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Abstract

Macrophages perform critical functions for homeostasis and immune defense in tissues throughout
the body. These innate immune cells are capable of recognizing and clearing dead cells and
pathogens, and orchestrating inflammatory and healing processes that occur in response to injury.
In addition, macrophages are involved in the progression of many inflammatory diseases including
cardiovascular disease, fibrosis, and cancer. Although it has long been known that macrophages
respond dynamically to biochemical signals in their microenvironment, the role of biophysical
cues has only recently emerged. Furthermore, many diseases that involve macrophages are also
characterized by changes to the tissue biophysical environment. This review will discuss current
knowledge about the effects of biophysical cues including matrix stiffness, material topography,
and applied mechanical forces, on macrophage behavior. We will also describe the role of
molecules that are known to be important for mechanotransduction, including adhesion molecules,
ion channels, as well as nuclear mediators such as transcription factors, scaffolding proteins, and
epigenetic regulators. Together, this review will illustrate a developing role of biophysical cues in
macrophage biology, and also speculate upon molecular targets that may potentially be exploited
therapeutically to treat disease.

Summary sentence:

Review on the role of biophysical cues in regulating macrophage function, and potential molecular
mediators of mechanotransduction.
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Introduction

Macrophages are innate immune cells that can adopt a spectrum of phenotypes by
responding to signals in their surrounding environment [1, 2]. These cells play a critical role
in maintaining tissue homeostasis by clearing cell debris, foreign materials, and
orchestrating inflammatory and healing processes [3, 4]. In response to damaged tissue or
pathogens, macrophages polarize toward a classically activated phenotype (also known as
M1), and secrete pro-inflammatory cytokines to recruit other immune cells. Upon
stimulation with wound healing cytokines, they polarize toward an alternatively activated
phenotype (often referred to as M2), and help to dampen inflammation and promote healing
and tissue regeneration. These M1 and M2 phenotypes were initially thought to exist as
binary cell states, but macrophages /n vivo are often found to express markers associated
with both phenotypes [2]. In addition, macrophages are now known to express diverse
transcriptional profiles that are distinct from the traditional M1 and M2 paradigm,
particularly when they are exposed to signals present in diseases such as cardiovascular
disease, chronic inflammation, and cancer [5]. The complexity and versatility of macrophage
activation within the context of disease highlight their remarkable ability to respond, and
potentially contribute, to dynamic changes in microenvironmental cues.

Our current understanding of macrophages is largely based on their response to soluble,
diffusible signals including chemokines, cytokines, and damage- or pathogen-associated
molecular patterns, among many others [6]. However, macrophages exist within complex
matrix environments, as they are either recruited to or reside within tissues throughout the
body, where they may be exposed to a wide array of biophysical cues. Therefore, it is
important to also consider how the biophysical factors present within different cellular
environments, including mechanical forces and tissue physical properties, might contribute
to macrophage function. Biophysical cues have been shown to modulate the function of
many different cell types. In cardiovascular tissues, shear stress regulates healthy function of
the endothelium, and mechanical stretch promotes cardiomyocyte contractility and electrical
conduction [7, 8]. In bone, tension and compression are required for tissue remodeling and
osteogenesis after injury [9]. In addition to externally applied forces, tissue stiffness and
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topography can also regulate cell function. In seminal work performed just over a decade
ago, mesenchymal stem cells were shown to commit to specific lineages depending on the
stiffness of the tissue culture substrate - on materials with brain-like stiffness, they adapted a
neurogenic phenotype, whereas on substrates of increasing stiffness, they adapted myogenic
and osteogenic phenotypes [10]. These studies suggest an essential role for biophysical cues
in development and regulation of healthy function of cells within tissues.

Interestingly, many diseases have been associated with changes in biophysical properties of
tissues [11, 12]. For example, tumors are characterized by heightened collagen deposition
and matrix stiffness, and these factors are known to contribute to disease progression and
metastasis [13]. Lipid and calcium-rich atherosclerotic plaques alter the flow profiles within
blood vessels and also have higher stiffness, which are associated with increased endothelial
inflammation and permeability, and thus enhanced leukocyte recruitment to the vessel wall
[14]. During abnormal wound healing and tissue fibrosis, remodeling of the extracellular
matrix (ECM) often results in scar tissue that is stiffer than native tissue and exhibits thicker
and denser collagen fibrils [15]. Notably, macrophages are known to play an important role
in the progression of all of these diseases, and in some cases their presence is correlated with
poor prognosis [16, 17]. Thus, a better understanding of how the biophysical environment
influences the phenotype and behavior of macrophages will likely unveil new strategies and
molecular targets for treatment of disease.

In this review, we will discuss studies investigating the role of biophysical cues in regulating
macrophage function, including their migration, phagocytotic behavior, and polarization
towards inflammatory and healing phenotypes. Interestingly, the mechanisms underlying
their responses appear to be unique from cells that have traditionally been studied in
mechanobiology, likely because the molecular machinery involved in mechanotransduction
such as adhesive and cytoskeletal structures are quite different. We will first describe studies
that show a role for stiffness, topography, and mechanical forces in macrophage behavior,
and then provide insight to potential molecular mediators of these responses.

Regulation of macrophages by biophysical cues

Matrix composition

The extracellular matrix (ECM) is composed of proteins, polysaccharides, and
glycoproteins, providing a structural scaffold upon which cells adhere and organize to form
tissues, and undergoes dynamic changes in both composition and physical properties during
tissue healing and in disease [18]. Collagen is the most abundant ECM protein found in the
body and forms fibrils to give tissue tensile strength, whereas elastin associates with
collagen in many tissues and provides tissue elasticity through its coiled conformation. In
addition, fibronectin is a globular protein that facilitates cell attachment, and other
specialized ECMs exist within basement membranes, which is found basolateral to cell
monolayers throughout the body, and is composed of collagen type 1V, laminin, among
many other molecules. Upon injury, native ECM structures are damaged and replaced by a
provisional matrix composed mainly of fibrin that is eventually remodeled to form collagen-
rich scar. Many ECM molecules have domains that interact with adhesion receptors found
on the surface of cells. Furthermore, ECM can bind soluble factors including growth factors
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and alter their activity and/or presentation to cells. Thus, the ECM is not only the adhesive
and structural support for cells, but can also provide instructive cues to manipulate their
behavior.

To investigate the effects ECM composition on macrophages, cells can be cultured on
surfaces coated with various ECM proteins, and their behavior examined. In an early study,
bone marrow-derived macrophages (BMDMs) cultured on dishes coated with fibronectin,
laminin, type | collagen or type IV collagen were found to have a slower growth rate when
compared to cells cultured on tissue culture plastic alone, which naturally adsorbs soluble
ECM proteins found in serum [19]. Cells adopted different morphologies on different
ECMs, with collagen 1V and laminin causing a rounder shape, compared to the other ECMs.
Despite clear changes in morphology, secretion of inflammatory cytokines including IL-6
and TNFa was similar across the different culture conditions. These results were
corroborated in our recent study, where we also observed similar levels of TNFa secreted by
BMDMs cultured on Matrigel, vitronectin, and fibrinogen in addition to the ECM proteins
above [20]. We further found that the expression of Arginase-1 (Argl), a pro-healing marker,
was enhanced when macrophages were cultured on laminin, Matrigel and vitronectin
compared to the other ECMs [20]. Interestingly, these ECMs have been associated with
tumors, which are often laden with protective M2-like macrophages, often referred to as
myeloid suppressor cells [21]. Taken together, these results suggest that the ECM itself has
minimal impact on inflammatory activation, but may play a more significant role in
polarization towards a pro-healing phenotype.

Although ECM coatings on two-dimensional (2D) culture surfaces provide some insight to
the effect of composition on macrophage function, it poorly recapitulates the three-
dimensional (3D) environment that cells experience in the body. In the same early study
described above, BMDMs were cultured in agar suspensions containing ECM proteins, IL-6
secretion was significantly reduced compared to control agar with no ECM protein [19],
suggesting that adhesion to the matrix in a 3D environment modulates macrophage cytokine
secretion. Our laboratory observed that macrophages cultured on top of fibrin gels generated
by polymerization of fibrinogen using thrombin, exhibit reduced secretion of TNFa when
compared to cells cultured on polystyrene surfaces [22]. Addition of the adhesive peptide
arginine-glycine-aspartic acid (RGD) to non-adhesive hydrogels composed of polyethylene
glycol also led to inhibition of inflammatory activation, suggesting that interaction with
RGD-binding integrin receptors may be important [23, 24]. In addition to their activation,
the effects of the physical structure on migration of macrophages through 3D gels has also
been studied [25]. As perhaps expected, a minimum matrix density is required for motility,
but enhanced density of fibrin impedes macrophage migration. Gel matrix supplemented
with fibronectin or crosslinked with factor X111 also reduced migration [26]. Together, these
studies suggest that the 3D ECM environment impacts macrophage activation and motility.
Further studies will be needed to characterize the diversity of ECM molecules present during
healthy and disease states, and probe their individual and combinatorial effects on
macrophage activity.
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2.2 Substrate stiffness

ECM-based 3D materials differ significantly from traditional cell culture materials in their
stiffness, the ability of a material to resist deformation in response to applied force, which
itself has been shown to affect the behavior of cells [10, 27] . Tissue stiffness can be
characterized by elastic modulus, which ranges from 1 kPa for brain to 10 kPa for muscle,
and S~GPa for bone [28]. Many tumors and fibrous scar tissues have stiffnesses up to 10
fold greater than the native healthy tissue [29, 30]. Atherosclerotic plaques are often even
stiffer because of the presence of calcium deposits [31]. Experimentally, crosslinking can be
used to control the stiffness of ECM-based materials, but this method also leads to changes
in the ligand density, as well as the pore size and fibrillar architecture of the matrix.
Engineered synthetic materials such as polyacrylamide or polyethylene glycol offer the
ability to tune material stiffness on a nonadhesive background, which is then further
modified with adhesion proteins [32-34]. Although these materials generally do not
reproduce the fibrillar architecture of ECM materials, they allow for independent
manipulation of matrix mechanical properties and ligand density, and have led to
tremendous insights about the role of stiffness on cell function.

Using such engineered systems, murine alveolar macrophages (AM) and bone marrow
derived macrophages (BMDM), as well as human peripheral blood mononuclear cell-
derived macrophages have all generally been observed to have enhanced adhesion and
spreading when cultured on stiffer surfaces (hundreds of kPa) compared to soft surfaces
(~1-10 kPa) [35-39]. In most of these studies, stiffness-dependent changes in adhesion were
also associated with increased actin and cytoskeletal stiffness. In addition, macrophages
cultured on substrates of increasing stiffness generally exhibit increase in proliferation and
migration, [37], as well as increased phagocytosis [38, 39] (Fig. 1 a and b), With respect to
phenotype polarization, several groups have found that culture of macrophages (THP-1,
RAW 264.7, or BMDM) on stiffer materials potentiates inflammatory activation [24, 40],
although there are some reported discrepancies [41]. Nonetheless, subcutaneous
implantation of polyethylene glycol hydrogels with different stiffnesses led to greater
macrophage recruitment and fibrous capsule thickness in response to stiffer compared to
softer materials, suggesting an important ramification of material stiffness on the immune-
mediated foreign body response /n vivo [24]. In the context of cancer, a recent study showed
that matrix stiffness potentiated the ability for tumor associated macrophages to regulate the
invasive potential of tumor cells in co-culture model of lung adenocarcinoma [42] The
presence of macrophages and increased matrix stiffness together enhanced the epithelial to
mesenchymal transition of human adenocarcinoma cells and increased tumor cell
proliferation and invasiveness. Given that matrix stiffness has also been shown to enhance
the activation of macrophages themselves, tumor stiffness may contribute to the protective
activity that is commonly asociated with tumor-associated macrophages [24, 40]. One
possibility is that increased stiffness along with the presence of protective cytokines
enhances macrophage alternative activation, although this hypothesis has yet to be tested.

Differences in observations described above may be caused by varied experimental design
parameters associated with /n vitro studies, including the choice of macrophage source, time
allowed for adhesion, as well as the type of adhesive protein or phagocytic target used.
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Increases in the stiffness of the target itself is also thought to enhance its phagocytic uptake
[43, 44]. In addition, since substrate stiffness generally causes changes in adhesion, it is
possible that different numbers of cells are adhering on soft versus stiff surfaces as
demonstrated in the study [45]. Given the known effects of macrophage homotypic paracrine
interactions on their function [46], it is necessary to consider variations in cell density across
the culture conditions in order to eliminate any confounding factors. Furthermore, the effects
could be biphasic, as has been observed for cell spreading and inflammatory activation [41,
47]. Thus, it becomes important to study a wide and detailed range of stiffnesses in order to
comprehensively characterize their effects.

2.3 Topographical cues and adhesive geometry

Substrate topography, or physical features on the surface of a material, is a significant
biophysical cue that can guide macrophage behavior. Much of our understanding of this
phenomenon stems from investigations of biomaterials for medical implants. Early studies
demonstrated that macrophages preferentially adhere to rough surfaces [48], and exhibit
heightened spreading, elongation, and motility when cultured on textured compared to
untextured surfaces [49, 50]. Furthermore, macrophages cultured on sandblasted and etched
titanium surfaces secreted more proinflammatory cytokines compared to smooth surfaces,
both with and without lipopolysaccharide (LPS) stimulation [51]. When implanted femorally
in rats, TiO, surfaces containing rough features promoted pro-inflammatory M1 polarization
and impaired osteogenicity compared to smooth controls [52]. Extending into 3D, material
porosity also impacts infiltration and activation of macrophages. Porous hydrogel implants
placed subcutaneously in mice rats produced significantly thinner and vascularized fibrous
capsules than their non-porous controls [53]. Such porous implants also induced spatial
differences in macrophage polarization, with cells in the pores shifted towards an M1
phenotype, while macrophages on the surface exhibited less M2 marker expression. Here,
improved foreign body response was attributed to increased macrophage infiltration and
enrichment of M1 cells, which has been reported by others to be necessary for enhanced
wound healing [54, 55].

Effects of surface topography are thought to be independent of the chemistry of the material
and several studies have used engineered materials in order to investigate specific defined
features that might cause changes in macrophage function. Using photolithographic
techniques, micron-scale surface patterns can be generated with a wide range of shapes and
sizes. Micropatterned posts appear to induce a greater M2-like polarization in macrophages
than line patterns, but interestingly the spacing between the features had a more significant
effect on macrophage behavior than the size of the features themselves [56]. Another study
also compared macrophages cultured on micropillars, microgrooves and unpatterned
surfaces, and found distinct gene expression profiles, particularly programs involved in
transcription, translation, protein trafficking, DNA repair, and cell survival [57].
Topographical features that elicit cellular elongation appear to enhance macrophage wound
healing responses. In work from our own laboratory, macrophages cultured on an array of
microgrooves of varied dimensions tend to express more Argl, an M2 marker, with
increased degree of elongation [58]. In addition, biomimetic wrinkle substrates that cause
macrophage elongation also promote Argl expression and IL-10 secretion in vitro (Fig. 1 ¢
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and d). These findings were further corrobrated with the host response following
implantation /7 vivo. Grooved materials implanted within the subcutaneous space of mice
showed heightened Argl expression and reduced collagen density in the tissue surrounding
the biomaterial when compared to flat materials [59]. In 3D, fibrous geometries generated
by electrospinning pores appear to alter macrophages, with more M2 macrophage response
to microscale fibers in comparison to nanoscale fibers [60, 61]. A study performed on
nanofibrous PLLA substrates showed that fiber diameter and not alignment was the primary
feature that caused changes in macrophage activity [62]. Moreover, the impact of the
topography on macrophages was dynamic, with pro-inflammatory cytokine secretion
reduced in the first 24 h, but no differences are observed after 7 days of culture. This result
highlights the temporal nature of the effects of substrate adhesion on macrophage behavior.

The effects of surface topography are often correlated with changes in cell shape, which
intriguingly is also associated with macrophage differentiation and polarization. Monocytes
treated with granulocyte-macrophage colony stimulating factor (GM-CSF) to induce
differentiation to macrophages or macrophages stimulated with LPS yield flat but rounded
cells. In contrast, differentiation with macrophage colony stimulating factor (M-CSF) or
stimulation with IL-4 and/or IL-13 causes macrophage elongation [63-65]. Using
microcontact printing, we showed that cell shape itself can contribute to function of
macrophages. In this method, adhesive proteins are transferred to a substrate using a
photolithographically generated stamp. Cells seeded on the patterned substrates adhere to
the proteins and adopt the adhesive geometry of features determined by the stamp [66].
Using this technique, we found that cellular elongation causes an increase Argl, and
potentiates the effects of IL-4/IL-13. Furthermore, elongation mitigates the effects of
inflammatory stimuli LPS and IFN-y. While the mechanisms underlying these effects remain
mostly unknown, these shape-induced changes are lost with the addition of inhibitors of
cytoskeletal polymerization and contractility [65]. Interestingly, a recent study that also used
micropatterning tools showed that restricting cell spreading can suppress late inflammatory
gene response to LPS [67]. This effect was associated with the actin-bound transcription
factor, myocardin related transcription factor A (MRTF-A), which is released upon cell
spreading and potentiates inflammatory gene activation. While this study revealed a novel
mechanism underlying control of macrophage behavior, much work is still needed to
elucidate the molecules involved in macrophage sensing of their topographical surroundings.

Most studies investigating topography have been performed on engineered materials that are
very stiff, and the effects of topographical cues in a soft environment still remain relatively
unexplored. Soft polymeric materials, often hydrogels, are more challenging to fabricate
with precisely tuned topography or architecture. Furthermore, soft materials can be
deformed by contractile traction forces exerted by cells, and therefore the topography
changes over time [68]. Engineering the self assembly conditions of soft ECM hydrogels
could potentially be used to control fibril length, thickness, density, and mechanical
properties, and may provide more physiologic architectures [69]. However, cells will also
remodel these natural ECM environments and the dynamics need to be considered. Thus,
further work is needed to investigate the combinatorial effects of substrate topography and
stiffness.
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2.4. External forces

Externally applied mechanical forces such as stretch and shear stresses regulate the function
of many cell types, especially those that reside within mechanically active tissues.
Macrophages exist within tissues throughout the body including those that are mechanically
active and are, therefore, also exposed to dynamic external forces that often change with
disease. For example, in cardiovascular tissues a 10% strain amplitude is characteristic of
healthy blood vessels, but strain levels increase during hypertension or myocardial infarction
[70-72]. In the lungs, inhalation and exhalation results in cyclic mechanical stretch, but
ventilator-induced stretch exacerbates strain [73]. Studies investigating the role of
mechanical stretch commonly utilize /n vitro systems, whereby cells are cultured on flexible
silicone membranes that are stretched using a computer-controlled motor. To manipulate the
shear environment, cells are cultured within flow chambers or microfluidic systems, and
culture media is flowed through using a pump. These engineered systems can provide a wide
variety of defined regimens to manipulate the mechanical environment of cells.

Several studies have found that mechanical stretch causes macrophages to elongate along the
direction of stretch [74, 75]. Stretch has also been observed to increase macrophage
expression of matrix metalloproteinase-9 (MMP-9), an enzyme involved in extracellular
matrix remodeling [76, 77]. The role of stretch in influencing macrophage inflammatory
activation remains less clear, with higher levels of inflammatory cytokine secretion observed
in some studies and others showing minimal effects [77—-79]. When pre-polarized with
inflammatory stimuli interferon-y (IFN-y) and LPS, cyclic stretch had no effect on
inflammatory markers [79]. However, simultaneous addition of IFN-y/LPS with mechanical
stretch resulted in increased secretion of the inflammatory markers IL-6 and TNFa, in
alveolar macrophages compared to unstretched controls [76]. Finally, cyclic mechanical
stretch has been shown to increase the proliferation of peritoneal macrophages (Fig. 1 e and
f) [71]. This observation was thought to explain the increased presence of macrophages in
the heart following myocardial infarction. Stretch is, therefore, capable of altering
macrophage morphology, function, as well as proliferative state.

Shear stress caused by blood flow in vessels has a well-established effect on endothelial
function, leading to changes in monocyte/macrophage recruitment. Endothelial cells
exposed to healthy shear levels (12 dyn/cm? ) exhibit significant decreases in bound THP-1
monocytes compared to static controls [80]. However, lower shear stresses and flow reversal
conditions, both of which are common in vessel bifurcations and have been shown to play a
role in plaque development, result in a higher expression of vascular cell adhesion
molecule-1 (VCAM-1) by endothelial cells, and thus greater leukocyte attachment and
recruitment [81, 82]. Together, these studies suggest that healthy shear stress maintains
endothelial function with minimal leukocyte recruitment, and pathological shear conditions
contribute to the adhesion and recruitment of monocyte/macrophages to tissues.

Fluid flow has also recently been shown to directly influence macrophage functional
activation and migration. Li. et al. developed a microfluidic system to expose macrophages
within collagen gels to interstitial flow, or flow through tissues, which was aimed at
recapitulating flow emanating from a tumor to the surrounding stromal tissues [83]. Using
this system, the group showed that interstitial fluid flow increased the expression of
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phosphorylated STAT3/6 and CD206 expression, markers associated with macrophage pro-
healing activation (Fig. 1 g and h), which was abolished by antibody-mediated blocking of
1 integrins. In addition, macrophages were observed to migrate against the direction of
flow. The results, thus, suggest that interstitial flow may be involved in polarizing and
recruiting pro-healing macrophages to tumors, and that targeting p, integrins could
potentially modulate these effects. Further characterization of the effects of shear stresses on
altering macrophage function and activity, as well as uncovering the responsible molecular
mechanisms in transducing these signals, will help elucidate the role of mechanical forces in
both healthy macrophage function and disease development.

As with studies of stiffness described earlier, the lack of a clear consensus in the role of
mechanical forces, particularly the effects of stretch, in influencing macrophage function
likely stems from differences in experimental parameters including source of cells,
mechanical stimulation profiles, doses of cytokines or chemokines, extracellular matrix used
to coat culture substrates, and experimental timecourse. In addition, while the effects of
stretch on inflammatory activation have been studied, the effects of cyclic stretch on
macrophage function in a healing environment remain unknown. While published studies
have independently explored different strain profiles, a systematic study of macrophage
response to various amplitudes or frequencies of strain would provide more comprehensive
knowledge. Understanding the effects of mechanical stimulation combined with other
biophysical cues, such as substrate stiffness and topography, also remain unknown.
Furthermore, the adhesion molecules and intracellular signaling pathways responsible for
stretch-mediated changes have not been explored. Future work elucidating these molecular
mechanisms will contribute to our understanding about how mechanical forces regulate
macrophage function during disease, and potentially uncover new molecular targets for
therapy.

3. Molecular mechanisms of mechanotransduction

3.1.

Integrin and cytoskeletal-mediated interactions

Adhesion receptors are thought to play a major role in sensing mechanical cues and
transducing them into biological signals that regulate cell function, a process referred to as
mechanotransduction. This includes integrins, heterodimeric transmembrane receptors
composed of a and B subunits, which bind to the ECM and connect the extracellular
environment with the intracellular cytoskeleton [84]. Integrins play a central role in various
cellular activities including morphological changes, motility, proliferation and
differentiation. Given the changes in adhesion that occur as monocytes transition to
macrophages, it is not surprising that differentiation leads to expression of integrins and
integrin-associated molecules such as focal adhesion kinase (FAK) [85-87]. Our own
analysis of publicly available RNA-seq data [88] shows that differentiation of HL60 myeloid
progenitor cells to macrophages with phorbol 12-myristate 13-acetate (PMA) treatment is
largely associated with the upregulation of integrin and cadherin adhesome genes [89, 90],
which include adhesion receptors as well as adaptor and intracellular signaling molecules
(Fig. 2). While adhesome genes are generally upregulated with macrophage differentiation,
there does appear to be a smaller portion of genes only transiently upregulated during early
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exposure to PMA. In addition, exposure of differentiated macrophages to LPS also
influences the expression of several adhesome genes. Similarly, when primary human
macrophages are activated by different polarizing stimuli, including LPS, IFN~y, IL4,
adhesome gene expressions are dynamically controlled [5], exhibiting patterns of both up
and down-regulation (Fig. 3). LPS increased overall adhesome gene expression, which was
further enhanced upon addition of IFN~y. While stimulation with both LPS and IFNy
appears to have synergistic effects on adhesome gene regulation, the effects do not appear to
be additive and IFN-y stimulation alone has only a mild impact on adhesome gene
expression. Interestingly, ultrapure LPS treatment, which specifically targets TLR4 , did not
elicit a strong effect. These data suggest that as macrophages undergo differentiation and
activation, they also display global modulation of adhesion receptor and adhesion-mediated
signaling protein expression.

Early studies showed a linkage between adhesion receptors and the cytoskeleton using a
magnetic twisting device, whereby an ECM-coated magnetic bead was applied to cells, and
then mechanically activated with magnetic force [91]. Forces applied to the cell surface were
observed to directly cause cytoskeletal rearrangements through integrins, which clustered to
form focal adhesions. It has now become clear that focal adhesions respond to diverse
mechanical cues including applied forces as well as topographical cues and substrate rigidity
[92, 93]. These adhesive structures are thought to act as signaling hubs, activating
downstream signaling pathways that not only regulate cytoskeletal dynamics but also control
many cellular behaviors including proliferation, migration, and differentiation. In contrast to
fibroblasts, endothelial cells, or mesenchymal stem cells, which are used in the many of
studies that have established our existing understanding of mechanotransduction,
macrophages mostly form podosomes instead of focal adhesions upon integrin engagement
(Fig. 4, box 1). Podosomes are adhesive structures defined by an actin-rich core surrounded
by a ring structure composed of integrins [94] and integrin-associated proteins such as talin,
paxillin and vinculin [95]. Similar to focal adhesions, these structures are critical for
adhesion and migration, and thought to act as mechanosensors since they are also connected
to the intracellular cytoskeleton. Furthermore, traction forces exerted at podosomes are
enhanced with increased substrate rigidity, and podosome structures are displaced in
response to applied forces [96]. Despite many similarities between podosome structures and
focal adhesions, the precise mechanisms by which podosomes sense the mechanical
environment of macrophages still remain relatively unknown.

Integrin clustering, either in the form of focal adhesions or podosomes, leads to the binding
of intracellular signaling and adaptor proteins including paxillin, talin, focal adhesion kinase
(FAK), Pyk2, and Src, among numerous others [97]. In macrophages, these interactions are
critical for adhesion, migration, and phagocytosis. Expression levels of 2 and B3 integrins
have been correlated with adhesiveness and migratory capacity of macrophages, and their
inhibition leads to reduced adhesion and migration, respectively [35, 98, 99]. In addition,
deletion of FAK and/or paxillin in primary BMDMs impaired recruitment of macrophage to
sites of inflammation [100, 101]. Interestingly, surface nanostructures have been shown to
activate FAK and Src in macrophages, [102, 103], but their role in mechanotransduction is
still mostly undefined. To perform phagocytosis, macrophages employ several receptors
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including 19G, Fc receptors (FcR), complement receptors, scavenger receptors, integrins,
and TLRs [104]. Several integrin subtypes (aMB2 and aVB3) and integrin-associated
proteins including talin have been shown to be involved in phagocytosis of opsonized beads
and red blood cells [105, 106]. Furthermore, coordinated activities among different integrin
subtypes or small G- proteins with other receptors including complement receptors are
thought to be critical for phagocytic activity [106, 107]. Thus, there is a clear role for
integrin-mediated interactions in regulation of macrophage migration and phagocytosis.

Upon stimulation with different polarizing signals, macrophages undergo significant
changes in their adhesion, evident through cell morphology [65], as well as expression of
adhesome-related genes (Fig. 3). These adhesive changes are not only a consequence of
activation, but can also feed back to regulate the polarization response. aM integrin has been
shown to inhibit macrophage inflammatory activation since macrophages derived from aM
knockout mice exhibited enhanced TNFa secretion in response to LPS when compared to
macrophages from wildtype mice [108]. However, this negative regulation has not been
observed in all macrophage populations [109], suggesting perhaps that the mechanisms are
not conserved across macrophages derived from different sources or that other experimental
parameters may be involved in regulation of inflammation by integrins. Methods to engage
different integrin subtypes have also achieved varied results. One study showed that
engagement of, avp3, using an immobilized antibody enhanced TNFa secretion of human
primary macrophages in response to LPS [110]. In contrast, a recent study compared THP-1-
derived macrophage culture on adhesive gelatin hydrogels to cells on a non-adhesive
polyethylene glycol gel, and observed decreased inflammatory activation [23]. This latter
study also found higher expression of pro-healing markers in cells on gelatin compared to
polyethylene glycol, and implicated a role for a2p1 using a blocking antibody. These results
corroborate the idea that integrin-mediated adhesion inhibits macrophage inflammatory
activation, and further suggest that integrin adhesions enhance pro-regenerative activities of
macrophages, albeit through a different integrin subtype and in the context of a soft
environment. Clearly, the role of integrins in macrophage phenotype polarization is complex
and will require further investigation.

Adhesion activates several downstream signaling pathways including Rho small GTPases,
[111, 112]. Rho GTPases are key regulators of cytoskeletal dynamics and cell contractility,
and crosstalk with other signaling pathways such as mitogen activated protein (MAP) kinase
signaling to mediate cellular activities such as proliferation and differentiation. Numerous
studies have demonstrated that mechanical cues modulate these signaling pathways [92,
113]. In macrophages, Rho GTPases are most well characterized for their roles in motility
and transendothelial migration, as well as phagocytic uptake [107, 114, 115], and MAP
kinase signaling is involved in cytokine production and inflammatory response [116, 117].
One study demonstrated that mechanical stimulation through administration of external
pressure increased p38 MAPK signaling and phagocytosis in THP-1-derived macrophages
[118]. Aside from this, however, evidence for Rho GTPase and MAPK signaling in
macrophage mechanosensing are lacking. Thus, integrins and proteins associated with
podosomes as well as downstream signaling molecules have a significant role in macrophage
adhesion, migration and activation, but further studies are needed to better understand the
role of biophysical cues in their regulation.
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lon Channels

Cells can also transmit forces through ion channels, which may be activated by membrane
tension to control the passage of ions to regulate membrane potential as well as many cell
functions (Fig. 4, box 2). Transmission of divalent cations, such as calcium in particular,
have been shown to influence activation, proliferation, and migration of immune cells [119].
The transient receptor potential (TRP) family of channels consist of 30 proteins, which are
subdivided into six subgroups: TRPC (canonical), TRPM (melastatin), TRPV (vanilloid),
TRPA (ankyrin), TRPML (mucolipin), and TRPP (polycystin) [120, 121]. These channels
are nonselective to cations as they are permeable to sodium as well as calcium and are
known to respond to diverse cues within the microenvironment, such as pH, temperature,
osmolarity, and mechanical stimuli [119]. Macrophages express TRPV4, TRPV2, TRPC6,
and TRPM7, which have roles in inflammatory activation and phagocytosis. TRPV4 appears
to negatively regulate LPS-induced inflammation, but enhances both LPS-mediated
phagocytosis and ox-LDL uptake [122, 123]. In contrast, a recent study found that TRPM7
positively regulates LPS-induced inflammatory activation by enhancing endocytosis of the
LPS-TLR4 complex, and its depletion has been shown to protect mice from LPS-induced
peritonitis [124]. Finally, manipulation of the expression and activity of TRPV2 and TRPC6
reveals that these channels are required for phagocytosis in macrophages [125, 126]. While
all of these channels have been shown to be regulated by biophysical cues in other cell types
[127-129], thus far, only TRPV4 activity is known to be influenced by the mechanical
environment in macrophages [122]. BMDMs seeded on stiffer substrates exhibited increased
LPS-mediated intracellular calcium influx and phagocytic capacity compared to cells on soft
surfaces, and pharmacological inhibition or reduced expression of TRPV4 resulted in
decreased phagocytosis in BMDMs cultured on stiff substrates. The results obtained, thus,
suggest an important role for TRP ion channel activity in macrophage function, and suggests
that mechanical forces and membrane tension are involved.

Macrophages also express channels for other ions on their cell surface, including the
voltage-gated proton channel H, 1. H,1 is responsible for the regulation of protons into the
cell and is associated with the NAPDH oxidase (NOX) complex in innate immune cells.
Phagocytosis of microorganisms by macrophages activate the NOX complex which leads to
the transfer of electrons into the forming phagosome and formation of superoxide anions
that are involved in Kkilling microorganisms [130, 131]. While the mechanical regulation of
this channel specifically in macrophages is relatively unknown, membrane stretch
administered through a high speed pressure clamp on excised membrane patches from
oocytes has been shown to open this proton channel in the absence of strong depolarization
[132]. Further work, however, still needs to be conducted to better characterize the effects of
the mechanical microenvironment on the regulation of the H,1 proton channel in
macrophages.

lon channels are clearly important in modulating numerous macrophage functions; however,
the role of the mechanical environment in regulating channel activity is still poorly
understood. The majority of channels discussed in this section are dependent on membrane
tension for activation, and thus the stiffness of the environment, which enhances tension, is
likely to modulate their activity. While the effects of stiffness on TRPV4 have been studied,
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the role of other physical stimuli including mechanical stretch, shear stress, topography, or
adhesive cues on the multitude of ion channels expressed in macrophages are still unknown.
As with integrin subtypes, the effects of channel manipulation on the activity or expression
of other ion channels or surface receptors are poorly characterized and could likely impact
the overall cellular response. The effects of mechanical cues may yet provide novel insight
into the mechanisms responsible for changes in macrophage activation in their physiological
environment.

3.3 Nuclear Mechanotransduction

Mechanical cues can regulate gene expression through control of transcription factors and
coactivators, primarily by galvanizing the nuclear translocation of these factors that may be
otherwise marked for degradation or sequestration in the cytoplasm [133, 134].
Mechanistically, this is thought to occur through either (1) the association of transcription
factors with cytoskeleton or related signaling components, or (2) direct coupling of the
cytoskeleton to nuclear pores that open in response to forces and thus influence the import/
export of molecules (Fig. 4, box 3). Both of these mechanisms are applicable to the
mechanosensitive transcriptional co-activator Yes-associated protein (YAP), and its role in
coordinating the cellular response to mechanical cues [135, 136]. YAP and the related
protein transcriptional co-activator with PDZ-binding motif (TAZ) play a vital role in organ
size control, by regulating cell proliferation during development [137]. Recent work has
shown that YAP/TAZ is regulated by stiffness, cell shape, and mechanical forces [138, 139],
and its dysregulation is associated with diseases including atherosclerosis, fibrosis, and
cancer [138]. In myeloid cells, YAP/TAZ has been found to be involved in monocyte
adhesion to inflamed endothelium [140], TGFB1-induced fibrotic M2 polarization [141],
and tumor associated M2 polarization [142], but a definitive role for YAP in macrophage
mechanotransduction remains elusive. The myocardin-related transcription factor A (MRTF-
A) is another transcriptional regulator that has been observed to be influenced by mechanical
cues [143]. MRTF-A is a cytoplasmic actin-bound protein that when freed upon actin
polymerization, relocates to the nucleus [144], where it binds serum response factor (SRF)
and activates promoters with serum response elements [133]. MRTF-A is thought to be
essential for LPS-induced proinflammatory activation [145], and a recent study revealed that
spatial confinement of macrophages reduces MRTF-A nuclear localization by
downregulating actin polymerization, and led to reduced expression of LPS-activated
inflammatory programs [67]. Interestingly, YAP and MRTF-A share striking similarities in
their response to mechanical forces. For example, both YAP and MRTF-A translocate into
the nucleus with increased cellular or matrix stiffness, and also appear to require nuclear
envelope proteins including lamin A/C and emerin, a component of the inner nuclear
membrane responsive to isolated nuclear force [146—-149]. Finally, the inflammatory
program controlled by NF-xB nuclear translocation has also been observed to be controlled
by mechanical inputs [150-152]. There have also been observations of altered levels of
nuclear NF-xB in macrophages in response to differences in substrate stiffness [40] and
topography [153]. Together, these studies implicate transcriptional activator shuttling in
macrophage sensing of mechanical cues in their environment.
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In addition to altered nuclear transport of transcriptional regulators, mechanical forces may
rely on an alternative path embodied by physical linkages, to regulate chromatin
organization and gene expression [154-156]. Such cell-wide mechanical integration allows
for the transmission of mechanical signals from extracellular interfaces to the nuclear
scaffolding, and are be capable of propagating signals several order of magnitudes faster
than biochemical signals that originate upstream at cell membrane [157]. An important
component in this is the linker of nucleoskeleton and cytoskeleton (LINC) complex, which
connects the cytoskeleton in the cytoplasm with the nuclear lamina on the inside of the
nuclear envelope [158, 159]. Nuclear lamins and lamin-associated proteins can interact
directly with DNA, histones and other heterochromatin proteins [160]. This may establish
control of genes by subnuclear positioning that localizes active genes close to nuclear pore
complexes [161], or sequesters inactive heterochromatin to the nuclear periphery [154, 162—
164]. Mutants of lamin A/C are known to causes a spectrum of laminopathies, resulting in
tissue-specific abnormalities or early aging [165]. Lamins have also been implicated in
mechanotransduction in several cell types. In stem cells, lamin A expression increases as
cells are cultured on substrates of increasing stiffness, and its knockdown in cells cultured on
stiff surfaces reduces osteogenesis and increases adipogenesis [166]. In fibroblasts, lamin
AJC deficiency is associated with increased nuclear deformability, defective
mechanotransduction, impaired motility, and decreased viability under mechanical strain
[167, 168]. As with adhesion and adhesion-mediated signaling molecules, expression of
proteins associated with the LINC complex and nuclear lamina are significantly upregulated
during differentiation of macrophages from monocytes [169], although a role for lamins in
mechanotransduction has not yet been identified in macrophages. Interestingly, lamin A/C
upregulation in adipose tissue derived macrophages from obesity-induced type 2 diabetic
mice, was associated with increased NF-xB activity, suggesting a potential role in chronic
inflammation [170]. These data suggest that the nuclear envelope and lamina may be
involved in monocyte differentiation, and possibly in macrophage motility and function, but
the definite roles of these nuclear envelope proteins in macrophage mechanotransduction
remain to be determined.

3.4 Epigenetic regulation

While the inherently different mechanical cues present in various tissues may induce
epigenetic changes that are responsible for tissue-specific variations in macrophage
behavior, direct evidence of such mechanisms has yet to be revealed. However, epigenetic
mechanisms clearly play a major role in directing macrophage differentiation and activation.
For example, both H3K4 methylation and H3K27 acetylation regulate tissue-specific
macrophage gene expression in the brain and lungs [171]. Furthermore, transcriptional
profiles and chromatin accessibility are divergent in macrophages derived from monocytes
compared to those derived directly from myeloid progenitors or tissue-resident macrophages
[88]. Interestingly, recent studies have revealed that certain biophysical cues can regulate
epigenetic pathways that are known to be important in governing macrophage behavior.
Specifically, histone deacetylase (HDAC) activity is reduced in both human mesenchymal
stem cells (MSCs) [172] and mouse fibroblasts when cultured on patterned microgroove
surfaces. These changes in HDAC activity were also associated with global increases in
H3Ac, H3K4 di- and trimethylation, and cellular elongation more broadly [173]. Notably,
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elongation is a feature of the alternative pro-healing macrophage phenotype [65, 174], and
cell-adhesive geometries of varying shape, aspect ratio, and size as well as actomyosin
contractility were found to regulate HDAC3 [175], which is required for macrophage
inflammatory signaling [176]. Furthermore, confining macrophage spreading on fibronectin
coated surfaces was shown to decrease inflammatory gene expression and HDAC3 activity
in LPS stimulated macrophages when compared to cells that were allowed to spread freely
[67]. Confinement also induced an increase in H3K36me2, a marker of chromatin
compaction and gene suppression, near inflammatory gene promoters //-6 and NosZ2 (or
iNOS) but not at the promoters of //-18 and Cxc/9suggesting their may be more than one
avenue for mechanical cues to modulate epigenetic marks at genes important for
macrophage activation [67].

Other epigenetic mechanisms are also known to control and regulate macrophage
polarization and inflammatory function. For example, histone H3 acetylation (H3Ac)
modifications, which are typically found near active promoter or enhancer sequences,
increase near inflammatory genes, including //6, in macrophages stimulated with LPS [177].
Additionally, LPS-induced gene expression patterns are reduced by inhibiting bromodomain
(BRD) protein binding to H3Ac using a small molecule inhibitor iBET [177], suggesting
that blocking histone acetylation could prevent inflammatory gene activation. However,
somewhat counterintuitively, inhibitors of histone deacetylase (HDAC) enzymes such as
trichostatin A (TSA), which increase global histone acetylation levels, are also known to
suppress inflammation in macrophages [178]. One study in a mouse B cell line (Ba/F3)
showed that genome-wide increases in histone acetylation due to TSA treatment actually
direct BRD proteins away from target gene promoters (including gene targets of JAK/STAT
signaling, which are also involved in macrophage activation) by increasing the total number
of binding sites available, causing BRD proteins to bind more diffusely throughout the
genome [179]. While this has yet to be shown at the chromatin level in macrophages, this
reported mechanism could potentially resolve these apparent conflicting observations. In
addition, the colocalization of p300, a histone acetyl transferase, to sites of H3K4mel was
shown to be important in the activation of enhancers near LPS-inducible proinflammatory
genes, including 7nfa (tumor necrosis factor alpha) and Sod2 (superoxide dismutase 2), and
facilitates an inflammatory response through the myeloid transcription factor PU.1 [180].

While histone modifications clearly play a role in priming, activating, and enhancing pro-
inflammatory gene expression, DNA cytosine methylation is also an important regulator of
macrophage activation. Hypermethylation of CpGs near Socs1, a gene known to negatively
regulate the inflammatory JAK2/STAT3 pathway, occurs following LPS stimulation in
RAW?264.7 macrophages [181]. Pharmacological inhibition of DNA methyltransferase 1
(DNMT1) or knockdown through siRNA decreases methylation at the SocsZ promoter,
increasing its expression and downregulating inflammatory signaling [181]. Additionally,
DNMT1 and DNMT3b are responsible for hypermethylation of the peroxisome proliferator-
activated receptor -yl (Ppary) promoter in response to obesity-associated factors including
saturated fatty acids, which leads to pro-inflammatory STAT signaling [182, 183]. Finally,
macrophage inflammation during atherosclerosis can also be suppressed by the inhibition of
DNMTs with 5-aza-dC treatment [184]. Interestingly, it was shown that characteristic
atherosclerotic oscillatory shear flow profiles induce DNMT1-mediated hypermethylation in
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human umbilical vein endothelial cells and rat carotid arteries [185], although the ability of
mechanical forces to regulate methylation enzyme activity or methylation patterns in
macrophages remains unknown [181]. Given that epigenetic modifications have also been
associated with many diseases that involve dysregulation of mechanical cues and
macrophages [186], it is possible that regulation of epigenetic mechanisms through
biophysical cues may explain some macrophage behaviors that are relevant to health and
disease.

4. Concluding Remarks

In this review, we describe an emerging paradigm that suggests mechanical cues modulate
the function of macrophages. These adhesive innate immune cells respond to a variety of
mechanical cues such as material stiffness and topography or architecture as well as
externally applied mechanical forces. Often, these cues synergize with soluble factors
including damage and pathogen associated molecular patterns or cytokines to regulate the
function of macrophages. As with most studies in mechanobiology, many of the models used
to probe the role of biophysical cues rely on /n vitro systems — culture of macrophages on
materials with different physical characteristics, or within engineered platforms that subject
cells to mechanical stimulation. These systems allow for manipulation of the biophysical
microenvironment, but also pose several challenges and considerations. Macrophage cell
lines or primary macrophages derived from bone marrow or blood are commonly used since
these populations of cells are relatively easy to access and yield numerous cells to use for
studies /n vitro. However, cell lines and macrophages differentiated from hematopoetic or
monocytic precursors on plastic petri dishes could very well behave differently from those
found in the body. Furthermore, macrophages /7 vivo are not only derived from circulating
monocytes, but also exist resident within tissue. It is possible that macrophages of different
origins respond uniquely to biophysical signals, particularly since cells within the heart and
lungs experience significantly more basal mechanical stimulation compared to cells in the
brain or skin. Another challenge of /n vitro systems is that experimental parameters can vary
— cell culture media, seeding densities, stimulation cytokine concentrations, experiment
duration, among many others. In our own experience, all of these parameters impact
macrophage function, and it is therefore necessary to consider the effects of these variables
when analyzing and interpreting results.

Much of our knowledge in this area has stemmed from studies performed in the context of
biomaterials engineering, since implanted materials clearly alter the biophysical
environment, and are known to interact with abundant macrophages [187]. Several groups
have found that stiffer materials enhance inflammatory activation, and grooved or fibrous
materials promote alternative activation [40, 58]. In some cases, these findings have been
correlated with /n vivo studies, where materials are implanted within animals and
macrophages in the surrounding tissue are characterized [24, 59]. In this context, although
only one cell layer of macrophages is in direct contact with the material, even cells that are
further into the tissue are observed to be affected, perhaps because they were previously in
contact with the material or because of paracrine effects caused by cells at the surface.
Nonetheless, even with these important insights, it is still unclear what material
characteristics will elicit the macrophage response needed for optimal wound healing and
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minimal scarring. Heightened inflammation leads to chronic inflammation, and excessive
alternative activation could in fact lead to fibrosis. Moreover, macrophages /in7 vivo are often
highly heterogeneous, and thought to exist in numerous activation states as well as
transitioning among different states at any given time. Most likely, timely activation and
inactivation of macrophages is needed to promote optimal healing. Advanced biomaterials
engineering strategies with dynamically changing properties may be needed to achieve such
temporal control.

Mechanical forces are known to modulate wound healing and tissue repair. In the skin,
mechanical tension from contraction of myofibroblasts promotes wound closure. While
these forces are necessary to heal the wound, exacerbated levels are thought to contribute to
scar. Nonetheless, clinically used therapies often leverage mechanical stimulation to improve
tissue regeneration. For example, negative pressure wound therapy (NPWT) applies a
biomaterial foam and negative pressure to a large skin wound, causing both macroscale and
microscale deformations that speed wound closure [188]. Similarly in the bone, exercise and
compressive forces are needed to maintain bone health and physical exercise is an integral
part of treatment to heal bones [189]. It is thought that mechanical stimulation leads to
heightened cell proliferation, angiogenesis, and osteogenesis, but how this therapy
specifically influences the function of immune cells remains unexplored [190, 191].

While macrophages clearly express molecules with established roles in mechanosensing in
many other cell types, the molecular mechanisms underlying mechanotransduction in
macrophages remain mostly elusive. Sensing of all biophysical cues including material
stiffness, topography and mechanical forces likely involve overlapping mechanisms that
include integrin-mediated adhesion and ion channel activity. However, the expression of
many subtypes, each with potentially unique roles as well as the ability to compensate for
one another, makes their study a challenge. Recent advances in tools to profile entire
proteomes or transcriptomes of cells may help to understand the interactions between these
molecules and their activation of downstream signaling pathways. The identification of
molecules and signaling pathways that transduce mechanical forces remains an important
area of investigation, as it may unveil new strategies to target macrophage activity for
treatment of disease.
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Figure 1: Effect of biophysical cues on macrophage function.
(a, c, e, g) Schematics showing the interaction of macrophages with surfaces of different

stiffness (a) or topology (c) and external mechanical forces including stretch (e) and
interstitial flow (g). (b) Image of IgG coated latex beads (cyan) uptaken by RAW264.7
macrophages on stiff compared to soft surfaces (left), adapted from [38], and TNFa
secretion by primary murine macrophages on surfaces different stiffness (right), adapted
from [40]. (d) Immunofluorescence image of Argl (M2 marker, red) and nuclei (blue) of
macrophages cultured on flat and 1D wrinkled surfaces (left), and quantification of Argl
expression as measured by Western blot (right), adapted from [59]. (f) Immunofluorescence
image of F4/80 (red) and Ki67 (green) cell proliferation marker of murine peritoneal
macrophages undergoing cyclic mechanical stretch (4%, biaxial, 0.67 Hz) compared to static
controls (left) and quantification of cell number and Ki67 (right), adapted from [71]. (h)
Immunofluorescence images of Dapi (blue) and CD206 (M2 marker, red) in BMDM
exposed to interstitial flow (3 um/s) compared to static controls (left), and quantification of
CD206 levels (right), adapted from [83].
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Figure 2: Heat map of adhesome gene expression during macrophage differentiation and LPS
stimulation.

Transcriptional analysis of differentiating HL-60 cells after 0-120 hrs of treatment with
phorbol 12-myristate 13-acetate (PMA) [88]. Genes from integrin and cadherin adhesomes,
as previously defined [89, 90], are shown. Data was filtered for minimum expression based
on FPKM (fragments per kilobase of transcript per million mapped reads). The remaining
genes were then normalized across all conditions and hierarchically clustered using the
unweighted pair group method with arithmetic mean (Z-Score range: 2.4 to 2.4).
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Figure 3: Regulation of macrophage adhesome gene expression by stimulation with polarizing

signals.

(a) Graph of human macrophage integrin and cadherin adhesome genes that increased or
decreased by greater than 2-fold upon stimulation with combinations of interferon-y
(INFy), standard LPS (SLPS), ultrapure LPS (upLPS), IL-4 and IL-13. Plots were generated
using microarray expression data from Xue et al. [5]. Genes expressed below a baseline
threshold were filtered out and the remaining genes were compared using a pairwise Log2
fold change analysis relative to an unstimulated control, which was made publicly available
by the authors (b) Venn diagrams showing numbers of genes from (a) overlapping across

different pro-inflammatory conditions.
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Figure 4: Schematic of potential macrophage mechanotransduction pathways.
Macrophages integrate soluble and physical cues from their microenvironment to regulate

their adhesion, phagocytosis, migration, and activation (left). Podosomal type adhesions
contain integrins, which physically anchor cells to the ECM, and bind intracellularly to
adhesion-associated scaffolding and signaling proteins and the actin cytoskeleton (box 1).
Forces transmitted across integrins and cytoskeleton, as well as plasma membrane tension,
regulate stretch-activated ion channels (box 2). Biophysical cues trigger nuclear
translocation of transcriptional regulators to direct gene expression (box 3), and may also
regulate epigenetic enzymes including writers and erasers, which add and remove chromatin
modifications respectively, while also enabling readers that detect modifications (box 4).
BRDs: bromodomain containing proteins, DNMTs: DNA methyltransferases, ECM:
extracellular matrix, FAK: focal adhesion kinase, H3Ac: histone H3 acetylation, HDACs:
histone deacetylases, Methyl-C: cytosine methylation, MRTF-A: myocardin—related
transcription factor, NPC: nuclear pore complex, Pyk: protein tyrosine kinase, TLRs: toll-
like receptors, TRP: transient receptor potential, YAP: yes associated protein.
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