each point is the median fluorescent intensity (10,000 events) from a one biologic replicate. Mean +/-

standard deviation is shown, and results were analyzed by one-way ANOVA with Tukey’s multiple comparisons test. “* p < 0.0

1, ook

p < 0.001, **** p < 0.0001. Graphs are representative of a minimum of two independent experiments.

https://doi.org/10.1371/journal.pone.0260756.g006

Discussion

In this study, we provide evidence that growth surface stiffness regulates macrophage uptake
of both oxLDL and acLDL, two lipoproteins critical to the pathogenesis of atherosclerosis.
Stiffness-dependent increases in lipid uptake correlated with increased surface expression of
the scavenger receptors CD36, SRb1, and LOX-1. Pharmacologic inhibition of a major
mechanosignaling hub, FAK, decreased uptake of oxLDL, but did not affect uptake of acLDL.
Instead, we found that uptake of acLDL is negatively regulated by the mechanosensitive ion
channel, TRPV4. Additionally, we show that ROS generation in both untreated and oxLDL-
treated macrophages was greater on higher stiffness surfaces.

Previous studies in LPS-primed macrophages reported enhanced phagocytosis in macro-
phages equilibrated to stiff versus soft growth surfaces [28, 29]. Here, we found that in
unprimed macrophages, stiffness did not alter the degree of phagocytosis of silica beads or
multiple bioparticles. Since activation of macrophages by LPS and other ligands regulates
phagocytosis [57-59], and since TLR signaling and cytokine release in response to LPS is regu-
lated by mechanical cues [26, 28, 60, 61], we speculate that the stiffness-dependent differences
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Fig 7. BMM production of reactive oxygen species is increased on stiff versus soft polyacrylamide gels. A, B)
Primary bone marrow-derived macrophages (BMM:s) were grown on fibronectin-coated 1 or 10kilopascal (kPa)
polyacrylamide gels for 24 hours (A) or 48 hours (B), at which time media was replaced with Hank’s buffered saline
containing dihydroethidium (DHE, 10uM) for 45 minutes. Cells were washed and removed for analysis by flow
cytometry. Black line = BMMs on 1kPa. Blue line = BMMs on 10kPa. C, D) As in (A), except that at 22 hours, media
was replaced with new media +/- oxidized LDL (oxLDL; 25ug/ml) for 2 hours prior to incubation with DHE. E, F) As
in (B), except that at 24 hours, media was replaced with new media +/- oxLDL (25ug/ml) for 24 hours prior to
incubation with DHE. C-F) BMM:s not treated with oxLDL (control) are depicted by the gray shaded plot and MFI,,

(median fluorescent intensity). BMMs treated with oxLDL are depicted by the open black line and MFI,,, Data are
representative of a minimum of two independent experiments.

https://doi.org/10.1371/journal.pone.0260756.9007
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in phagocytosis observed in LPS-primed macrophage may, in fact, reflect mechanoregulation
of TLR signaling with downstream effects on phagocytosis.

Although phagocytosis in unprimed macrophages did not depend on stiffness cues, uptake
of oxLDL and acLDL, and the production of ROS were all increased when unprimed macro-
phages were equilibrated to stiff versus soft surfaces. These findings complement recent
microscopy studies that demonstrated increased internalization of oxLDL by murine perito-
neal macrophages grown on 8kPa hydrogels compared to 0.5kPa hydrogels [41, 42]. If uptake
of lipoproteins is similarly enhanced by stiffness in vivo, an important implication of these
findings is that early changes in vessel wall stiffness that occur prior to overt atherosclerosis
may signal macrophages to take up more oxLDL and acLDL, thus promoting foam cell forma-
tion and driving the progression of disease [2]. Foam cell formation promotes inflammation
which, in turn, drives fibrotic changes and the subsequent increased vessel wall [15, 62]. Thus,
macrophage mechanotransduction signaling may be important to the feed-forward phenome-
non that drives the progression of atherosclerosis, raising the possibility of a potential novel
target for intervention.

Increased production of ROS also likely contributes to the feed-forward progression
of atherosclerosis. Oxidative stress and ROS are thought to promote oxidation of oxLDL,
which in turn, stimulates generation of more ROS [63, 64]. Here, we show that both basal
and oxLDL-induced ROS production were increased in macrophages grown on stiff sur-
faces. Moreover, it appears that the stiffness of the underlying substrate had greater impact
on ROS production than did the presence of oxLDL. Oxidative stress has previously been
associated with increased arterial stiffness [50], and our findings add to the growing body of
evidence implicating mechanical signaling in the regulation of ROS production. Analogous
studies have demonstrated that cell stretching enhances ROS production in endothelial cells,
cardiomyocytes, and vascular smooth muscle cells [65-67]. Shear stress and altered flow
dynamics also stimulate ROS production by endothelial cells [68, 69]. For example, porcine
aortic endothelial cells activated by phorbol 12-myristate 13-acetate (PMA) generated more
ROS on stiff versus soft polyacrylamide gels [70]. These data raise the idea that increased
arterial wall stiffness that precedes the development of the plaque alters mechanotransduc-
tion pathways in macrophages and other cells to favor the production of pro-inflammatory
ROS that contribute to the oxidation of intimal LDL, thus propelling the progression of ath-
erosclerosis [63, 64].

Although the mechanoregulatory mechanisms underlying these observations are undoubt-
edly complex, we have begun to tease out several key players. We observed stiffness-dependent
increases in mRNA and surface expression of two lipid uptake receptors: CD36 and SRb1.
CD36 is a classic scavenger receptor, with affinity for both acLDL and oxLDL [9]. SRb1 has
sequence homology with CD36; however its function in lipid handling is more complex since
it mediates the uptake of both acLDL and oxLDL, as well as the efflux of cholesterol to high
density lipoprotein (HDL) for subsequent transport to the liver [71]. The precise mechanisms
mediating the stiffness-dependent transcriptional upregulation of CD36 and SRb1 remain to
be determined; candidate mechanosensitive transcriptional regulators include Yes-associated
protein/transcriptional coactivator with PDZ-binding motif (YAP/TAZ), myocardin-related
transcription factor-A, nuclear factor kB, and members of the Kruppel-like factor family,
(KLF2 and KLF4) [72-75].

Mechanoregulation of the surface expression of the oxLDL-specific uptake receptor, Lox-1,
appears to be more complex than that of CD36 and Srb1. Surface expression of LOX-1 protein
was higher in macrophages on stiff gels, yet LOX-1 mRNA expression was lower. These find-
ings strongly suggest that mechanotransduction signaling pathways regulate Lox-1 expression
at multiple points, consistent with other studies [75-77].
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Under conditions of extreme mechanical stiffness (e.g. glass; ~2-4GPa), we found that the
classic mechanotransduction mediator, FAK, is required for uptake of oxLDL, but not of
acLDL. The downstream rho/ROCK pathway does not appear to be involved in the uptake of
either oxLDL or acLDL. Further investigation is needed to determine precisely which of multi-
ple FAK downstream signaling cascades regulates the uptake of oxLDL. A prime candidate is
Racl, which is activated by stiffness-dependent FAK-p130CAS signaling to promote entry into
the cell cycle [78]. In addition to its role in cellular proliferation, Racl is involved in the uptake
of particles colocalizing with F-actin in the membrane ruffles of cholesterol-loaded macro-
phages [79]. Recent studies have reported decreased uptake of 0xLDL in Racl-/- BMMs,
although the mechanism underlying this observation was not determined [80, 81]. One group
reported increased CD36 and decreased COX2 and ABCG1 in Rac-/- compared to WT
BMMs, and hypothesized that Racl may be important in CD36 localization [80]. A direct link
connecting substrate stiffness, Racl signaling, and lipid uptake has yet to be established.
Another candidate pathway downstream of FAK is the cdc42-mediated pathway, which is acti-
vated in macrophages on stiff surfaces, and involved in both phagocytosis and Akt3-regulated
LDL pinocytosis [28, 59, 82].

We show here for the first time that TRPV4 negatively regulates uptake of acLDL in macro-
phages equilibrated to glass. TRPV4 is a calcium channel and plays a protective role during
atherosclerosis by regulating monocyte recruitment to the forming plaque. Mice treated with a
TRPV4 agonist had lower atherosclerotic plaque formation on a high fat diet compared to con-
trol; however effects of TRPV4 on macrophage uptake of LDL were not assessed [83]. Our data
now show that uptake of both acLDL and oxLDL were augmented when TRPV4 was inhibited.
We speculate that signaling events, that may be in part dependent on calcium, are responsible
for negatively regulating LDL uptake, and that treatment with TRPV4 inhibitor reduces those
negative signals thereby enhancing LDL uptake. Of note, the stiffness-dependent differences in
acLDL uptake were blunted in TRPV4-/- BMMs, implicating TRPV4 in the mechanoregula-
tion of acLDL uptake. Since acLDL stimulates cytokine expression and release by macrophages
[84-86], limiting the uptake of acLDL via TRPV4 signaling has the potential to reduce inflam-
mation in atherosclerotic lesions.

In contrast, we show that neither acute pharmacologic inhibition nor genetic deletion of
TRPV4 had an effect on the uptake of oxLDL in WT BMMs. These findings differ from the
Rahaman group, who found that TRPV4 that was critical for the uptake of 0xLDL by perito-
neal macrophages [41, 42]. Our data indicate that TRPV4 differentially regulates the uptake of
acLDL and oxLDL, and in light of findings by the Rahaman group, we speculate that the role
of TRPV4 in regulating lipoprotein uptake may be context-dependent. For example, our stud-
ies were conducted in primary murine BMMs, whereas the Rahaman group used murine peri-
toneal macrophages and RAW264.7 cells. In addition to potential strain differences (primary
C57B/6 cells versus BALB/c RAW264.7 cells), phenotypic differences and response to oxLDL
have been documented in BMM and peritoneal macrophages derived from the same mouse
strain (ApoE-/-), and there are differences in the functional activity peritoneal and bone mar-
row-derived macrophages [87, 88]. Another methodological difference, is that our studies
were performed using polyacrylamide gels coated with fibronectin, an ECM protein that is
enriched in atherogenic lesions, whereas the previous studies used collagen-coated gels [37, 38,
42]. Different ECM proteins engage different integrin receptor subsets, leading to differential
activation of downstream signaling pathways [89-98]. Differences in methodology and the
degree of oxidation of LDL particles (e.g. minimally, moderately, or extensively) could also
contribute to differences between the two studies [54, 64, 99-103]. Given the well-documented
role for TRPV4 in calcium flux, and the important role that calcium flux plays in numerous
functions including phagocytosis and pinocytosis [40, 104], it is possible that TRPV4
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deficiency alters lipid uptake via altered calcium flux; however, this remains to be definitively
demonstrated and may involve an as-yet unrecognized alternative mechanism. Overall,
TRPV4 likely plays a complex and multifaceted role in atherosclerosis development and agon-
ism or antagonism with pharmaceutical intervention requires additional study before transla-
tion for human therapy.

Atherosclerosis is a complex chronic disease with lesions that are not readily sampled in
human patients. Studies in large animal models (e.g. pig and nonhuman primates) are costly
and time-consuming, thus most advances have relied on murine models, which require genetic
modifications to induce atherosclerotic lesions (e.g. ApoE-/-, 1dIr-/-) [105]. The studies
described herein build on previous murine studies modeling human atherosclerosis. Potential
ways to study these processes in humans include the cell line THP1 derived from monocytic
leukemia and primary human monocyte-derived macrophages. Both THP1 cells and human
monocytes are non-adherent. THP1 cells require PMA stimulation to induce the adherent
macrophage phenotype, and human monocytes much be differentiated for seven days in
GM-CSF, in order to study the effects of extracellular stiffness in our model [106]. PMA treat-
ment would make interpretation of these studies challenging since it changes in expression of
CD36, a receptor we showed in this paper is also regulated by surface stiffness [107]. Further-
more, compared to primary monocytes, THP1 cells are deficient in CD14, and are thus hypor-
esponsive to LPS and may result in decreased uptake of minimally oxidized LDL [101, 108,
109]. Thus, additional models or ex vivo studies will be required to define more detailed
mechanisms.

In conclusion, our study provides in vitro data linking increased linear stiffness with two
key functions critical to the pathogenesis of atherosclerosis: macrophage accumulation of
modified LDLs and ROS generation. Well-controlled in vivo studies that completely isolate
the effects of mechanics from the biochemical milieu are not yet possible; thus in vitro studies
such those described herein are critical to understanding the role of physical cues in the regula-
tion of macrophage function. Unraveling the role of mechanotransduction in lipid handling
could have ramifications in our understanding, management, and prevention of
atherosclerosis.

Supporting information

S1 Fig. Phagocytosis after five minutes in unprimed macrophages is independent of linear
stiffness. Primary bone marrow-derived macrophages BMMs were grown on fibronectin-
coated 1, 20, 150 kilopascal (kPa) polyacrylamide gels or fibronectin-coated glass for 24h.
BMMs were incubated with fluorescently-labeled (A-B) silica beads, (C-D) E.coli, (E-F) S.
aureus, or (G-H) Zymosan A for 5min, fixed in 3% paraformaldehyde, stained with phalloidin
(F-actin), and imaged by epifluorescence microscopy. (A, C, E, G) show the percentage of
BMMs on each of the substrates that phagocytosed at least one particle. Mean +/- SD from
three independent experiments is shown. Data were analyzed by one-way ANOVA with
Tukey’s multiple comparisons test; no significant differences were reported. (B, D, F, H) The
number of internalized particles per cell from a minimum of 50 BMMs per condition in three
independent experiments were quantified. Results were analyzed by the Kruskal-Wallis test.
(TIF)

S2 Fig. Representative epifluorescent images used to quantify phagocytosis in Fig 1 and S1
Fig. Primary bone marrow-derived macrophages BMMs were grown on fibronectin-coated 1,
20, 150 kilopascal (kPa) polyacrylamide gels or fibronectin-coated glass for 24h. BMMs were
incubated with fluorescently-labeled (A-D) silica beads, (E-H) E.coli, (I-L) S.aureus, or (M-P)
Zymosan A for 30min, fixed in 3% paraformaldehyde, stained with phalloidin (F-actin), and
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imaged with an Axio Imager M1 microscope. Original objective magnification 63x, scale
bar = 10pum.
(TIFF)

S$3 Fig. Uptake of oxLDL and acLDL is time- and dose- dependent. Primary bone marrow-
derived macrophages (BMMs) were grown on fibronectin-coated glass for 24 hours, treated as
indicated, and then removed into a single cell suspension for analysis by flow cytometry. Treat-
ments were as follows: A) fluorescently labeled oxidized LDL (fl-oxLDL) at final concentra-
tions of 0.5, 1, 2, 4, 8 ug/ml) for 4 hours; B) fluorescently labeled acetylated LDL (fl-acLDL) at
final concentration of 0.5, 1, 2, 6, 10 pug/ml) for 4 hours. C) fl-oxLDL (2ug/ml) for 0.5, 1, 2, 4, 6,
24 hours; or D) fl-acLDL (2ug/ml) for 0.5, 1, 2, 4, 24 hours. Darker shades of red correspond to
higher concentrations of fl-oxLDL (A) or fl-acLDL (B). Darker shades of blue correspond to
longer incubation times with fl-oxLDL (C) or fl-acLDL (D). Data are representative of a mini-
mum of two independent experiments.

(TIF)

$4 Fig. Linear stiffness does not regulate mRNA expression of sra, 1dl-r, abcal, or abcgl.
Primary bone marrow-derived macrophages (BMMs) were grown on fibronectin-coated 1, 20,
150 kilopascal (kPa) polyacrylamide gels for 24 hours. Relative gene expression was quantified
by quantitative PCR using the AACt method and 18S for normalization. A) scavenger receptor
A (sra); B) LDL receptor (ldl-r); C) ATP binding cassette transporter Al (abcal); D) abcgl.
Results were analyzed by one-way ANOV A with Tukey’s multiple comparisons test.

(TIF)

S5 Fig. Basal production of reactive oxygen species is dependent on linear stiffness. Pri-
mary bone marrow-derived macrophages (BMMs) were grown on fibronectin-coated 1 or 10
kilopascal (kPa) polyacrylamide gels or glass for 24 hours. Media was replaced with Hank’s
buffered saline (UT, grey-filled) or dihydroethidium (DHE, 10pM) in Hank’s buffered saline
for 45 minutes. Cells were washed and removed for analysis by flow cytometry. B) As in (A),
except that BMMs were grown on each surface for 48 hours prior to treatment with and with-
out DHE. Gray shaded = BMMs without DHE (UT); Open black line = BMMs on 1kPa incu-
bated with DHE. Open blue line = BMMs on 10kPa incubated with DHE. Open red

line = BMMs on glass incubated with DHE. Data are representative of a minimum of two
independent experiments.

(TIF)
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