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ARTICLE INFO ABSTRACT

Keywords: The monocyte/macrophage infiltration plays critical roles in the development of atherosclerosis. Arterial stiffness
Matrix stiffness is a cholesterol-independent risk factor for cardiovascular events. The regulation of arterial stiffness on biome-
Mf’lcrol_’hage chanics of macrophages and its underlying mechanism remains unclear. We prepared polyacrylamide gels with
x‘;ﬁ‘;ﬂ low and high stiffness that corresponded to healthy and diseased blood vessels, respectively. We found that

macrophages cultured on stiff matrix had increased rigidity and migration ability compared to those on soft
matrix. An actin capping protein, tropomodulinl (Tmod1) was upregulated in macrophages by stiff matrix and in
arteries with high stiffness. Further analyses showed that deficiency of Tmodl in macrophages completely or
partially prevented the changes in actin polymerization, cell adhesion and cell spreading induced by stiff matrix.
Overexpression of Tmodl in macrophages enhanced actin polymerization, cell adhesion and spreading on stiff
matrix. Tmodl was involved in the regulation of vinculin expression and formation of focal adhesion in mac-
rophages on stiff matrix. Finally, the deficiency of Tmodl in macrophages retarded the formation of athero-
sclerotic plaques in blood vessels with high matrix stiffness. The results suggest that Tmod1 was a key regulator in
macrophage rigidity and migration on stiff substrate. The present work will help us to understand the biome-
chanical mechanisms for the development of atherosclerosis.

Cytoskeletal protein

1. Introduction of blood vessels.* Blood monocytes enter the vascular wall and differ-

entiate into macrophages and foam cells. In regular inflammatory re-

Atherosclerotic cardiovascular and cerebrovascular diseases, such as
myocardial infarction and stroke, are the leading cause of death and
disease burden in China and worldwide."”> Hypertension, hyperlipid-
emia, and diabetes are the major risk factors for atherosclerosis.’
Atherosclerosis is caused by an inflammatory response triggered by
endothelial dysfunction and the accumulation of lipids in the subintima

sponses, macrophages migrate out of the site of inflammation when they
ingest foreign bodies or pathogens. But in the atherosclerotic sites the
macrophages are trapped and further elicit inflammatory response,
contributing to the development of atherosclerosis.” Studies on the pla-
que reversal suggest that the regression of atherosclerosis is accompanied
by rapid loss of macrophages and the emigration of macrophages to
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lymph nodes.® Therefore, it is of importance to explore the mechanisms
related to the change in macrophage migration in diseased blood vessels.

As with all types of migratory cells, macrophage migration depends
on the biomechanical properties of the cells, which would affect the ef-
ficiency, speed, and the distance of cell migration.” By using micropipette
aspiration technique, researchers found that macrophages isolated from
atherosclerotic plaques in rabbits fed with high-fat diet had a higher
elastic moduli and poor deformability than those isolated from normal
arteries.® This suggests that the mechanical properties of macrophages
were changed in disease blood vessels.

The mechanical alteration in macrophages may be caused by the
microenvironment in the diseased blood vessels, such as lipid content,
vascular stiffness,” and cyclic strain.'® In a variety of vascular diseases,
the change of composition, degradation, and remodeling of the
extracellular matrix (ECM) are the hallmarks for disease development,
which result to the vascular stiffening.!' Researchers found that the
content of fibronectin and collagen increased in plaque lesions, while
laminin and elastin content decreased. The alteration in ECM com-
ponents promotes arterial sclerosis and the development of coronary
artery disease.'? By nanoindentation, we found that the stiffness for
healthy human carotid artery was ~2.3 kPa, while the stiffness of the
calcified region of the samples from patients undergoing carotid
endarterectomy was as high as 23.94 kPa.'® By atom force microscope,
researchers found that the aortic stiffness was ~5 kPa in healthy mice,
but the aortic stiffness was augmented to ~28 kPa in ApoE~/~ mice
due to atherosclerosis.”!* The results indicate that vascular stiffening
occurs in atherosclerosis, and thus may influence the mechanical
behavior of macrophages.

In in vitro experiments, when macrophages were cultured on different
substrates with stiffness ranging from soft to hard, the morphology of the
cells changed from round to flat, and cell spreading, adhesion, and cell
stiffness all increased.'® In ApoE /™~ mice, researchers found that the mice
had high vascular stiffness because of the excessive matrix proteins
produced by vascular smooth muscle cells due to the absence of ApoE.
When vascular stiffness was reduced with lysyl oxidase inhibitor BAPN,
the area of arterial plaques and the number of macrophages in the pla-
ques were significantly lower than those of the control ApoE~/~ mice.’
These results indicate that matrix stiffness has a profound effect on
macrophage motility. It has been shown that the degree of actin poly-
merization is a major determinant of macrophage rigidity.'® Actin
polymerization, myosin activity, and Rho-mediated contractility deter-
mine the migration of monocyte and macrophage.'”>'® But the underly-
ing molecular mechanisms how matrix stiffness regulates the rigidity and
migration of macrophages remain unclear.

Tropomodulinl (Tmod1) is an actin capping protein at the slow-
growing end of actin filaments, slowing down the depolymerization of
actin filaments.'® In erythrocytes and cardiomyocytes, Tmod1 plays an
essential role in the mechanical properties and the contractile capacity of
cells by regulating the assembly and the length of actin filament.?%?! The
complete knockout of Tmod1 results in the death of mice at 9.5 days in
the embryonic stage because of non-contractile heart tube, accumulation
of mechanically weakened primitive erythroid cells, and failure of pri-
mary capillary plexuses to remodel into vitelline vessels.?’ Tmod1 was
also shown to be related to the activation and distribution of focal
adhesion molecules in cardiomyocytes.??

In the present study, we found that Tmod1 expression responded to
matrix stiffness in both macrophages and vascular wall. Deficiency of
Tmod1 in macrophages eliminated the changes in actin polymerization,
cell adhesion and spreading induced by stiff matrix. Overexpression of
Tmodl in macrophages enhanced actin polymerization, cell adhesion
and spreading on stiff matrix. Tmod1 was involved in the regulation of
vinculin expression and formation of focal adhesion in macrophages.
Finally, the deficiency of Tmod1 in macrophages retarded the formation
of atherosclerotic plaques in blood vessels with high matrix stiffness. Our
results suggest that Tmodl was a key regulator in macrophage rigidity
and migration on stiff substrate.
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2. Materials and methods
2.1. Antibodies, reagents, and animals

Anti-Tmod1 antibody was prepared by Abmax (Beijing, China). The
antibody for the cluster of differentiation 36 (CD36) antibody was pur-
chased from Bioss Antibodies (Beijing, China). Antibody for
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and 4,6-dia-
midino-2-phenylindole (DAPI) were purchased from Beyotime
(Shanghai, China). Anti-vinculin antibody was from Sigma (St. Louis,
MO). The adenovirus for Tmod1l (Ad-Tmod1) and its control adenovirus,
Ad-null, were prepared by Sinogenomax (Beijing, China). Rhodamine-
phalloidin was from Invitrogen (Carlsbad, CA).

TOT/Tmod1~/~ mouse was created in Dr. L. Amy Sung's lab at Uni-
versity of California, San Diego.?! The mouse line was bred from
Tmod1*/~ mouse and TOT mouse (a Transgenic mouse with
Over-expressing Tmod1 in the heart). Wild type C57/BL6J mice and male
ApoE~’~ mice were purchased from the animal department of Peking
University Health Science Center. All mice were kept in the
specific-pathogen-free room of Peking University Health Science Center.
High fat diet containing 20 % fat and 1.25 % cholesterol was purchased
from Research diets, Inc. (USA). The selective lysyl oxidase inhibitor,
BAPN, was purchased from Sigma (St. Louis, MO). For arterial softening
mouse model, ApoE /"~ mice were divided into four groups: PBS injection
and chow diet (PBS+ND) group, PBS injection and high fat diet
(PBS+HFD) group, BAPN injection and chow diet (BAPN+ND) group, and
BAPN injection and high fat diet (BAPN+HFD) group. The animal protocol
(#HL2021172) was approved by Animal Care Committee of Peaking
University Health Science Center.

2.2. Cell culture

Raw264.7 cells, a mouse mononuclear macrophage leukemia cell
line, were cultured in high glucose (4.5 g/L) Dulbecco's modified eagle
medium (DMEM) supplemented with 10 % fetal bovine serum (FBS) and
antibiotics in an incubator with 37 °C and 5 % CO,. When reaching 90 %
confluency, the cells were blown off by repeated pipetting and passaged
to a new petri dish.

2.3. Isolation of murine peritoneal macrophages

Wild type C57BL/6J and TOT/Tmod1 ~/~ mice (6-8 weeks) were
intraperitoneally injected with 2 mL of 4 % thioglycollate broth. Three
days later the lavage was collected by injecting cold PBS into perito-
neal cavity. The peritoneal exudate cells were centrifuged at 400xg for
10 min and resuspended in cold RPMI-1640 supplemented with 10 %
FBS.

2.4. Infection of adenovirus

Raw264.7 cells (2 x 10° cells for each well) were seeded in a six-well
plate. After the cells completely adhered, one mL of complete culture
medium containing adenovirus Ad-Null or Ad-Tmod1 (200 Multiplicity
of Infection) was added into each well. After 24 h of infection, equal
volume of complete culture medium was added, and the cells were
cultured for another 24 h.

2.5. Transfection of small interfering RNA (siRNA)

The siRNA sequence 5'-GGAAUUUAAGGACCGAGAA-3' that targets
mouse Tmod1 was designed using BLOCK-iT™ RNAi Designer (Thermo
Fisher Scientific) and synthesized from RiboBio (Guangzhou, China). A
scramble siRNA was purchased from RiboBio. Raw264.7 cells were
transfected with 10 nM siRNA by using riboFECT CP Transfection Kit
(RiboBio) for 24-48 h.
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2.6. Preparation of polyacrylamide gels with various stiffness

Polyacrylamide (PA) gels were prepared by mixing 40 % w/v acryl-
amide and 2 % w/v bisacrylamide stock solutions with water.?® Gels with
stiffness of 2.61 + 0.82 and 19.66 + 1.19 kPa were obtained by
manipulating the final concentrations of bisacrylamide (0.048 % and
0.264 %, respectively). After degassing, the mixture was added with 1/10
volume of 10 % w/v ammonium persulfate and 1/100 volume of TEMED
(Sigma). About 40 pL of mixture was dropped on a glass slide and covered
with a pre-activated cover glass. The cast was placed in UV radiation for
1-2 h and then the cover glass was removed. The gel surface was added
with the heterobifunctional crosslinker sulfo-SANPAH (0.5 mg/mL in
PBS) and then exposed to 264 nm UV light. After sulfo-SANPAH was
removed, the gel was coated with 800 pL of type I collagen (0.2 mg/mL,
from rat tail, Corning) for 1 h.

2.7. Measurement of cell and matrix stiffness by nanoindenter

An optical fiber-based nanoindenter (Opticsll, Amsterdam,
Netherlands) was used to measure the mechanical properties of cells and
PA gels. A probe with 0.045 N/m spring constant and 5 pm spherical
indentation tip was installed on the PIUMA indentation control driver.
The PA gels with or without cells were placed on the bottom of a Petri
dish containing culture medium. Under microscope, the nanoindenter tip
was located on top of the gels or cells. During the indentation process, the
tip was brought into contact with the gel or cell surface and indentation
was loaded and the load-time data was recorded. The indentation depth
was controlled to 10 pm and the loading and unloading time was set to 2
s. The load displacement curves were fit using Hertz sphrical indentation
model and the reduced Young's modulus of gels or cells were calculated.
The mean Young's modulus was obtained from 20 to 30 measurements
for each PA gel. The Young's modulus for individual cell was derived
from one measurement. At least three independent tests were performed.

2.8. Protein extraction and western blotting

To extract proteins from cells, the cells were lysed by RIPA lysis buffer
containing 1 mM of phenylmethylsulfonyl fluoride (PMSF) and phos-
phatase inhibitor cocktail (Applygen, Beijing, China). To extract proteins
from blood vessels, the vessels were placed in an Eppendorf tube con-
taining RIPA lysis buffer and cut into small pieces. Then the pieces were
transferred into a homogenizer and homogenized on ice. Total proteins
were obtained by centrifuging the lysates or homogenates for 10 min or
30 min at 12000xg at 4 °C. The protein concentration was quantified
with a BCA protein assay kit (Applygen). About 60 pg protein was
separated in a 10 % SDS polyacrylamide gel and then transferred onto a
PVDF membrane. The membrane was blocked with 5 % non-fat milk and
incubated with primary antibodies for overnight at 4 °C. After washing,
the membrane was incubated with HRP-conjugated secondary antibodies
at room temperature for 1 h. The protein bands were visualized by using
an enhanced chemiluminescence (ECL) detection kit (Engreen Biosystem
Co., Ltd, Beijing, China). The images were obtained on an Odyssey
scanner. The membrane was stripped in the stripping buffer containing
f-mercaptoethanol for 15 min at 50 °C before it was used to detect the
proteins on the same membrane.

2.9. Real-time quantitative PCR

Total RNA was isolated from cells using RNAtrip reagent (Applygen)
and then reverse transcribed into ¢cDNA using RevertAid First Strand
cDNA Synthesis Kit (Thermo Fisher Scientific). Real-time quantitative
PCR (RT-gPCR) was performed on Mx 3000 Multiplex Quantitative PCR
system (Stratagene) using EvaGreen qPCR Master Mix-low Rox (Abm).
The primer sequences of murine Tmodl were 5-GACACAGCCTCACA-
CAATGT-3’/5'-CTTGGTGGTCTGATCCTTCT-3’. GAPDH was used as an
internal  control and the primer sequences were 5'-
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ACCACAGTCCATGCCATCAC-3’/5'-TCCACCACCCTGTTGCTGTA-3". A
relative fold change in the gene expression was calculated using the
method of 2848,

2.10. Detection of F-actin by flow cytometry and confocal microscopy

Cells cultured on PA gels were blown off by repetitive pipetting and
cell aggregates were filtered using a 400-mesh cell strainer (Corning).
After being washed, the cells were fixed in 4 % paraformaldehyde (PFA)
for 20 min and then permeabilized in 0.25 % Triton X-100 for 15 min.
The cells were blocked with 3 % bovine serum albumin (BSA) solution for
20 min and stained by rhodamine phalloidin (Thermo Fisher Scientific)
in the dark at 37 °C. Then the cells were resuspended in PBS and the
mean fluorescence intensity was measured using a BD FACS Calibur. To
detect F-actin by confocal microscopy, cells on PA gels were directly fixed
in 4 % PFA without blowing and stained with rhodamine phalloidin by
following the same protocol. The nuclei were counterstained with 4',6-
diamidino-2-phenylindole (DAPI). The cells were photographed on an
SP8 LIGHTENING confocal microscope (Leica, Germany) under the same
excitation intensity. The fluorescence intensity of F-actin for each image
was analyzed by using Image J (NIH).

2.11. Immunofuorescence staining

Cells cultured on PA gels were washed in PBS and fixed in 4 %
paraformaldehyde for 20 min at 4 °C. Then the cells were permeabilized
in 0.25 % Triton X-100 for 15 min and blocked with 3 % BSA for 1 h at
room temperature (RT). The cells were incubated in the blocking solution
containing primary antibodies overnight at 4 °C. After being washed for 3
times in PBS, the cells were stained with tetramethylrhodamine (TRITC)-
conjugated secondary antibodies at RT for 1 h. The nuclei were coun-
terstained with DAPI for 10 min and then the cells were mounted in anti-
fade mounting medium. The fluorescence images were taken by using an
SP8 LIGHTENING confocal microscope.

2.12. Live cell imaging

The live cell imaging for Raw264.7 cells cultured on PA gels was
performed with Olympus FV3000 microscope (Japan) equipped with a
heater to maintain the temperature at 37 °C. Multiple images were ac-
quired at a single position from each sample every 1 min for 6 h. The
videos were assembled from the serial 361 images and imported to Fiji
software®® by using FFMPEG plugin. The TrackMate plugin was used to
track the individual cells throughout the video to quantify the total dis-
tance traveled.

2.13. Cell adhesion assay

Equal number of cells were plated on PA gels with various stiffness for
30 min. The non-adhered cells were gently washed by PBS and the
adhered cells were stained with DAPI. The fluorescence images were
taken under an epifluorescence microscope (Olympus, Japan) under 20
x objective. Total of 20 fields were randomly chosen to count the number
of adherent cells.

2.14. Cell spreading assay

About 1 x 10° cells were plated onto PA gels with different stiffness
for 2 and 6 h. Then the cells were gently washed with PBS and fixed in 4
% PFA. After being permeabilized and blocked in 0.25 % Triton X-100
and 3 % BSA, the cells were stained with rhodamine phalloidin. The
nuclei were counterstained with DAPI. The fluorescence images and the
differential interference contrast (DIC) images were taken on Leica
DM5000 B microscope (Germany). About 20 cells were randomly
selected and their spreading areas were measured by using Image J.
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2.15. Bone marrow transplantation and analysis of atherosclerosis

Male ApoE’/ ~ mice (8 weeks old) were subjected to 1000 rad of total
body irradiation followed by reconstitution with 5 x 10° bone marrow
cells from wild type or TOT/Tmod1 ™/~ mice via tail veil injection. After 6
weeks of reconstitution on chow diet, PBS or BAPN (333 mg/kg) were
intraperitoneally injected daily for 8 weeks. The body weights of the mice
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anesthetized by isoflurane gas and blood was collected from inner
canthus and used for the measurement of total cholesterol and triglyc-
eride. The mice were perfused with PBS followed by 4 % para-
formaldehyde and hearts were collected. Frozen sections with 10-pm
thickness were cut from aortic roots and H&E staining and oil red O
staining were performed. The images were taken on a BDS 400 inverted
microscope (Optec, Chongqing, China) equipped with a CCD camera. The

were measured every week. By the end of 8 weeks, the mice were areas of atherosclerotic lesion were measured by using Image J.
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Fig. 1. Macrophage rigidity and migration are increased by stiff matrix. (A) The gene ontology analysis on transcriptional profile (GSE36878). The top 10 most
enriched gene ontology (GO) terms were shown for the upregulated genes in macrophages cultured on stiff (150 kPa) polyacrylamide (PA) gel as compared with
cells cultured on soft (1.2 kPa) PA gel. (B) The stiffness of soft and stiff PA gels as measured by a nanoindenter. The soft and stiff gels had predicted stiffness of 2
kPa and 20 kPa, respectively. The measurements were done at multiple spots on each gel. The Young's modulus for each spot was calculated. n = 4 replicated gels
with 5 spots were measured for each gel. (C) The immunofluorescence staining of type I collagen (red) on soft and stiff PA gels. (D) The stiffness of Raw264.7 cells
that cultured on soft (2 kPa) and stiff (20 kPa) PA gels as measured by a nanoindenter. n = ~20 cells for each group. (E-F) The live cell imaging for Raw264.7 cells
cultured on soft and stiff PA gels (E). The imaging was taken every min for 6 h. The colored lines are drawn using Trackmate plugin in Fiji software and indicate the
migrating tracks for individual cells. The total distance traveled (in pixel) was obtained by Trackmate plugin (F). Data in (B) and (D) were analyzed by Student's t-
test. *: P < 0.05.
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2.16. Measurement of total cholesterole and triglyceride

The blood was taken from ApoE~/~ mice and the plasma was sepa-
rated by centrifugation. The levels of total cholesterol and triglyceride

were measured using Total cholesterol and Triglyceride assay kits
(Nanjing Jiancheng Bioengineering Institute, Nanjing, China).

A B
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2.17. Statistical analysis

The data was expressed as mean + standard error of mean (SEM) from
at least 3 biological replicates or 5 mice. The statistical analyses were
performed using GraphPad Prism 10.0. The paired or unpaired, two-
tailed Student's t-test was used to compare the difference between two
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groups. Two-way ANOVA was used to compare the difference among
multiple groups followed by Tukey's post hoc analyses. P value of <0.05
was considered statistically significant.

3. Results

3.1. The elastic moduli and migration ability of macrophages are increased
on stiff matrix

To obtain a general idea about how macrophages respond to stiff
matrix, we first analyzed a transcriptional profile (GSE36878) found in
Gene Expression Omnibus (GEO) dataset repository, in which Raw264.7
cells were cultured on polyacrylamide (PA) gels with stiffness of 1.2 kPa
and 150 kPa, respectively, for 18 h'®. The differentially expressed genes
were identified and subjected to the gene ontology (GO) analysis. The
results showed that, among the upregulated genes, those related to bio-
logical processes, such as inflammatory response, immune response, and
positive regulation of cell migration, etc., were significantly enriched
(Fig. 1A). This suggests that high matrix stiffness would change the in-
flammatory state and migration ability of macrophages.

We next hypothesized that stiff matrix in diseased blood vessels could
also affect the mechanical properties and migration ability of macro-
phages. We prepared type I collagen-coated soft (2 kPa) and stiff (20 kPa)
PA gels whose stiffness corresponded to those of healthy and diseased
vessels, respectively.'® The Young's moduli of soft and stiff PA gels as
measured by using nanoindenter were 2.57 + 0.68 and 20.62 + 1.66 kPa,
respectively, which were consistent with the predicted stiffness (Fig. 1B).
The densities of collagens on soft and stiff gels were examined by im-
munostaining. The results showed that collagens were evenly coated on
the gels and the densities of collagens were comparable between soft and
stiff gels (Fig. 1C). The Raw264.7 cells were cultured on soft and stiff PA
gels and the Young's moduli were measured by the same method. The
results showed that cells cultured on soft gels had smaller Young's moduli
than those cultured on stiff gels (3.44 + 0.99 vs 7.56 + 2.29 kPa)
(Fig. 1D), suggesting that macrophages would become less deformable in
the stiff microenvironment of diseased blood vessels.

We then evaluated the migration ability of macrophages on soft and
stiff PA gels by live cell imaging. It was found that the total distances
traveled for majority of cells cultured on soft gels were less than 200
pixels, while those for a great portion of cells cultured on stiff gels were
between 200 and 400 pixels (Fig. 1E and F), suggesting that cells on stiff
gels migrated faster than those on soft gels.

3.2. Tmod1 is upregulated in macrophages in response to stiff matrix

Since actin polymerization plays a critical role in macrophage
migration on both 2D surface and 3D rnatrix,m’18 actin binding proteins
that are involved in actin polymerization may be regulated by matrix
stiffness. We detected the expression of Tmod1, an actin capping protein
that prevents the depolymerization of actin filaments, in macrophages
cultured on soft (2 kPa) and stiff (20 kPa) PA gels. Quantitative PCR and
western blotting data showed that the expression of Tmodl was upre-
gulated by high matrix stiffness by ~6-flod and ~1.8-fold at mRNA and
protein levels, respectively (Fig. 2A-C). The result suggests that Tmod1
expression in macrophage was mechanosensitive.

It has been shown that the development of atherosclerotic plaque
leads to the increase in the vascular stiffness in both human and
mouse.'>?° In addition, an irreversible inhibitor of lysyl oxidase,
B-aminopropionitrile monofumarate (BAPN) could be used to reduce the
vascular stiffness in mice.” Therefore, ApoE~/~ mice was fed with
high-fat diet (HFD) to induce atherosclerosis and increase vascular
stiffness. The mice were injected with BAPN for 8 weeks to reduce
vascular stiffness, which was demonstrated by pulse wave velocity
(PWV) measurement. The results showed that PWVs for aortas of
BAPN-treated mice were much lower than those for phosphate-buffered
saline (PBS)-treated mice (Fig. 2D). Quantitative PCR showed that
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Tmod1l expression increased in the aortas of HFD-fed and PBS-treated
mice as compared to PBS-treated chow diet-fed mice or BAPN-treated
HFD-fed mice (Fig. 2E). The protein levels of Tmod1 and CD36, a scav-
enger receptor used to indicate the formation of plaques, changed in a
similar pattern as the mRNA level of Tmod1 (Fig. 2E-G). Data suggests
that Tmod1 was upregulated in vivo as aortas became stiffer.

3.3. Deficiency of Tmod1 in macrophages eliminates the changes in actin
polymerization, cell adhesion and spreading induced by stiff matrix

Since Tmod1 was upregulated by stiff matrix in macrophages, we next
sought to examine the roles of Tmod1 in the alterations induced by stiff
matrix. The expression of Tmodl was knocked down by siRNA in
Raw264.7 cells (Fig. 3A and B). The actin polymerization, cell adhesion,
and cell spreading, three processes closely related to macrophage rigidity
and migration, were evaluated. We first stained the cells with phalloidin
to label polymerized actin filaments and quantified its mean fluorescence
intensity by flow cytometry. The data showed that macrophages had
higher level of actin polymerization on stiff matrix than on soft matrix.
But when Tmod1 was knocked down, the level of actin polymerization
decreased on both soft and stiff matrix, importantly, the difference be-
tween soft and stiff matrix was eliminated (Fig. 3C and D). This suggests
that Tmod1 was critical for actin polymerization induced by stiff matrix
in macrophages.

When cells migrate, cells need to adhere to the matrix and then spread
and stretch out podosome. We found that macrophages tended to adhere
more easily on stiff matrix than on soft matrix (Fig. 3E and F). When
Tmodl was knocked down, the adhesion ability of macrophages was
significantly reduced on both soft and stiff PA gels. Importantly, the
knockdown of Tmod1 eliminated the difference of cell adhesion between
soft and stiff matrix (Fig. 3E and F), suggesting that Tmodl had an
important role in the adhesion of macrophages.

To evaluate the cell spreading, we plated macrophages with or without
Tmod1 knocked down on soft and stiff matrix for 2 and 6 h. The cells were
stained by phalloidin and examined on differential interference contrast
(DIC) microscope and cell areas were quantified. The data showed that on
stiff matrix, macrophages spread faster than on soft matrix, which resulted
to larger cell areas and more podosome formation (Fig. 3G and H). When
Tmod1 was knocked down, the spreading speed and podosome formation
were significantly decreased, although cell areas could still increase as
time went by (Fig. 3G and H). These data indicate that Tmod1 played an
important role in macrophage rigidity and migration.

3.4. Overexpression of Tmod1 in macrophages enhances actin
polymerization, cell adhesion and spreading on stiff matrix

We next explored the effects of Tmodl overexpression on actin
polymerization, cell adhesion, and spreading in macrophages cultured on
matrix with different stiffness. We used adenovirus to infect Raw264.7
cells and qPCR and western blotting data validated the successful over-
expression of Tmod1 (Fig. 4A and B). Flow cytometry data showed that
overexpression of Tmodl led to more actin polymerization in macro-
phages and importantly, it had a synergistic effect with stiff matrix on
actin polymerization (Fig. 4C and D).

We also measured the cell adhesion and spreading in macrophages
with Tmod1 overexpression. The results showed that overexpression of
Tmod1 increased the adhesion ability of macrophages on both soft and
stiff matrix. Among all the groups, the adhesion ability was the highest in
macrophages which overexpressed Tmodl and cultured on stiff matrix
(Fig. 4E and F). Similarly, overexpression of Tmodl enhanced the
spreading of macrophages on both soft and stiff matrix. By 6 h, macro-
phages which overexpressed Tmod1 and cultured on stiff matrix had the
largest cell areas and more podosome formation among the groups
(Fig. 4G and H). Our results suggest that the overexpression of Tmod1
could enhance actin polymerization, cell adhesion and spreading in
macrophages on stiff matrix.
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3.5. Tmod1 regulates the expression of vinculin and formation of focal
adhesion in macrophages

We observed that Tmod1 participated in cell adhesion, spreading and
podosome formation in macrophages cultured on stiff matrix. Focal ad-
hesions mediate cell adhesion by connecting the cytoskeleton to the
extracellular matrix and are essential for cell migration.?>?” Therefore,
we examined the effect of Tmodl on a critical component in focal
adhesion, vinculin, in macrophages. By western blotting, we found that
stiff matrix could significantly upregulate the expression of vinculin
compared to soft matrix (Fig. 5A). We overexpressed Tmod1l by trans-
fecting Raw264.7 cells with Tmod1-DDK plasmid and prepared perito-
neal macrophages from wild type and TOT/Tmod1 ™/~ mice. Quantitative
PCR and western blotting data showed that overexpression of Tmodl
caused the upregulation of vinculin in macrophages, while Tmod1 defi-
ciency resulted in the downregulation of vinculin (Fig. 5B-D). The results
suggest that both stiff matrix and Tmod1 could regulate the expression of
vinculin, thus the formation of focal adhesion.

We then performed immunostaining to detect vinculin positive focal
adhesion. We found that on stiff matrix, macrophages formed more focal
adhesions, which was consistent with Western blot data. When Tmod1 was
overexpressed, the numbers of vinculin positive focal adhesion increased in
macrophages cultured on both soft and stiff matrix (Fig. 5E and F). Tmod1
overexpressing macrophages cultured on stiff matrix had the highest num-
ber of focal adhesions. When Tmod1 was deficient, the numbers of vinculin
positive focal adhesion were significantly decreased in macrophages on
both soft and stiff matrix, but there were still more focal adhesions formed
on stiff matrix than on soft matrix (Fig. 5G and H). The data suggest that
Tmod1 could regulate the expression of vinculin and participated in the
formation of focal adhesion in macrophages induced by stiff matrix.

3.6. The deficiency of Tmod1 in macrophages retards the formation of
atherosclerotic plaques in stiff blood vessels

Monocyte and macrophage infiltration is the key step in the devel-
opment of atherosclerosis. Since Tmod1l appeared to play an important
role in macrophage rigidity and migration on stiff matrix, we hypothe-
sized that Tmod1l in macrophages would affect the atherosclerotic pla-
ques in blood vessels with different stiffness. To test our hypothesis, we
performed bone marrow transplantation and BAPN injection in ApoE /'~
mice. We transplanted bone marrow cells from wild type or TOT/
Tmod1 ™/~ mice to lethally irradiated ApoE/~ mice. After bone marrow
reconstitution, the mice were injected with BAPN (to lower the stiffness
of blood vessels) or PBS for 8 weeks. The body weight was monitored
every week and there were no significant difference among the groups
(Fig. 6A). At the end of week 8, the mice were sacrificed and the size of
atherosclerotic plaques in aortic root was analyzed. The data showed that
in mice transplanted with wild type bone marrow cells, the size of pla-
ques was much larger in PBS group (with higher stiffness) than in BAPN
group (with lower stiffness) (P = 0.1005, Fig. 6B and C). In mice that
were injected with BAPN, transplantation of wild type or Tmod1-
deficient bone marrow cells resulted in comparable size of atheroscle-
rotic plaques. But in mice that were injected with PBS, transplantation of
Tmod1-deficent bone marrow cells led to significantly reduced plaque
size as compared to transplantation of wild type bone marrow cells
(Fig. 6B and C). To exclude the effect of lipids, we detected the levels of
total cholesterol and triglyceride in the plasma of mice. The results
showed that they were comparable in mice transplanted with bone
marrow cells from wild type and TOT/Tmod1/~ mice (Fig. 6D and E).
These results suggest that the deficiency of Tmodl in macrophages
retarded the formation of atherosclerotic plaques in stiff blood vessels.

4. Discussion

Arteries undergo stiffening with normal aging and the stiffening
process is exaggerated by metabolic syndromes and diabetes.?®?° The
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alteration in arterial stiffness is one of the earliest detectable manifes-
tations of adverse vascular remodeling'! and arterial stiffness is a
cholesterol-independent risk factor for a first cardiovascular event.>’ The
development of atherosclerosis results in the increased stiffness in ar-
teries.!® Therefore, arterial stiffening is not only a cause but also a
consequence of cardiovascular disease. Monocyte/macrophage infiltra-
tion into the vascular wall is the key step in atherosclerosis. The circu-
lating monocytes adhere to endothelial cells and begin the process of
macrophage differentiation and transmigrate into the subendothelial
spaces. The subendothelial macrophages develop into foam cells that
populate lesions. Thus, the mechanical behaviors of monocytes and
macrophages would be influenced by the arterial stiffness at both early
and later stages of atherosclerosis.

In the present study, we investigated macrophage rigidity and
migration ability on PA gels with 2 kPa and 20 kPa stiffness, which
correspond to the stiffness of healthy and diseased blood vessels. We
found that compared to soft matrix (2 kPa), stiff matrix (20 kPa) caused
the increase in macrophage rigidity and promoted macrophage migration
(Fig. 1). Consistently, transcriptional analysis showed that the genes
related to positive regulation of cell migration were upregulated on stiff
substrate. Researchers studied monocyte/macrophage migration on 2D
surface or 3D matrix with various stiffness.'® %312 Sridharan et al.
found that stiff PA gels (323 kPa) primed THP-1 derived macrophages
towards a pro-inflammatory phenotype with lower migration ability,
while soft (11 kPa) and medium (88 kPa) stiffness gels primed cells to-
wards an anti-inflammatory phenotype with higher migration ability.!”
With bone marrow-derived macrophages (BMDMs), Chen et al. found that
low substrate stiffness (2.55 kPa) promoted BMDMs to shift to classically
activated macrophages (M1), while middle (34.88 kPa) stiffness promoted
BMDMs to shift to alternatively activated macrophages (M2).>! It was
shown that M1 macrophages had significantly impaired migration ve-
locity compared to M2 macrophages.'” These published works and our
data suggest that there might be a “biphasic” change in macrophage
migration depending on the matrix stiffness, i.e., the migration ability of
macrophages is low on substrate with ~2 kPa stiffness, becomes high on
substrate with ~11-88 kPa stiffness, but decreases again on substrate with
over 300 kPa stiffness. This could well explain the distinct behaviors of
macrophages seen in different scenes, such as vascular stiffening,
atherosclerosis, tissue repair, biomaterial implantation, and osteogenesis.

Macrophages could adopt two migration modes like tumor cells: one
is Rho-A kinase (ROCK)-dependent, podosome-independent amoeboid
migration mode; the other one is a ROCK-independent, podosome-
dependent mesenchymal migration mode.'”-*>** Based on our observa-
tion, macrophages cultured on stiff matrix (20 kPa) tended to spread
larger and have more podosomes and vinculin positive focal adhesions
(Figs. 4 and 5). Considering the higher migration ability in macrophages
cultured on stiff matrix, we think the cells most likely adopted a
mesenchymal migration mode.

Actin polymerization is a major determinant for macrophage rigidity
and migration. As an actin capping protein, Tmod1 plays an important role
in actin polymerization. We found that Tmod1 was upregulated by stiff
matrix and participated in actin polymerization, cell adhesion, cell
spreading of macrophages induced by stiff matrix. The knockdown of
Tmod1 in macrophages eliminated the difference in actin polymerization
and cell adhesion between soft and stiff matrix (Fig. 3). This indicates that
Tmod1 should be essential in determining the macrophage rigidity and be
important in macrophage migration on stiff matrix. The role of Tmod1 in
macrophages was well demonstrated in our animal study (Fig. 6). In
ApoE~’~ mice with softened vessels by BAPN, there was no difference in
the sizes of atherosclerotic plaques no matter whether Tmod1 was absent
or not in macrophages. But in ApoE /™ mice with stiff vessels, the knockout
of Tmod1 in macrophages greatly reduced sizes of atherosclerotic plaques,
suggesting less macrophage infiltration occurred when Tmod1 was absent.

In cardiomyocytes, researchers found that overexpression of Tmod1l
caused the phosphorylation and redistribution of paxillin,?? suggesting
that Tmod1 is involved in the assembly of focal adhesion. Consistently,
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Fig. 6. The deficiency of Tmod1 in macrophages retards the formation of atherosclerotic plaques in stiff blood vessels. (A) The body weights of ApoE™~ mice
that were transplanted with bone marrow cells from wild type (WT) or TOT/Tmod1 ™~ mice and then treated with PBS or lysyl oxidase inhibitor BAPN for 8 weeks. (B)
The images of oil red O staining of aortic roots from ApoE /™ mice with bone-marrow transplantation and PBS or BAPN treatment. The sections were counterstained
with hematoxylin. The atherosclerotic plaques were highlighted with red dotted lines. (C) The plaque areas were manually measured by Image J software. n = 3-5
mice. (D-E) The levels of total cholesterol (D) and triglyceride (E) in mice with bone-marrow transplantation and PBS or BAPN treatment. Data was analyzed by two-
way ANOVA test followed by the Tukey's multiple comparisons test. *: P < 0.05, ns: no significance.

we found that Tmod1 also participated the formation of focal adhesion in
macrophages when cultured on stiff matrix. It was also noticed that when
we manipulated Tmodl expression in macrophages, the expression of
vinculin changed accordingly. Higher Tmodl level corresponded to
higher vinculin expression (Fig. 5). In our preliminary data, we also
found that Tmod1 also seemed to regulate the expression of integrin p1
(data not shown). Importantly, vinculin expression was upregulated by
stiff matrix, suggesting that it was mechanosensitive. It was shown that
macrophage mechanosensing is mediated by cytoskeletal remodeling
and cytoskeletal dynamics could integrate biochemical signaling and
ultimately regulate chromatin accessibility to control the mechano-
sensitive gene expression program.>? Therefore, it is reasonable to infer
that Tmod1 may regulate the mechanosensing of macrophage and gene
expression program by changing cytoskeletal dynamics.

There is evidence that Piezo-type mechanosensitive ion channel
component 1 (Piezol) and transient receptor potential cation channel,
subfamily V, member 4 (TRPV4) are involved in sensing substrate
stiffness on 2D surfaces.>>>° The positive feedback exists between
actin polymerization and Piezol-mediated calcium influx in macro-
phages, which regulates the activation and mechanosensing of stiffness
in macrophages.>® Our recent work showed that Tmod1 could affect
the calcium influx in macrophages upon lipopolysaccharide (LPS)
treatment.®” It would be interesting to study whether there is any
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crosstalk between Tmodl and Piezol in regulating macrophage
migration on stiff matrix.

In vascular smooth muscle cells (VSMCs), researchers found that the
effects of matrix stiffness on VSMCs greatly depended on the biochemical
properties of the matrix and there was a “stiffness-by-ligand” effect.'?
However, evidence showed that macrophages were capable of respond-
ing to substrate stiffness irrespective of the matrix proteins being pre-
sented to them.!” In addition to the matrix proteins, other biochemical
cues exist in the microenvironment that macrophages are in. In athero-
sclerotic lesions, modified low density lipoproteins (LDL), such as
oxidized LDLs (oxLDL), are accumulated. It has been shown that oxLDL
inhibits the migration of macrophages via CD36-mediated signaling
pathways.>® Therefore, there may exist a crosstalk between the physical
cues (e.g., matrix stiffness) and biochemical cues (e.g., oxLDL). These
factors may synergistically regulate macrophage behavior in diseased
blood vessels and need to be studied further.

In conclusion, we demonstrated that matrix stiffness in diseased
blood vessels increased macrophage rigidity and promoted macrophage
migration and the cytoskeletal protein Tmodl was a key regulator in
these processes. Our work will help us to understand the biomechanical
mechanisms for the development of atherosclerosis and provide new
angles in prevention and treatment of atherosclerotic cardiovascular
diseases.
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