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ABSTRACT OF THE DISSERTATION 

 

Piezo1-mediated mechanotransduction in inflammation and healing 

 

By 

 

Hamza Atcha 

Doctor of Philosophy in Biomedical Engineering 

University of California, Irvine, 2021 

Professor Wendy F. Liu, Chair 

 

Macrophages are mechanosensitive cells of the innate immune system that play a critical 

role in maintaining tissue homeostasis, pathogen defense, and response to injury. This diversity in 

macrophage function stems from their ability to respond to biochemical or mechanical cues within 

their microenvironment. The role of biochemical stimuli in influencing macrophage function have 

been well studied. However, despite their abundance in mechanically active tissues or the presence 

of altered tissue mechanics in various pathological conditions, such as in response to implanted 

materials or atherosclerosis, the role of mechanical stimuli and the associated molecular 

mechanisms responsible for changes in macrophage function are poorly understood. In this study, 

we found that the mechanosensitive and Ca2+ permeable ion channel Piezo1 plays a critical role in 

regulating macrophage response to inflammatory or healing agonists as well as oxidized 

lipoproteins. In addition, we also determined a role for the Piezo1 channel in sensing and 

transducing environmental stiffness or mechanical stretch.  
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First, we determined a role for Piezo1 in regulating macrophage activation in response to 

inflammatory or healing biochemical stimuli, the impact of stiffness in influencing this process, 

and the role of this mechanically gated channel in regulating the host response to implanted 

materials of varying stiffness. Additionally, we investigated the effects of mechanical stretch in 

regulating macrophage activation, while also exploring the role of Piezo1 in modulating stretch-

mediated changes in cell function. Finally, we evaluated the role of Piezo1 and mechanics in 

regulating macrophage uptake of oxidized low-density lipoproteins, a key process involved in 

atherosclerotic plaque formation. These findings further elucidate the importance of mechanical 

stimuli in regulating macrophage function and identifies the Piezo1 ion channel as a critical 

molecule responsible for macrophage mechanosensation of stiffness and stretch. Together, this 

work provides novel insight into immune cell mechanobiology, while also improving our current 

knowledge of disease and potentially uncovering molecular targets to regulate macrophage 

function.
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INTRODUCTION 

Macrophages are versatile cells of the innate immune system that are pivotal in pathogen 

or damage surveillance, promoting inflammation and wound healing, and maintaining overall 

tissue homeostasis. This diversity in macrophage function results from their ability to polarize 

towards different functional phenotypes1,2. For example, in response to inflammatory agonists, 

such as interferon-γ (IFNγ) and lipopolysaccharides (LPS), macrophages polarize towards a 

classically activated or pro-inflammatory state where they release inflammatory cytokines and 

reactive species to help combat pathogens as well as recruit other immune cells3. In contrast, 

healing cytokines, such as interleukin-4 (IL4) and interleukin-13 (IL13), polarize macrophages to 

an alternatively activated or pro-healing state in which they perform anti-inflammatory functions 

and initiate cellular processes that aid in tissue repair4. The ability of macrophages to adopt these 

different activation states and perform contrasting functions is facilitated by a number of factors 

within their cellular microenvironment5. Numerous studies have explored the effects of 

biochemical or soluble stimuli, such as pathogens- or damage-associated molecular patterns, 

cytokines, and chemokines, on macrophage function. In comparison, despite their prominence in 

mechanically activity tissues, the role of physical stimuli, such as stiffness and mechanical stretch, 

in regulating macrophage function are not as well understood. 

Stiffening of native tissues and/or changes in physiological levels of mechanical stretch are 

associated with the development and progression of many pathological conditions in which 

macrophages are heavily involved, these include various forms of cancer, cardiovascular diseases, 

and fibrosis6–9. Previous work performed in our lab, among others, has shown that macrophages 

cultured on soft substrates (~Pa-kPa) have decreased inflammatory activation when compared to 

those adhered to glass or other stiff substrates (~kPa-GPa)10,11. This stiffness dependent 
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inflammatory activation in macrophages is consistent with reports suggesting that stiff materials 

result in a more severe foreign body response characterized by thicker fibrous capsule formation 

when compared to soft materials8. Macrophages are known mechanosensitive cells that can 

perceive dynamic physical stimuli within their microenvironment through mechanoreceptors on 

the cell surface. For example, mechanically-activated ion channels are pivotal to the detection and 

transduction of external physical stimuli into electrochemical activity12,13. In particular, the 

mechanosensitive and calcium (Ca2+) permeable ion channel Piezo1 has been implicated in 

numerous pivotal developmental processes and pathological conditions14–18. However, the role of 

Piezo1 in regulating macrophage function is still relatively unknown. Recently, Solis et al. found 

that the Piezo1 channel was responsible for the transduction of cyclic hydrostatic pressure in 

macrophages resulting in enhanced macrophage inflammatory activation when compared to static 

controls19. While this solitary finding does implicate Piezo1 in macrophage mechanotransduction, 

the role of soluble stimuli as well as stiffness/stretch in regulating this channel in macrophages are 

yet to be studied. Therefore, in this work we look to examine the role of stiffness or stretch in 

influencing Piezo1 activity and its resulting effects in modulating the function of macrophages. 

We will utilize genetic and pharmacologic manipulations of this channel as well as novel in-vitro 

and in-vivo imaging techniques to determine the role of this ion channel and/or tissue mechanics 

in regulating macrophage activation and its subsequent effect on the development and progression 

of the foreign body response and atherosclerosis. Given that changes in tissue mechanics are 

characteristic of numerous pathological states, in which macrophages are heavily involved, a more 

fundamental understanding of the role of Piezo1 in influencing mechanics mediated macrophage 

activation could further improve current knowledge of health and disease.   
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Chapter 1: Macrophage Biology and Immune Cell Mechanotransduction 

1.1 MACROPHAGE POLARIZATION AND FUNCTION 

Macrophages are critical cells of the innate immune system that reside within or are 

recruited to tissues from circulating blood monocytes during injury or infection. Once within 

tissues, these cells perform diverse functions of which include pathogen or damage surveillance, 

promotion of inflammation or wound healing, and overall tissue maintenance2,5,20. This diversity 

in macrophage function 

stems from their ability to 

respond to dynamic 

biochemical or mechanical 

cues within their cell 

microenvironment. The 

effects of biochemical, or 

soluble cues, in regulating 

macrophage form and 

function have been well 

studied. For example, use of inflammatory stimuli, such as interferon-γ (IFNγ) or 

lipopolysaccharides (LPS), are known to stimulate and polarize naïve macrophages towards a 

classically activated, or pro-inflammatory, state (Figure 1.1). In contrast, healing stimuli, such as 

interleukin-4 (IL4) and interleukin-13 (IL13), polarize macrophages to an alternatively activated, 

or pro-healing, state (Figure 1.1). While these activation states are often discussed independently 

of one another, it is important to note that macrophage polarization exists on a spectrum, with 

Figure 1.1: Macrophage polarization states in response to 

biochemical stimuli. Figure adapted from 21. 
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classical and alternative activation states portrayed as extremes on this continuum2,21–23. 

Moreover, these activation states allow highly specialized inflammatory or healing functions.  

Classical, also referred to as M1, activation in macrophages can occur in the presence of 

inflammatory biochemical stimuli. These stimuli include IFNγ and LPS, along with known 

inflammatory cytokines, such as tumor necrosis factor-α (TNFα), or even oxidized low-density 

lipoproteins (oxLDLs)2,24,25. Activation is accomplished through receptor ligand interactions 

resulting in a cascade of signaling events culminating in the onset of inflammation. The binding 

of pathogen-associated molecular patterns (PAMPs) to pattern recognition receptors (PRRs) result 

in the activation and localization of inflammatory transcription factors to the cell nucleus, which 

aids in the transcription of inflammatory markers26,27. For example, binding of LPS or oxLDL to 

Toll-like receptor-4 (TLR4) or the scavenger receptor CD36, is known to activate the transcription 

factor nuclear factor kappa-light-chain-enhancer of activated B cells (NFκB), respectively25,28,29. 

This transcription factor, along with others, are known to help induce and sustain the inflammatory 

response through the production and secretion of several pro-inflammatory cytokines, of which 

include interleukin-6 (IL6), interleukin-1β (IL-1β), and TNFα27. Chemokines produced by 

inflammatory activated macrophages, such as C-C motif chemokine ligand 2 (CCL2) or C-X-C 

motif chemokine ligand 5 (CXCL5), aid in immune cell recruitment and orchestrate the response 

to invading pathogens30. In addition, intracellular production of nitric oxide and reactive oxygen 

species (ROS) help M1 macrophages to eliminate bacterial, fungal, and viral infections30,31.  

Alternative, also referred to as M2, activation also can occur in the presence of healing 

stimuli. However, alternative activation is often subdivided into three distinct activation states: 

M2a, M2b, and M2c. In the presence of IL4/IL13 macrophages adopt a M2a, or pro-healing, state 

which is the focus of this work and is characterized by the expression of arginase-1 or mannose 
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receptor as well as transforming growth factor β2,31. In this activation state macrophages perform 

vital healing processes and aid in tissue repair31. Similar to classical activation, the cytokines IL4 

and IL13 bind to specific receptors thus activating transcription factors that aid in the production 

of markers specific to alternative activation. For example, IL4/IL13 is known to induce the 

activation of the transcription factor signal transducer and activator of transcription 6 (STAT6)32–

34. In contrast to M2a, M2b and M2c activation involve stimulation with immunocomplexes or 

interleukin-10 (IL10), respectively. M2b activation express inflammatory and healing markers and 

are thought to regulate the overall immune or inflammatory responses35. M2c activation by IL10, 

glucocorticoids, or transforming growth factor-β (TGFβ), on the other hand, are known to perform 

anti-inflammatory functions and produce IL10, TGFβ, CCL16, and CCL18. These cells are 

thought to play critical roles in phagocytosis of apoptotic cells2,31,35. While the effects of soluble 

or biochemical stimuli are well characterized, the effects of mechanical cues, such as stiffness and 

cyclic stretch, or combinations of biochemical and mechanical cues as well as the corresponding 

cellular mechanisms involved remain poorly understood.  

 

1.2 MECHANOTRANSDUCTION IN THE IMMUNE SYSTEM 

The immune system consists of highly specialized cells that are critical in preserving tissue 

homeostasis and protecting against invading pathogens. Immune cells perform their function in 

tissues throughout the body, thus exposing them to varying types and degrees of mechanical 

stimulation36. When they are first recruited into tissues from circulation, immune cells are exposed 

to an increase in fluid shear stresses upon adhesion to the endothelium, and then mechanical stretch 

when extravasated into the vessel wall37. Once in the tissue, cells can experience a variety of 

mechanical environments, for example cells within bone tissue experience significantly higher 
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stiffness compared to those within muscle38. In addition to these examples, there are many other 

types of mechanical stimuli that immune cells are potentially exposed to within the body (Figure 

1.2). Unlike most other cell types that permanently reside in their tissue-specific environment, 

immune cells are unique as they are recruited to various different and tissue specific mechanical 

environments which, in turn, influence their function and the overall immune response39.   

 

1.2.1  MECHANICAL STIMULI IN HEALTH AND DISEASE 

The mechanical environment experienced by immune cells, including macrophages, is 

dynamic and can also change with the development and progression of pathological conditions. 

Macrophages play a pivotal role in the development and progression of numerous defense 

processes, of which include the host response to material implants as shown in Figure 1.3. 

Figure 1.2: Common mechanical stimuli experienced by immune cells. Figure adapted from 39. 
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Following injury, macrophages are recruited to the implant site where they initially adopt a pro-

inflammatory phenotype resulting in the secretion of cytokines and chemokines, such as TNFα 

and IL6, which help recruit additional immune cells. Over time, these macrophages adopt a pro-

healing activation state resulting in the production and secretion of other cytokines, such as TGFβ, 

that help aid in tissue repair40–42. A balance between inflammatory and healing activation states is 

required to facilitate optimal remodeling and material integration, as an overabundance of either 

phenotype can lead to scarring43. The final stages of the host response are characterized by the 

fusion of macrophages into foreign body giant cells resulting in fibrous encapsulation of the 

material40. Material implantation can alter the mechanical microenvironment experienced by 

macrophages as implants are often stiffer compared to native tissues44. This mechanical mismatch 

can modulate the activation of various cell types resulting in enhanced inflammation and fibrous 

encapsulation44–46. Changes in tissue stiffness are also present in pathological conditions, such as 

atherosclerosis, in which macrophages are heavily involved. 

Macrophages are pivotal in the development and progression of atherosclerosis. Local 

disturbances in endothelial function lead to the accumulation of lipids in the arterial wall which, 

in turn, initiates an immune response resulting in macrophage recruitment47. Once recruited to the 

Figure 1.3: Schematic of the foreign body response. Figure adapted from 40. 
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vessel wall, macrophages are exposed to dynamic mechanical stimuli of which include stiffness 

and stretch. In addition, macrophages recruited to the arterial wall are responsible for the removal 

of lipid deposits, such as oxLDL, a process which results in the formation of foam cells, as shown 

in Figure 1.4. The dynamic balance of oxLDL within macrophages is controlled through uptake 

of lipids into the cell by scavenger receptors, such as CD36, SRA1, and LOX1, and efflux of lipids 

out of the cell through transporters, such as ABCA1 and ABCG148,49. Foam cells have reduced 

migratory capacity and are also responsible for the secretion of inflammatory markers, eventually 

resulting in apoptosis 

or necrosis50. Over 

time, the 

accumulation of 

foam cells causes 

atherosclerotic 

plaque development 

resulting in arterial 

stiffening7. In 

addition to a changing mechanical landscape, macrophages are also exposed to diverse 

biochemical stimuli within the arterial microenvironment. As a result, heterogeneous populations 

of both pro-inflammatory and pro-healing activated macrophages have been observed within 

atherosclerotic plaques51–53. While the effects of biochemical stimuli on the regulation of 

macrophage form and function have been extensively studied and are well understood, the effects 

of mechanical stimuli remain elusive.  

 

Figure 1.4: Schematic of foam cell formation and atherosclerotic plaque 

development. Figure by Esther Chen. 



9 
 

1.2.2  MECHANICAL REGULATION OF IMMUNE CELL FUNCTION 

Recent studies have suggested that the mechanical environment tunes immune cell 

function39,54,55. Macrophages and dendritic cells, both innate immune cells, help facilitate 

inflammation, wound healing, and antigen presentation, all of which are functions that have been 

shown to be regulated by mechanical stimuli either independently or in conjunction with soluble 

factors. For example, tissue or 

substrate stiffness is known to 

be a critical stimuli in 

influencing the function of 

numerous cell types, including 

immune cells55. Immune cells 

are often recruited to tissues 

throughout the body which vary 

in stiffness from 0.5-20,000 kPa (Figure 1.5)56–59. The stiffness of the mechanical environment 

can also change in the presence of material implants or the through the progression of numerous 

diseases, such as atherosclerosis7,44. Substrate stiffness has been shown to influence innate immune 

cell function.  When cultured on stiff substrates, macrophages and dendritic cells exhibit enhanced 

LPS-induced inflammatory responses when compared to cell cultured on soft surfaces 8,10,11,57,58,60. 

Moreover, when grown on surface grooves or micropatterned adhesive lines, macrophages are 

known to elongate, align, and express markers associated with wound healing in the absence of 

external soluble factors61,62. Similar to surface grooves or adhesive lines, mechanical forces are 

also known to regulate cell morphology63. Consistent with this finding, varying degrees of 

mechanical stretch influence macrophage morphology, as well as enzymatic activity and 

Figure 1.5: Schematic illustrating stiffness ranges of human 

tissues. Figure adapted from 56. 
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inflammatory/healing activation states9,64–68. Stretch also regulates dendritic cell activation and T-

cell priming 69. Likewise, mechanical forces are also critical in regulation of adaptive immune cell 

function. For example, mechanical forces have been implicated in the regulation of molecular 

interactions involved in antigen recognition and transmigration70, T cell differentiation71,72, and 

CD8+ T cell killing73–75. Additionally, mechanical forces are required for T cell receptor (TCR) 

and major histocompatibility complex (MHC) interaction76,77, B cell receptor (BCR) 

activation78,79, immunological synapse (IS) formation80, as well as integrin activation73–75. In 

response to external mechanical cues, such as stiff environments, T cells exhibit enhanced cell 

spreading, motility, and activation39,81–83. The ability of immune cells to sense their mechanical 

environment is crucial in regulating cell behavior as well as modulating disease development and 

progression.  

 

1.2.3  SIGNALING PATHWAYS IN MECHANOTRANSDUCTION 

Macrophages and other immune cells express a number of mechanoreceptors on their cell 

surface, including integrins and ion channels, which sense and transduce external mechanical 

stimuli (Figure 1.6). Integrins are well known mechanoreceptors that connect the cytoskeleton to 

the extracellular matrix (ECM). Macrophages express a variety of integrins, the most highly 

expressed of which include CD11b (integrin αM)84. In response to mechanical stresses, integrins 

cluster and facilitate cytoskeletal remodeling and the activation of various signaling pathways85. 

Integrin clustering results in activation and binding of intracellular signaling and adaptor 

molecules, such as paxillin, talin, Src, or focal adhesion kinase (FAK)54. These interaction are 

critical to mechanosensation in macrophages as well as other immune cells and have been shown 

to regulate motility, phagocytosis, and activation54,81,82,86–89. Integrin mediated regulation of the 
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cytoskeleton can activate downstream signaling pathways including Rho GTPases, key regulators 

of cytoskeletal dynamics as well as cell contractility and crosstalk with other related signaling 

molecules54,90. Moreover, changes to the cytoskeleton can also result in the activation of 

mechanosensitive transcription factors, such as yes-associated protein (YAP), or opening of 

nuclear pores, a process often referred to as nuclear mechanotransduction54,91. Alternatively, 

mechanical stimuli can also influence epigenetic mechanisms54.  

Mechanically-gated ion channels, unlike integrins, transduce mechanical stimuli into 

electrochemical activity which, in turn, activates ion-dependent signaling pathways92. 

Mechanically-gated ion channels are characterized by their ability to create mechanically regulated 

pore-forming subunits and can confer mechanosensitivity in an otherwise insensitive cell 39,93. 

More recently, the Piezo family of ion channels was identified, representing a major breakthrough 

in the field of mechanobiology 94. In particular, the Piezo1 channel has attracted a lot of interest as 

it is widely expressed and able to respond to a variety of mechanical stimuli including cell 

Figure 1.6: Common mechanisms of mechanotransduction. Figure adapted from 54. 
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membrane indentation, suction, laminar flow, cellular compression, deflection as well as 

mechanical properties of the substrate such as stiffness and nanotopology94–100. Piezo1, is a non-

selective cation channel, permeable to Ca2+, which elicits many downstream effects. The channel 

has already been shown to have extensive roles in physiology including vascular development, 

neural stem cell differentiation, red blood cell volume regulation, and cartilage force sensing14,16–

18,39,94,95,101,102. Piezo2 has similar structure and electrophysiological properties compared to 

Piezo1, but as yet, functional roles of the channel are primarily described in the sensory system103. 

While Piezo1 has been well studied in other cell types, the role of Piezo1 in immune cell function 

and mechanotransduction is only recently gaining attention with seminal studies providing 

promising evidence for Piezo1 induced immune regulation. 

 

1.3 ION CHANNEL MEDIATED MECHANOTRANSDUCTION OF IMMUNE CELLS 

Ion channels are pore forming subunits that allow for the passage of ions across the cell 

membrane. When at rest, a combination of passive diffusion and active ion transport maintain an 

electrochemical gradient across the cell membrane, while activation of these channels result in the 

flow of ions down this gradient. Ion channels activation is tightly regulated through specific 

chemical or physical stimuli dependent on the gating mechanisms of the channel39. Mechanically-

gated ion channels, of which include Piezo1, are activated via mechanical forces that are thought 

to be sensed through ion channel/cytoskeletal interactions (force-through-filament model) and/or 

directly through mechanical tension in the cell membrane (force-through-lipid model)104–106.  

Since its discovery, the Piezo1 ion channel has provided an exciting avenue of research 

within the field of cell mechanobiology. The Piezo1 channel has already been shown to influence 

the function of various cell types and is also implicated in numerous development and pathological 
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conditions14,16–18,94,95,101,102. In addition, recent studies have explored the role of the mechanically-

gated channel Piezo1 in regulating immune cell function, showing an essential role for this channel 

in numerous physiological and pathological processes involving the immune system.  

 

1.3.1  PIEZO1 MEDIATED SIGNALING IN IMMUNE CELLS 

The function of macrophages and other immune cells have recently been shown to be 

regulated by the mechanically regulated ion channel Piezo1 (Table 1.1). Solis et al., made the 

initial observation that Piezo1 was highly expressed in macrophages, when compared to other 

known mechanically-gated ion channels. In addition, Piezo1 was shown to sense and transduce 

cyclic hydrostatic pressure, a mechanical stimulus commonly found within the lungs19. The 

authors found that bone marrow derived macrophages (BMDMs) isolated from myeloid cell 

specific Piezo1 conditional knockout mice had significantly reduced inflammatory activation 

when compared to control cells. This change in inflammation was attributed to Piezo1-mediated 

stabilization of the inflammation transcription factor hypoxia inducible factor 1α (HIF1α). These 

findings were also confirmed in vivo as Piezo1 present within recruited monocytes was found to 

enhance lung inflammation and fibrosis19. This seminal study provided strong evidence that Piezo1 

plays a critical role in macrophage mechanotransduction.  

Myeloid cell specific Piezo1 expression was also found to be attributed to the progression 

of cancer and aortic valve stenosis. Using a pancreatic ductal adenocarcinoma mouse model, 

Aykut et al. found that inhibition of Piezo1 through myeloid cell specific knockout or using 

GsMTx-4, a pharmacological inhibitor of mechanosensitive ion channels, reduced tumor mass 

and myeloid cell expansion when compared to relevant controls. Mechanistically, the authors 

showed that Piezo1 activity enhances histone deacetylase 2 activity and suppressed 
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retinoblastoma gene Rb1 via epigenetic silencing thus preventing myeloid cell expansion107. In 

contrast, Baratchi et al. show that stenosis, or narrowing, of the aortic valve results in enhanced 

fluid shear stresses experienced by circulating monocytes, which, in turn, enhances Piezo1 

activity and monocytes adhesion to the valve through activation of integrin αMβ2
108. Both studies 

further demonstrate a role for Piezo1 in myeloid cell mechanotransduction as well as the 

development and progression of disease. More recently, Piezo1 has also been implicated in iron 

metabolism and stiffness mechanosensation in myeloid cells57,59,109,110.  

 

Table 1.1: Summary of main findings in studies exploring the role of Piezo1 in macrophages. 

 

In comparison to innate immune cells, the role of Piezo1 in regulating the function of 

cells in the adaptive immune system is less clear. Liu et al. show that siRNA-mediated 

Study Main Findings  
Solis et al., Nature, 2019 • Piezo1 senses cyclic hydrostatic pressure causing enhanced 

macrophage inflammation 

• Piezo1 activity stabilizes HIF1α, a transcription factor 

involved in inflammation 

• Monocyte specific Piezo1 activation exacerbates bacteria 

induced lung inflammation and fibrosis 

Aykut et al., Sci. Immunol, 2020 • Piezo1 activation promotes expansion of myeloid derived 

suppressor cells and pancreatic cancer progression 

• Piezo1 enhanced polymicrobial sepsis 

Baratchi et al., Circulation, 2020 • Shear stress induced Piezo1 activation promoted monocyte 

cell adhesion 

• Piezo1 activation enhanced integrin αM activation 

• Possible link to aortic valve stenosis 

Ma et al., Cell, 2021 • Piezo1 gain of function (GOF) mutation enhances 

macrophage phagocytic activity resulting in increased red 

blood cell turnover and erythropoiesis 

• Piezo1 activity results in iron overload characterized by iron 

deposition in the liver and elevated iron serum levels 

Atcha et al., Nat Commun, 2021 • Stiffness mediated Piezo1 activation enhanced macrophage 

inflammatory and suppressed healing activation in vivo 

• Piezo1 activity in response to stiff material implants results 

in a more severe foreign body response 

Geng et al., Nat Commun, 2021 • Piezo1 is a mechanosensor of environment stiffness 

• Piezo1 activity enhances LPS-TLR4 mediated phagocytosis 
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knockdown of Piezo1 suppresses Ca2+ influx and T cell receptor activation in human T cells111. 

In contrast, Jairaman and Othy et al., find that Piezo1 knockout in murine CD4+ T cells had no 

effect on TCR activation. This could be attributed to differences in species of cells used in both 

studies and the methods used to reduce channel expression. However, the authors show that 

Piezo1 knockout provided partial protection against experimental autoimmune encephalomyelitis 

(EAE) and enhanced the expansion of regulatory T cells112. While the highlighted studies 

provide initial evidence, further work is required to provide better insight into the role of Piezo1 

in regulating adaptive immune cell function39. 

 

1.3.2  CALCIUM SIGNALING PATHWAYS IN IMMUNE CELLS 

Calcium (Ca2+) is a critical secondary messenger molecule that is known to regulate 

numerous intracellular signaling pathways in immune cells39. For example, enhanced intracellular 

Ca2+ influx is known to enhance LPS-induced macrophage inflammatory activation113,114. 

Moreover, Ca2+ has been identified as a key regulator in the activation of the inflammatory 

transcription factor, nuclear factor kappa-light-chain-enhancer of activated B cells (NFκB), since 

cell permeable Ca2+ chelators reduced the translocation of NFκB into the nucleus 113. Ca2+-

mediated regulation of NFκB localization is thought to be due to the activity of Ca2+-dependent 

proteases known as calpains, which are known to degrade IκB, a key regulatory protein that 

inhibits NFκB activation and reduced inflammation59,115. Healing activation in immune cells has 

also been shown to be dependent on calpain activity, with increased degradation of the pro-healing 

transcription factor signal transducer and activator of transcription 6 (STAT6) reported in the 

presence of increased intracellular Ca2+ or recombinant calpains116. In addition to macrophages, T 

cells also rely on Ca2+ dependent pathways as T cell receptor (TCR) activation leads to increased 

intracellular Ca2+ that enhances the activity of calcineurin, a Ca2+-dependent phosphatase, that 
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promotes nuclear translocation of the transcription factor, nuclear factor of activated T cells 

(NFATs), subsequently resulting in T cell activation117. Despite these findings, the role of 

mechanical cues in regulating the activity of mechanically-gated ion channels and Ca2+-dependent 

signaling pathways remain unclear. 

 

1.4 OVERVIEW OF DISSERTATION 

In this work, the role of Piezo1 in regulating macrophage function and transduction of 

stiffness or mechanical stretch will be explored. First, in Chapter 2, the role of Piezo1 in regulating 

macrophage inflammatory or healing activation as well as its ability to sense and transduce 

environment stiffness will be described. In contrast, Chapter 3 will explore the ability of CD11b 

or Piezo1 to transduce and modulate macrophage function in response to mechanical stretch. In 

addition, crosstalk between CD11b and Piezo1 is also described. Next, Chapter 4 will evaluate 

the role of the Piezo1 channel in regulating oxLDL uptake and stiffness transduction in 

macrophages. Finally, in Chapter 5, summary of the research performed, and future directions 

will be provided.  
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Chapter 2: Piezo1 Modulates Macrophage Polarization and Stiffness Sensing 

Reprinted with permission from:  

Atcha H., Jairaman A., Holt J.R., Meli V.S., Nagalla R.R., Veerasubramanian P.K., Brumm K.T., 

Lim H.E., Othy S., Cahalan M.D., Pathak M.M., Liu W.F. (2021) Mechanically activated ion 

channel Piezo1 modulates macrophage polarization and stiffness sensing. Nat Commun. 

12(1):3256. doi: 10.1038/s41467-021-23482-5. PMCID: PMC8167181. Copyright 2021 Springer 

Nature. 
 

2.1 BACKGROUND 

Since its discovery, Piezo1 has been shown to play pivotal roles in diverse processes, of 

which include neural stem cell differentiation and vascular development14,18. While increased Ca2+ 

influx through transient receptor potential (TRP) channels, such as TRPM7 and TRPC1, is widely 

recognized to contribute to macrophage activation by inflammatory agonists23,24, the role of Piezo1 

and the Ca2+ signals it generates in response to soluble stimuli remains unexplored. A recent study 

identified the highly expressed Piezo1 channel as a mechanosensor of cyclic hydrostatic pressure 

in macrophages and found that channel activity stimulates inflammation25. However, macrophages 

in most tissues are not subjected to such extreme pressures, instead macrophages are more likely 

to encounter variations in matrix stiffness within their microenvironment. For example, 

mechanical mismatch between stiff surgical implants and soft tissues has been shown to result in 

enhanced inflammation44,45. Inflammation caused by stiff materials results in a more severe foreign 

body response characterized by thicker fibrous capsule formation when compared to soft implants, 

suggesting significant pathological consequences of stiffness-enhanced inflammation8. While 

stiffness is known to modulate macrophage function, the molecular mechanisms underlying 

macrophage stiffness sensing remain elusive8,10,11.  

In this chapter, we sought to investigate the role of Piezo1 in regulating macrophage 

activation in response to inflammatory and healing agonists within environments of varying 
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stiffness in-vitro. We also tested the role of stiffness and myeloid cell specific Piezo1 in regulating 

the foreign body response in-vivo. We found that Piezo1 enhances inflammatory and dampens 

healing activation, its activity increases on stiff substrates, and myeloid specific Piezo1 helps 

enhance the foreign body response to stiff implants.  

 

2.2 MATERIALS & METHODS 

2.2.1 ANIMALS 

Myeloid cell specific Piezo1 conditional knockout mice were generated by breeding 

Piezo1flox/flox (Jackson Laboratories stock no. 029213) and LysMCre/Cre (Jackson Laboratories stock 

no. 004781) mice together to generate progeny that were heterozygous for both genes. The 

resulting heterozygotes were then bred with Piezo1flox/flox mice to generate Piezo1flox/floxLysMCre/+ 

myeloid cell specific conditional knockout (Piezo1ΔLysM) and control Piezo1flox/+LysMCre/+ 

(Piezo1fl/+) mice. Similar methods were utilized to generate LSL-Salsa6f-Vav1Cre/+ mice used for 

Ca2+ imaging studies. Piezo1P1-tdT mice (Jackson Laboratories stock no. 029214) were obtained 

from the Pathak laboratory. In addition, wild type C57BL/6J mice (Jackson Laboratories) were 

used in experiments that did not require genetic manipulation. Experiments were performed using 

animals of similar age and littermates were used as controls. All animal experiments were 

performed in compliance with the University of California, Irvine’s Institutional Animal Care and 

Use Committee protocols. 

 

2.2.2 CELL ISOLATION AND CULTURE 

Bone marrow derived macrophages (BMDMs) were harvested from the femurs of 6-12-

week-old C57BL/6J mice. Briefly, bone marrow cells were collected through flushing the bone 
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marrow of the femur with DMEM supplemented with 10% heat-inactivated FBS, 2mM L-

glutamine, 1% penicillin/streptomyocin (all from Thermo Fisher), and a 10% conditioned media 

produced from CMG 14-12 cells expressing recombinant mouse macrophage colony stimulating 

factor (MCSF), which induces differentiation of bone marrow cells to macrophages. The collected 

bone marrow cells were then treated with a red cell lysis buffer to remove red blood cells, and then 

centrifuged before being resuspended in the previously mentioned media. After 7 days of 

differentiation, the cells were harvested using an enzyme-free dissociation buffer (Fisher 

Scientific) and seeded onto 10µg/mL fibronectin (Corning) coated surfaces. Cells were seeded at 

a density of ~3.9 x 104 cells/cm2 and were incubated overnight prior to stimulation with media 

(Unstim.), 0.3ng/mL IFNγ/LPS or 0.1ng/mL IL4/IL13. Following stimulation, cells were 

incubated for 1 or 18h prior to collection. For studies involving pharmacological manipulation of 

the cytoskeleton, cells were incubated with either DMSO, 500nM latrunculinA (LatA), 500nM 

jasplakinolide (Jasp), or 25µM ML7 for an hour prior to stimulation with 0.3ng/mL IFNγ/LPS for 

an additional 6 hrs.  

 

2.2.3 POLYACRYLAMIDE GEL FABRICATION 

Polyacrylamide hydrogels of varying stiffness were fabricated using protocols previously 

described118. First, cover slips were cleaned with 70% ethanol and dried prior to 10 min UVO 

treatment. Bind-silane (solution containing 95% of 95% ethanol, 0.3% 3-(Trimethoxysilyl) 

propylmethacrylate, and 5% of 10% acetic acid) was then used to coat the coverslips which were 

incubated for 5 mins at room temperature prior to being washed with ethanol and incubated at 

70°C for one hour. Meanwhile, glass slides were treated with silanization solution I and incubated 

in a vacuum desiccator for 5 mins. Glass slides were washed with DI water and dried prior to gel 
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formation. Solutions containing varying ratios of acrylamide:bis-acrylamide, as indicated in Table 

2.1, were pipetted onto the glass slides and the coverslip was placed onto the solution. Gels were 

allowed to polymerize for 30 mins and were then removed from the glass slide and placed into 

culture plates. The resulting hydrogels were conjugated with 20 µg/ml of fibronectin using sulfo-

SANPAH (Thermo scientific) overnight at 4°C. 

Stiffness Acrylamide  Bis-acrylamide  PBS TEMED APS 

1 kPa 125 μl 15 μl 860 μl 1 μl 10 μl 

20 kPa 200 μl 132 μl 668 μl 1 μl 10 μl 

40 kPa 200 μl 240 μl 560 μl 1 μl 10 μl 

280 kPa 375 μl 600 μl 25 μl 1 μl 10 μl 

Table 2.1: Volumes required to make 1, 20, 40, and 280 kPa polyacrylamide gels. 

 

2.2.4 CA2+ IMAGING AND ANALYSIS 

2.2.4.1 CONFOCAL IMAGING 

BMDMs from LSL-Salsa6f-Vav1Cre/+ mice were seeded on fibronectin coated 35mm 

MatTek dishes. Confocal imaging was accomplished using an Olympus Fluoview FV3000RS 

confocal laser scanning microscope which is equipped with a high-speed resonance scanner and 

IX3-ZDC2 Z-drift compensator. Briefly, cells were maintained at 37°C using the Tokai Hit 

incubation stage, excited using sequential line scan at 488nm and 561nm and imaged using an 

Olympus 40x silicone oil objective (NA 1.25). Ratiometric analysis of Ca2+ signals were 

performed through the use of ImageJ software. Green (GCaMP6f) and Red (tdTomato) channel 

time-lapse images were converted to tiff files and background subtracted. ROIs were drawn around 

whole cells or individual Ca2+ events were outlined, and mean pixel intensities were obtained over 

time for both the Ca2+ independent tdTomato and the green Ca2+ sensitive GCaMP6f. Of note, 

ROIs were drawn around whole cells to quantify responses to Yoda1, which produced global 

increases in cytosolic Ca2+ at the doses used in our study. In contrast, BMDMs exhibited Ca2+ 
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events that were often restricted to cell processes or specific regions of the cell at baseline and 

after addition of soluble signals, which necessitated drawing of ROIs around individual events for 

the purpose of quantification. Finally, a ratio of GCaMP6f to tdTomato mean intensities (G/R 

ratio) was calculated for each ROI and time point to generate Ca2+ traces. Peak intensities were 

obtained through finding the maximum G/R ratio over time across individual cell or ROI. For 

quantification of responses to soluble signals, individual Ca2+ events were outlined as described 

above. The resulting G/R ratios were then obtained, and the number of events computed through 

the use of a MATLAB script. Briefly, a polynomial fit was used to compute and subtract baseline 

values from G/R ratios over time. This was followed by using a Gaussian filter to smooth the data 

before using a threshold-based analysis to identify the number of peaks within a signal, which 

corresponds to the number of Ca2+ events. The total number of events was normalized to the 

number of cells and time of acquisition. The total % active cells was obtained by dividing cells 

with one or more Ca2+ events to the total number of cells present in the field of view. 

 

2.2.4.2 TIRF IMAGING 

BMDMs from LSL-Salsa6f-Vav1Cre/+ mice were seeded on fibronectin coated 35mm 

MatTek dishes. Imaging was performed using an Olympus IX83 microscope that was equipped 

with an automated 4-line cell TIRF illuminator and a PLAPO 60x oil immersion objective 

(numerical aperture 1.45). Cells were illuminated with 488 and 561nm lasers and images were 

acquired with Hamamatsu Flash 4.0 v2+ scientific CMOS cameras at a 100Hz frame rate. Analysis 

of the videos was accomplished using Flika, an open-source image analysis package, as previously 

mentioned 33. 
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2.3.1 RNA INTERFERENCE 

For experiments involving the reduction of PIEZO1 expression, unstimulated macrophages 

were exposed to non-target and PIEZO1 siRNA (both Dharmacon) in a Nucleofector® solution 

obtained from a primary cell 4D-Nucleofector® kit (Lonza). Following transfection, the cells were 

supplemented with warm media before being seeded onto experimental substrates. The transfected 

cells were allowed to adhere for 72 hours prior to stimulation for an additional 18 hours. 

 

2.2.6 WESTERN BLOTTING 

BMDMs were rinsed with PBS before being exposed to a lysis buffer, a combination of 

RIPA lysis buffer and 1% protease inhibitor (both from Fisher Scientific). The substrates were 

scraped to release the adhered cells and the lysate was collected. The lysate was spun at 16000g 

for 15 minutes and the supernatant was obtained. The proteins were denatured through the use of 

a Laemmli buffer supplemented with 5% 2-mercaptoethanol at 95°C for 10 minutes before each 

sample was loaded into a well of a 4-15% mini-PROTEANTM precast gel (all from Biorad). Gel 

electrophoresis resulted in the separation of proteins before being transferred onto nitrocellulose 

membranes using the iBlot dry blotting system (Thermo Fisher Scientific). Following 

electroblotting, the membranes were blocked using 5% nonfat milk in TBST overnight at 4°C. 

After 30 minutes of washing in TBST, the membranes were probed with a primary antibody (see 

Table 2.2 for list of antibodies used) for 1 hour at room temperature. An additional 30 minutes of 

washing in TBST followed before the membranes were probed with secondary antibodies at room 

temperature for 1 hour. The membrane was then washed in TBST and immersed into a 

chemiluminescent HRP substrate solution (Thermo Scientific) and imaged using a ChemiDoc XRS 

System (Biorad). 
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Antibody Dilution (Application) Vendor (Cat. #) 

iNOS 1:1000 (WB), 1:100 (IHC) Abcam (ab15323) 

ARG1 1:1000 (WB), 1:50 (IHC) Abcam (ab60176) 

GAPDH 1:2000 (WB) BioLegend (607902) 

PIEZO1 1:1000 (WB) ProteinTech (15939-1-AP) 

RFP 1:1000 (WB), 1:400 (IF) Rockland (600-401-379) 

NFκB 1:1000 (WB), 1:800 (IHC) Cell Signaling (8242S) 

p- NFκB 1:1000 (WB) Cell Signaling (3033S) 

NFκB 1:100 (IF) Santa Cruz Biotech (sc-8008) 

STAT6 1:1000 (WB) Cell Signaling (5397S) 

p-STAT6 1:1000 (WB) Cell Signaling (56554S) 

STAT1 1:1000 (WB) Cell Signaling (14994) 

p-STAT1 1:1000 (WB) Cell Signaling (9167) 

STAT3 1:1000 (WB) Cell Signaling (9139) 

p-STAT3 1:1000 (WB) Cell Signaling (9145) 

F4/80 1:200 (IHC) Fisher Scientific (50-112-9624) 

Table 2.2: List of antibodies with dilutions and vendors used for this study. Abbreviations: WB – 

Western blot, IF – Immunofluorescence, IHC – immunohistochemistry. Table adapted from 59. 

 

2.2.7 ELISA 

Following 18 hours of stimulation, the supernatants were collected and analyzed for the 

presence of TNF-α, IL-6, and MCP-1 using ELISA kits (BioLegend). The assays were conducted 

following the manufacturer’s instructions. 

 

2.2.8 RNA ISOLATION AND QPCR 

Tri-reagent (Sigma) was added to samples following each experiment to lyse cells and 

subsequent RNA isolation was performed following the manufacturer’s instructions. cDNA was 

made using a cDNA reverse transcription kit (Applied Biosciences) and qPCR was performed 

using PerfeCTa® SYBR® Green SuperMix (QuantaBio), see Table 2.3 for a list of primers used. 

All assays were performed in accordance with manufacturer’s instructions. 
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Gene  Forward Primer (5’-3’) Reverse Primer (5’-3’) 

Piezo1 GTTACCCCCTGGGAACATCT TTCAGGAGAGAGGTGGCTGT 

Piezo2 CTCACCTTTCCTGGCGTCAT CCTCTTGAAACTCAGGCAGT 

Hvcn1 CATCTGACCCAACACCACAG CAGCTTCTTCTTCCCGTTTG 

Trpm7 CCTCATGAAGACCATTTTCTAA ACAACTGTAACCTTCCTCACAG 

Trpv2 TTAAATGACTTGTGAGGGAGATAGC CAAGTAACACAATCTACCCAAGGTC 

Trpv4 TCACCTTCGTGCTCCTGTTG AGATGTGCTTGCTCTCCTTG 

Trpc1 GCCATCTTTGTCACCAGGTT GCTCGAGCAAACTTCCATTC 

Trpc6 GCAGGATTTCGTTGTTGGT TGCTGACAGTTGGATGAGC 

Trek1 ATTGTGCATGGTGACCTCAA TGCTGACAGTTTGGATGAGC 

Il6 CTGCAAGAGACTTCCATCCAGTT GAAGTAGGGAAGGCCGTGG 

Nos2 GAATCTTGGAGCGAGTTGTGG  TTGTACTCTGAGGGCTGACAC 

Mcp1 CAGCCAGATGCAGTTAACGC GCCTACTCATTGGGATCATCTTG 

Il1b GATCCCAAGCAATACCCAAAG  CTTGTGCTCTGCTTGTGAGG 

Retnla GCCAATCCAGCTAACTATCCC AGTCAACGAGTAAGCACAGG 

Mrc1 TGTTTTGGTTGGGACTGACC TGCAGTAACTGGTGGATTGTC 

Arg1 CTCTGTCTTTTAGGGTTACGG CTCGAGGCTGTCCTTTTGAG 

Gapdh GTCAAGCTCATTTCCTGGTAT TCTCTTGCTCAGTGTCCTTGC 

Table 2.3: List of primers used for this study. Table adapted from 59. 

 

2.2.9 IMMUNOFLUORESCENCE 

Following stimulation, BMDMs were fixed in 4% paraformaldehyde for a period of 10 

mins. The fixed cells were washed in PBS prior to permeabilization in 0.1% or 0.3% Triton-X in 

PBS for staining of PIEZO1P1-tdT or NFκB/STAT6, respectively. Following additional PBS washes 

the cells were blocked in 2% BSA prior to being incubated with primary antibodies for 1 hour at 

room temperature or overnight at 4°C (see Table 2.2 for list of antibodies used). The cells were 

then repeatedly washed with 2% BSA and incubated with secondary antibodies in 2% BSA, for 1 

hour at room temperature. After repeated washing with 2% BSA, the cells were incubated with 

Alexa Fluor 488 phalloidin (Fisher Scientific), diluted 1:100 in PBS, and Hoechst (Invitrogen), 

diluted 1:2000 in PBS, for 30 minutes at room temperature. The cells were thoroughly washed 

with PBS, before being mounted onto a glass slide and imaged using a Zeiss LSM780 confocal 

microscope or an Olympus Fluoview FV3000 confocal laser scanning microscope. Approximately 
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50 cells in each condition were outlined per experiment and the mean intensity or total intensity 

was computed for each cell using ImageJ. 

 

2.2.10 SUBCUTANEOUS IMPLANT STUDIES 

Varying stiffness PEGDA gels were implanted into 6-week-old PIEZO1 cKO and control 

mice. Stiff (~140kPa) and Soft (~1kPa) PEGDA 400MW (Polysciences Inc.) were reconstituted 

in PBS at 50% or 10% w/v, respectively, with 0.005% Irgacure 2959 photoinitiator. 1 mm sheets 

of hydrogels were cast and crosslinked using UV for 5 minutes and were cut into disks using 5mm 

biopsy punches. Prior to implantation, mice were anesthetized using isoflurane and the dorsal skin 

was shaved and cleansed using 70% ethanol. Subcutaneous pockets were created on either side of 

a ~5mm incision along the dorsal midline, and soft and stiff PEGDA gels were placed inside, one 

on each side. The incision was closed using staples. Mice were housed individually after wounding 

and monitored daily for signs of infection/healing. Following 3 days, mice were sacrificed, and 

the implants were retrieved with surrounding tissue and mounted in OCT for cryosectioning.  

 

2.2.11 IMMUNOHISTOCHEMISTRY AND HISTOLOGY 

Frozen tissue sections were thawed and allowed to equilibrate to room temperature, fixed 

in 4% paraformaldehyde for 15 min, and then washed 4 times with PBS. Tissues were 

permeabilized using 0.2% Triton-x-100 in PBS (Sigma) followed by three washes with 0.1% 

Tween-20 in PBS(Sigma), before blocking in 1% BSA + 0.1% Tween in PBS for 2 hours. Sections 

were incubated in primary antibody overnight at 4°C (see Supplementary table 1 for list of 

antibodies used). They were then washed three times and stained with a secondary antibody for 1 

h. Following three more washes slides were mounted with Fluoromount G and imaged at 20x using 
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the Olympus FV3000 laser scanning confocal microscope. Images were analyzed using ImageJ 

software to quantify percent positive staining. Hoechst staining was used to create a nuclear mask 

and compute the total number of cells in each frame. F4/80 positively stained cells were counted 

and divided by the total number of cells to get % F4/80 + cells. In addition, to analyze macrophage 

specific phenotypes, the number of cells positively stained for inflammatory and/or healing 

markers were divided by the total number of F4/80 + cells. H&E and Masson’s trichrome 

staining was performed by the University of California, Irvine Research Services Core Facility 

and were imaged using a Nikon. Images were analyzed using ImageJ software to quantify the 

average thickness of the collagen capsule from the material/tissue interface to the start of the 

muscle layer. Images were also analyzed to quantify the number of cells within a given area to 

assess immune cell infiltration. 

 

2.2.12 STATISTICS 

Data are presented as the mean ± standard deviation across at least three independent 

experiments. Representative images are accompanied with quantification from a minimum of three 

independent experiments. Comparisons were performed using a two-tailed Student’s t-test, two-

tailed paired t-test, or two-tailed Mann-Whitney U test, as indicated in figure legends, and *p < 

0.05 was considered significant. 

 

2.3 RESULTS 

2.3.1 PIEZO1 REGULATES CYTOKINE INDUCED MACROPHAGE ACTIVATION 

To evaluate the role of stretch-activated ion channel Piezo1 in murine bone marrow derived 

macrophages (BMDMs), we first compared its gene expression with other ion channels that have 
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known functions in macrophages using qPCR113,119–121. Interestingly, we found that Piezo1 had 

significantly higher expression compared to other channels, confirming a recently published 

observation19 (Figure 2.1a). We next generated Piezo1flox/floxLysMCre/+ (Piezo1ΔLysM) myeloid cell  

specific conditional knockout and Piezo1flox/+LysMCre/+ 

(Piezo1fl/+) control mice (Figure 2.1b). We validated reduced 

Piezo1 expression in Piezo1ΔLysM mice when compared to control 

Piezo1fl/+ mice. 

Following validation, we determined the role of this 

channel in regulating macrophage activation. We found that 

Piezo1 deficient BMDMs expressed lower IFNγ/LPS-induced 

expression of the inflammatory marker iNOS and enhanced 

IL4/IL13-induced expression of the healing marker ARG1, when 

compared to control macrophages (Figure 2.2a). Consistent with 

these findings, we observed reduced phosphorylation of the 

inflammatory transcription factor NFκB in IFNγ/LPS treated 

Piezo1ΔLysM BMDMs when compared to controls (Figure 2.2b). 

Moreover, we also found enhanced phosphorylation of the 

healing transcription factor STAT6 in IL4/IL13 treated Piezo1 

deficient BMDMs (Figure 2.2b). These findings show that 

Piezo1 deficiency suppresses NFκB and enhances STAT6 

mediated inflammatory and healing responses, respectively.  

In contrast, activation of this channel through the Piezo1 

specific agonist Yoda1122,123, resulted in enhanced iNOS and 

 

Figure 2.1: Piezo1 expression 

and validation of conditional 

knockout. (a) Relative gene 

expression of mechanically-

gated ion channels in BMDMs 

as measured by qPCR. Gene 

expression normalized to the 

expression of Piezo1. (b) 

Relative gene expression of 

Piezo1 in unstimulated 

BMDMs isolated from 

Piezo1fl/+ and Piezo1ΔLysM mice. 

Gene expression normalized to 

the expression of Piezo1 in 

BMDMs isolated from 

Piezo1fl/+ mice. Error bars 

indicate standard deviation for 

three independent experiments 

and * p < 0.05 when compared 

only to Piezo1 expression as 

determined by a two-tailed 

paired t-test with Bonferroni 

correction used for multiple 

comparisons. Figure adapted 

from 59. 
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suppressed ARG1 expression in the presence of IFNγ/LPS and IL4/IL13, respectively (Figure 

2.2c). Similarly, Yoda1 treatment enhanced IFNγ/LPS mediated NFκB and IL4/IL13 mediated 

STAT6 activation (Figure 2.2d). Together, these data show that Piezo1 is highly expressed in 

macrophages, and it has a novel role in promoting inflammatory and inhibiting healing activation 

in response to soluble stimuli. 

 

Figure 2.2: Piezo1 regulates macrophage inflammatory and healing responses. (a) a) Representative 

Western blots (top) and quantification (bottom) of iNOS, ARG1, and GAPDH expression in Piezo1fl/+ 

and Piezo1ΔLysM BMDMs incubated with media (Unstim.), IFNγ/LPS (0.3ng/mL of each), or IL4/IL13 

(0.1ng/mL of each). (b) Representative Western blots and quantification of p-NFκB/NFκB (top) of 

Piezo1fl/+ and Piezo1ΔLysM BMDMs incubated with media (Unstim.) or IFNγ/LPS for one hour and p-

STAT6/STAT6 (bottom) of Piezo1fl/+ and Piezo1ΔLysM BMDMs incubated with media (Unstim.) or 

IL4/IL13 for a period of 1 hour. (c) Representative Western blots (top) and quantification (bottom) of 

iNOS, ARG1, and GAPDH expression in BMDMs exposed to DMSO or 5µM Yoda1 and stimulated 

with media (Unstim.), IFNγ/LPS (0.3ng/mL of each), or IL4/IL13 (0.1ng/mL of each). (d) Representative 

Western blots and quantification of p-NFκB/NFκB (top) in wild-type BMDMs exposed to DMSO or 

Yoda1 and stimulated with media (Unstim.) or IFNγ/LPS for two hours and p-STAT6/STAT6 (bottom) 

in BMDMs incubated with media (Unstim.) or IL4/IL13 for a period of 1 hour. Error bars denote Mean 

± SD for three independent experiments, * p < 0.05 as determined by two-tailed Student’s t-test. Figure 

adapted from 59. 

 

2.3.2 PIEZO1 MODULATES CYTOKINE INDUCED CA2+ INFLUX  

Piezo1 is a non-selective ion channel that regulates the influx of several ions including 

Ca2+; however, its role in regulating Ca2+ signals in macrophages remains unknown. To address 
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this gap in knowledge, we utilized the Salsa6f probe to visualize Ca2+ signals in BMDMs. Salsa6f 

is a genetically encoded ratiometric Ca2+ indicator, consisting of tdTomato fused to the Ca2+ 

indicator GCaMP6f and, through the use of tissue specific Cre recombinase, has already been 

expressed in numerous different cell types59,124–126. Homozygous LSL-Salsa6f mice were crossed 

with Vav1Cre/Cre mice to selectively express Salsa6f in all hematopoietic cells, including 

macrophages. As expected, Salsa6f was expressed uniformly within the cytosol and excluded from 

the nucleus (Figure 2.3a). Following confirmation of expression, Salsa6f+ BMDMs were treated 

with Yoda1, a selective Piezo1 agonist, to confirm the presence of Piezo1 on the macrophage cell 

membrane. Exposure to Yoda1 was found to increase fluorescence of GCaMP6f without altering 

the tdTomato signal, and the signal increased with higher Yoda1 doses, thus confirming that 

functional Piezo1 channels are indeed present on the cell membrane. (Figure 2.3b-c).  

We next determined the role of Piezo1 in regulating Ca2+ events in response to cytokine-

mediated macrophage activation. To accomplish this, we exposed Salsa6f+ BMDMs to non-target 

(siControl) or Piezo1 siRNA (siPiezo1) and confirmed channel depletion, as measured by reduced 

Yoda1-mediated Ca2+ influx (Figure 2.3d-e). Following confirmation of knockdown, siControl 

and siPiezo1 treated Salsa6f+ BMDMs were acutely exposed to inflammatory stimuli, IFNγ/LPS. 

Analysis of time lapse videos obtained using confocal microscopy show that acute addition of 

IFNγ/LPS enhances Ca2+ events and the number of cells actively involved in Ca2+ influx in 

siControl treated cells. In contrast, no such increases in Ca2+ events with IFNγ/LPS stimulation 

were observed in siPiezo1 treated cells (Figure 2.3f-h). Moreover, using TIRF microscopy we 

also show that long-term exposure to inflammatory stimuli, in particular, results enhanced in milli-

second scale Ca2+ activity at the cell membrane (Figure 2.3i-k). Taken together, the data obtained 

show that the Piezo1 channel is critical in regulating Ca2+ influx in response to inflammatory 
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activating stimuli. Given that increased intracellular Ca2+ is associated with enhanced 

inflammatory activation in macrophages113, a reduction in Ca2+ influx with Piezo1 siRNA, further 

supports the dampening in inflammatory activation previously observed with IFNγ/LPS treated 

Piezo1ΔLysM BMDMs. 
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Figure 2.3: Regulation of Ca2+ influx by Piezo1 channels in macrophages. (a) Representative images 

showing expression of Salsa6f in BMDMs. (b-c) G/R ratio images (b), quantification of G/R ratios 

averaged across all cells over time (c, left), and peak G/R ratios per cell (c, right) in responses to 100nM 

and 300nM Yoda1. Error bars denote standard deviation and * p < 0.05 as determined by Mann-Whitney 

U test. (d-e) G/R ratio images (d), quantification of G/R ratios averaged across all cells over time (e, left), 

and peak G/R ratios per cell (e, right) of non-target (siControl) and Piezo1 siRNA (siPiezo1) treated 

Salsa6f BMDMs exposed to 300nM Yoda1. Error bars denote standard deviation and * p < 0.05 as 

determined by Mann-Whitney U test. (f-h) G/R ratio images (f), representative G/R traces (g), and 

quantification of number of Ca2+ events normalized to cell number and time as well as percent active 

cells (h) for siControl and siPiezo1 treated Salsa6f+ BMDMs following acute exposure to 1mM Ca2+ 

Ringer solution (Unstim.) or Ringer solution with 100ng/mL IFNγ/LPS. (i-k) Representative images 

overlaid with locations of Ca2+ flickers in green (i) and traces of individual Ca2+ flickers (j) recorded in 

unstimulated, 0.3ng/mL IFNγ/LPS, and 0.1ng/mL IL4/IL13 stimulated Salsa6f+ BMDMs using high 

speed TIRF microscopy. (k) Frequency of Ca2+ flickers in unstimulated, IFNγ/LPS, and IL4/IL13 

stimulated BMDMs normalized to cell area and time. Each data point represents the frequency of Ca2+ 

flickers in a single video composed of one or more cells (N= 10-19 videos, error bars denote standard 

deviation, and * p < 0.05 as determined by Mann-Whitney U test). Significance of * p < 0.05 between 

Unstim. and IFNγ/LPS conditions were determined by paired t-test. Figure adapted from 59. 

 

 

3.2.1 PIEZO1 IS A MECHANOSENSOR OF STIFFNESS IN MACROPHAGES 

Substrate rigidity is known to increase macrophage inflammatory activation in response to 

soluble stimuli8,10,11. However, the molecular mechanisms associated with stiffness-dependent 

modulation of macrophage function are unclear. Given that the Piezo1 channel is involved in 

mechanosensation in BMDMs as well as other cell types14,15,19,99, we next investigated the role of 

stiffness in influencing Piezo1-mediated macrophage activation. Using fibronectin conjugated 

polyacrylamide surfaces of varying stiffness (1, 20, 40, and 280kPa), we found that significant 

increases in Yoda1-mediated Ca2+ influx, as measured by peak G/R ratios per cell, were observed 

in BMDMs cultured on stiff substrates when stimulated with low doses (300nM) of Yoda1. No 

such increase in Ca2+ activity was observed in BMDMs cultured on soft surfaces. In contrast, high 

doses of Yoda1 (5µM) increased Ca2+ activity in macrophages cultured on all stiffness substrates. 
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While the effects of Yoda1 are known to be concentration dependent123, our results indicate that 

substrate stiffness increases the expression of Piezo1 on the cell membrane (Fig. 2.4a). 

Functionally, we observed that low doses of Yoda1 significantly increased the gene expression of 

the inflammatory marker Nos2 in IFNγ/LPS stimulated BMDMS cultured on stiff substrates, with 

the largest increase seen at 280kPa. High doses of Yoda1, which resulted in peak Ca2+ influx, 

significantly enhanced Nos2 expression irrespective of stiffness. Only high doses of Yoda1 

significantly decreased the expression of the healing marker Arg1 in IL4/IL13 stimulated cells 

(Figure 2.4b-c). In contrast, Piezo1 deficient macrophages cultured on stiff substrates decreased 

IFNγ/LPS-induced Nos2 and increased IL4/IL13-induced Arg1 expression (Figure 2.4d-e). The 

results obtained suggest a novel role for Piezo1 in sensing environmental stiffness in macrophages 

resulting in enhanced inflammation. 
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Figure 2.4: Stiffness dependent Piezo1 expression/activity modulates macrophage activation. (a) 

Representative images and quantification of peak G/R intensities of BMDMs exposed to DMSO, 300nM 

Yoda1, and 5µM Yoda1 on polyacrylamide gels. Error bars denote standard deviation and * p < 0.05 

when compared to the corresponding condition as determined by Mann-Whitney U test. (b) Relative 

Nos2 gene expression of 0.3ng/mL IFNγ/LPS stimulated BMDMs exposed to DMSO, 300nM Yoda1, 

and 5µM Yoda1. Data normalized to 1kPa DMSO control. (c) Relative Arg1 gene expression of 

0.1ng/mL IL4/IL13 stimulated BMDMs exposed to DMSO, 300nM Yoda1, and 5µM Yoda1. Data 

normalized to 1kPa DMSO control. (d) Relative Nos2 gene expression of 0.3ng/mL IFNγ/LPS stimulated 

Piezo1fl/+ and Piezo1ΔLysM BMDMs. Data normalized to 1kPa Piezo1 control. (e) Relative Arg1 gene 

expression of 0.1ng/mL IL4/IL13 stimulated Piezo1fl/+ and Piezo1ΔLysM BMDMs. Data normalized to 

1kPa Piezo1fl/+ controls. Error bars indicate standard deviation for three separate experiments and * p < 

0.05 when compared to the corresponding condition by Student’s t-test, unless otherwise noted. Figure 

adapted from 59. 

 

 

2.3.4 PIEZO1 ENHANCES THE FOREIGN BODY RESPONSE TO STIFF IMPLANTS 

Mechanical mismatch is common between surgical implants and native tissues, and often 

results in poor material integration characterized by a severe foreign body response44. While stiff 

materials are often favored due to their mechanical integrity, they have also been shown to promote 

inflammation and are associated with thicker fibrous collagen capsule formation when compared 

to soft materials44,45. To test the role of stiffness and Piezo1 in regulating macrophage activation 

in-vivo, we subcutaneously implanted precast soft (1kPa) and stiff (140kPa) polyethylene glycol 

diacrylate-400 (PEGDA-400) hydrogels into Piezo1fl/+ and Piezo1ΔLysM mice. Following 14 days 

after implantation, the hydrogels and surrounding tissue were harvested and examined through 

histology to quantify immune cell infiltration and fibrous capsule thickness. In Piezo1fl/+ mice, we 

found that stiff material implants significantly increased immune cell infiltration and caused a 

more severe foreign body response, as indicated by increased number of cells over a given area 

and thicker fibrous capsule formation, when compared to soft material implants, consistent with 

previous reports in wild type mice8,45. In contrast, myeloid cell specific Piezo1 knockout abrogated 

these responses to stiff implants with significantly reduced immune infiltrate and fibrous capsule 
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thickness in Piezo1ΔLysM mice, suggesting that myeloid expression of Piezo1 plays a pivotal role in 

influencing the host response to material implants (Figure 2.5a-d).  

 

Figure 2.5: Piezo1 modulates the foreign body response resulting from stiff material implants. 

Representative H&E (a) and Masson’s trichrome (b) stained tissue sections of the foreign body response 

to soft (1kDa) and stiff (140kDa) PEGDA material implanted in Piezo1fl/+ and Piezo1ΔLysM mice for a 

period of 14 days. Quantification of immune cell infiltrate normalized to area (c) and collagen capsule 

thickness (d) obtained from quantification of H&E and Masson’s trichrome images. Error bars indicate 

standard deviation for n ≥ 5 and * p < 0.05 when compared to the corresponding condition by Student’s 

t-test. Figure adapted from 59. 

 

 

2.3.5 STIFFNESS REGULATES MACROPHAGE ACTIVATION IN VIVO 

Given that myeloid-derived macrophages are central regulators of the foreign body 

response, we next examined expression of macrophage functional markers in response to implants. 

Tissues surrounding soft and stiff implants in Piezo1fl/+ and Piezo1ΔLysM mice were harvested at 3 

and 14 d after implantation, and immunohistochemistry was used to evaluate macrophage specific 

(F4/80+) expression of the inflammatory marker iNOS and the healing marker ARG1 (Figure 

2.6a-b). We observed that the extent of macrophage recruitment to soft and stiff implants was 

similar between Piezo1fl/+ and Piezo1ΔLysM mice at both 3 and 14 d after implantation (Figure 2.6c). 

However, there were significant differences in expression of functional markers. In control 

Piezo1fl/+ mice, the percentage of iNOS+ macrophages surrounding stiff implants was greater at 
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both 3 and 14 d (Figure 2.6d). In contrast, the percentage of ARG1+ macrophages was reduced in 

stiff implants when compared to soft implants at 14 d in control Piezo1fl/+ mice. This observation 

is different to what was previously observed in our in vitro studies, where IL4/IL13 stimulated 

BMDMs enhanced ARG1 expression on stiff substrates. These differences could potentially be 

attributed to differences between the simplified in vitro and more complex in vivo 

microenvironments observed in each study, or the time point of evaluation. In Piezo1ΔLysM mice, 

the percentage of iNOS+ macrophages was similar and low in response to soft and stiff materials; 

the percentage of ARG1+ macrophages was also similar in response to soft and stiff materials at 

3 d, and increased at 14 d (Figure 2.6e). We also found significant increases in the percentage of 

NFκB+ macrophages within tissue surrounding stiff compared to soft implants in Piezo1fl/+ mice, 

but not Piezo1ΔLysM mice which is consistent with our observations of reduced inflammation in 

myeloid cell specific Piezo1 deficient mice. These data again suggest that macrophages lacking 

Piezo1 may lose their ability to sense and respond to different stiffness environments. The decrease 

in inflammatory activation and increase in healing activation support the reduced immune infiltrate 

and fibrous capsule thickness observed in Piezo1ΔLysM mice. Together, these results further validate 

the role of Piezo1 in regulating macrophage polarization responses to different stiffness 

environments and reveal downstream effects on fibrous capsule formation. 
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Figure 2.6: Piezo1 modulates macrophage activation in response to stiff material implants. (a-b) 

Representative immunohistochemistry images of tissue collected 3 days (D3, a) and 14 days (D14, b) 

post-implantation and stained for F4/80, iNOS, ARG1, and Hoechst. (c) Quantification of percent cells 

that stained positive for F4/80. (d) Quantification of percent cells that stained positive for F4/80 and 

iNOS. (e) Quantification of percent cells that stained positive for F4/80 and ARG1. Material location 

indicated with asterisk. N = 5 and error bars denote Mean ± SD for n ≥ 5, * p < 0.05 as determined by 

two-tailed Student’s t-test. Figure adapted from 59. 
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2.3.6 ACTIN REGULATES PIEZO1 ACTIVITY IN MACROPHAGES 

We next looked to examine the role of actin in regulating Piezo1-mediated Ca2+ influx and 

macrophage activation. We found that Piezo1 enhanced macrophage F-actin intensity, as measured 

using confocal microscopy (Figure 2.7a-b). To determine the role of actin in influencing Piezo1 

activity, we first exposed BMDMs to latrunculinA (LatA), a potent actin inhibitor, and 

jasplakinolide (Jasp), an actin stabilizer, and quantified changes in F-actin intensity using 

microscopy. As expected, we found that LatA reduced and Jasp enhanced F-actin intensity when 

compared to DMSO controls (Figure 2.7c). We then exposed non-targeting (siControl) and Piezo1 

(siPiezo1) siRNA treated Salsa6f+ BMDMs to DMSO, LatA, or Jasp and evaluated for changes in 

IFNγ/LPS-induced Ca2+ activity. Consistent with previous results, we observed reduced Ca2+ 

activity in siPiezo1 when compared to siControl treated cells in the DMSO condition (Figure 2.7d-

g). We also found that LatA treatment resulted in reduced Ca2+ activity in both siControl and 

siPiezo1 treated BMDMs. In contrast, Jasp enhanced Ca2+ activity in siControl treated cells, which 

was reduced by siPiezo1 treatment, although the levels were higher than DMSO and LatA treated 

siPiezo1 cells. These data suggest that inhibition of actin polymerization with LatA reduces 

IFNγ/LPS induced Ca2+ activity, whereas stabilization of actin with Jasp promotes Piezo1 activity 

while also additionally stimulating other Ca2+ channel activity (Figure 2.7d-g). Together these 

data suggest a positive feedback regulation, where Piezo1 activity increases actin polymerization, 

which in turn enhances Piezo1 activity.  

In addition to examining changes in Ca2+ activity, we also examined the role of actin and 

Piezo1 in modulating inflammatory activation.  We found that Piezo1ΔLysM macrophages treated 

with DMSO had reduced IFNγ/LPS mediated inflammatory gene expression when compared to 

Piezo1fl/+ DMSO controls, consistent with our earlier results (Figure 2.7h). We also observed that 
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cells treated with LatA had suppressed inflammatory activation in Piezo1fl/+ macrophages, which 

was similar to Piezo1ΔLysM macrophages treated with DMSO, and knock out of Piezo1 had no effect 

(Figure 2.7h). In contrast, Piezo1ΔLysM and Piezo1fl/+ BMDMs treated with Jasp had enhanced 

expression of the inflammatory genes, Il6 and Il1b, when compared to DMSO controls. Together, 

these studies confirm the role of actin in regulating macrophage activation, as has previously been 

observed91,127, and also suggest a potential for positive feedback between Piezo1 and the actin 

cytoskeleton which, in turn, enhances macrophage inflammatory activation.   
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Figure 2.7: Piezo1-mediated regulation of actin influences macrophage inflammatory activation. 

(a) Representative images (top) and quantification (bottom) of actin mean fluorescent intensity (MFI) of 

wild-type BMDMs following one hour treatment with DMSO or Yoda1. N = 229 and 201 cells examined 

over three independent experiments for DMSO and Yoda1 and treatment. (b) Representative images (top) 

and quantification (bottom) of actin mean fluorescent intensity (MFI) of Piezo1fl/+ and Piezo1ΔLysM 

BMDMs. N = 277 and 279 cells examined over three independent experiments for Piezo1fl/+ and 

Piezo1ΔLysM BMDMs. (c) Representative images (top) and quantification (bottom) of actin mean 

fluorescent intensity (MFI) in BMDMs following one-hour treatment with DMSO, 500nM latrunculinA 

(LatA), or 500nM jasplakinolide (Jasp). N = 195, 177, and 191 cells examined over three independent 

experiments for DMSO, LatA, and Jasp treatment. (d-g) Representative G/R ratio images (d), traces of 

individual Ca2+ events (e), and quantification of number of Ca2+ events (normalized for cell number and 

time) and fraction of cells showing Ca2+ elevations, (f-g) taken from a time-lapse video of siControl and 

siPiezo1 treated Salsa6f+ BMDMs following addition of DMSO, LatA, or Jasp in Ringer solution 

containing 100 ng/mL IFNγ/LPS. Asterisks denote the occurrence of a Ca2+ event. Each data point in (f-

g) denotes a single video (N= 12 videos). (h-j) Relative Il6 (h), Il1β (i), and Mcp1 (j) gene expression in 

Piezo1fl/+ and Piezo1ΔLysM BMDMs exposed to DMSO, LatA, or Jasp and stimulated with IFNγ/LPS for 

6 hrs. Gene expression is shown relative to the highest expressing condition.  For a-c, error bars denote 

Mean ± SD, * p < 0.05 as determined by two-tailed Mann-Whitney U test. For f-g, error bars denote 

Mean ± SD for n = 3, groups not connected by the same letter are statistically different (p < 0.05) as 

determined by two-tailed Student’s t-test. Figure adapted from 59. 
 

2.4 DISCUSSION 

Macrophages encounter environments of varied stiffnesses as they are recruited to tissues 

throughout the body to facilitate inflammatory and healing responses after injury or infection. In 

this study, we identify a role for the mechanically activated ion channel Piezo1 in macrophage 

stiffness sensing, and their responses to inflammatory and wound healing agonists. We find that 

Piezo1 is highly expressed in macrophages derived from bone marrow, and its activity enhances 

IFNγ/LPS and suppresses IL4/IL13-induced activation through increased NFκB and decreased 

STAT6 activation, respectively (Figure 2.8). Opposing regulation of inflammatory and wound 

healing states have also been reported for other transcription factors, KLF4 and KLF6, as well as 

signaling molecules, AKT1 and AKT2128–130, which upregulate the expression of inflammatory 

molecules that simultaneously suppress healing activation, such as TNFα 128,130,131. While our data 

suggests that manipulation of Piezo1 itself has no effect on unstimulated macrophages, activation 

or deletion of this ion channel may indeed regulate molecules that are capable of switching 
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macrophage phenotypes. While continuous mechanical stimuli present in vivo are thought to 

desensitize Piezo1 in resident alveolar macrophages19, the lung and peritoneum clearly have 

distinct mechanical environments, which may differentially modulate Piezo1 activity. In addition, 

culture of cells in vitro may potentially cause loss of mechanical memory in resident macrophage 

populations and mask the effects of desensitization. Nevertheless, our studies suggest a major role 

for Piezo1 in modulating the functional responses of broad macrophage populations. 

 

Ca2+ plays a pivotal role in regulating essential macrophage functions including 

inflammatory activation113,114. Using Salsa6f-expressing macrophages, we show Ca2+ influx in 

response to the chemical Piezo1 agonist Yoda1, IFNγ/LPS stimulation, and to an extent IL4/IL13 

stimulation. While the response of Piezo1 to chemical agonist Yoda1 has been known for some 

time123, the relevance of chemical activation of Piezo1 under physiological conditions remains 

unknown. We propose that soluble cues, such as IFNγ/LPS, may prime the channel's response to 

mechanical cues, thus regulating the downstream responses to mechanical signals in different 

contexts. It is possible that Ca2+ signals could also arise by store operated Ca2+ entry (SOCE) 

through Ca2+ release-activated Ca2+ (CRAC) channels, which regulate signaling pathways essential 

for T-cell activation36, though these channels have been shown to have a minimal role in many 

 

Figure 2.8: Schematic of proposed mechanism obtained in Chapter 2. Figure adapted from 59. 
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macrophage functions37. Our observations that Piezo1 potentiates NFκB and mitigates STAT6 is 

consistent with reports that show increased intracellular Ca2 activates NFκB and suppresses 

STAT6 in immune cells through Ca2+-dependent molecules such as calpains113,116. Furthermore, 

we show that pharmacological inhibition of calpains reduces inflammatory activation in 

macrophages, as has previously been shown by others115,132. Therefore, Piezo1-mediated Ca2+ 

influx could potentially activate calpains resulting in enhanced inflammatory and suppressed 

healing activation phenotypes in macrophages.  

We also show that Piezo1 plays a role in sensing environmental stiffness in macrophages. 

Stiff substrates have been shown to promote macrophage inflammatory activation through 

MyD88-dependent pathways and enhanced NFκB activation11,60, but the role of stiffness in 

regulating healing activation has been less clear. We demonstrate stiffness-dependent increases in 

Ca2+ influx in response to the Piezo1 agonist Yoda1 and IFNγ/LPS stimulation. Interestingly, we 

found that activation of both inflammatory and healing pathways increased as substrate stiffness 

increased, suggesting that stiffness does not enhance inflammation at the expensive of healing, but 

instead promotes overall macrophage responses to soluble cues. In addition, while inflammation 

scaled with stiffness, healing responses did not. This could potentially be attributed to the fact that 

macrophages cultured on 20 and 280kPa surfaces have enhanced cell spreading and healing 

activation compared to cells cultured on 1 and 40kPa surfaces, given that cell shape is known to 

play an important role in regulating macrophage activation61,91. Moreover, stiffness-dependent 

increases in inflammatory activation required Piezo1, but depletion of Piezo1 reduced 

inflammation while enhancing healing pathways. Piezo1-mediated Ca2+ influx in cells cultured on 

stiff substrates inhibits IL4/IL13 induced activation of the transcription factor STAT6, but other 

stiffness-mediated, Piezo1 independent mechanisms could influence STAT6 activation (Figure 6). 
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Pharmacological inhibition of STAT6 in cells seeded on 1 and 280 kPa substrates revealed 

suppression of healing activation in cells cultured on both stiffness surfaces, which suggests that 

STAT6 signaling is prominent even on soft surfaces. Together, our data show that Piezo1-mediated 

Ca2+ signaling promotes inflammation in stiff environments, but the regulation of healing 

pathways by stiffness and Piezo1 may be more complex.  

The activity of mechanically activated ion channels such as Piezo1 have been shown to be 

dependent on external mechanical cues as well as internal cell-generated forces, and the 

cytoskeleton is pivotal in transducing such mechanical stimuli as well as generating membrane 

tension required for channel activity14,99,133. We show that positive feedback regulation between 

Piezo1 and the actin cytoskeleton promotes macrophage inflammatory activation. Specifically, we 

find that Piezo1 enhances F-actin formation, consistent with what has been observed in lymphatic 

endothelial cells134, and that actin polymerization promotes Piezo1-mediated Ca2+ activity, 

suggesting a potential positive feedback regulation between ion channel activity and the 

cytoskeleton (Figure 6). Our results also show that inhibition of F-actin with LatA suppresses 

inflammation, and stabilization of F-actin with Jasp enhances inflammation, consistent with what 

has been observed by others91,127. In addition, Jasp likely enhances other Ca2+ sources resulting in 

increased inflammatory responses in both control and macrophages lacking Piezo1. Actin is known 

to regulate several TRP channels which could potentially explain this increase in non-Piezo1 

mediated Ca2+ influx and enhanced inflammation from Jasp treatment135. Together, our results 

suggest that positive regulation between actin and Piezo1 enhances inflammatory activation in 

macrophages.  

Mechanical cues are altered in the context of surgical implants, as well as during the 

development and progression of many pathological conditions in which macrophages are involved, 
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including various forms of cancer, cardiovascular diseases, and fibrosis6–8. Our implant studies 

reveal that Piezo1 is required for macrophage sensing of different stiffness environments in vivo, 

and that its activity promotes inflammation and suppresses healing function of macrophages. The 

biomaterials used here allowed comparison of the immune response between soft materials that 

are similar in stiffness to tissues and the response to considerably stiffer materials that could 

represent biomedical implants44. Heightened stiffness has been associated with increased 

inflammatory activation in cardiovascular disease and healing activation in cancer and fibrosis7,136–

139, and the more subtle changes in tissue stiffness in such contexts as well as disease models will 

need to be examined in future studies. Nonetheless, our study identifies a role for the 

mechanosensitive ion channel Piezo1 in sensing environmental stiffness in myeloid cells and 

influencing the foreign body response to implanted materials. Further exploring the role of Piezo1 

in the context of disease will improve our understanding of the development of various 

pathological states and the role of macrophages in health and disease.   
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Chapter 3: Integrin-Ion Channel Crosstalk in Stretch Mechanotransduction 

Reprinted with permission from: 

Atcha H., Meli V.S., Davis C.T., Brumm K.T., Anis S., Chin J., Jiang K., Pathak M.M. and Liu 

W.F. (2021) Crosstalk Between CD11b and Piezo1 Mediates Macrophage Responses to 

Mechanical Cues. Front Immunol. 12: doi: 10.3389/fimmu.2021.689397. PMCID: PMC 

PMC8493066. Copyright 2021 Frontiers. 

 

3.1 BACKGROUND 

Macrophages reside in or are recruited to mechanically active tissues and as a result they 

are exposed to various forms of dynamic physical stimuli. For example, when recruited to the 

arterial wall or the heart, macrophages are predominantly exposed to mechanical stretch. The 

degree of stretch experienced by these cells within the cardiovascular system varies according to 

physiological and pathological conditions140–142. Several studies have shown that strain amplitudes 

modulate the functions of cells commonly involved in atherosclerosis, with pathological strains 

(>20%) associated with atherogenesis140. While stretch has been shown to influence macrophage 

proliferation, enzymatic activity, and activation, the molecular mechanisms associated with 

mechanics-mediated changes in function are less well understood9,65,66,143. Macrophages are 

mechanosensitive cells that express numerous surface receptors, such as integrins and 

mechanosensitive ion channels, that sense and transduce mechanical stretch. CD11b, also referred 

to integrin αM, is widely considered to be the most abundantly expressed integrin in 

macrophages144. Its expression is known to modulate inflammatory activation, where macrophages 

deficient in CD11b had enhanced inflammatory responses when stimulated with soluble 

agonists145. However, its role in transducing mechanical stimuli, such as stretch, remains unknown.  

In this chapter, we characterize changes in macrophage activation in response to varying 

amplitudes (0, 5, 10, 20%) and types (static vs. cyclic) of stretch. In addition, we explore a role 
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for CD11b and Piezo1 while also elucidating the possibility for integrin/ion channel crosstalk in 

regulating stretch-mediated changes in macrophage activation.  

 

3.2 MATERIALS & METHODS 

3.2.1 APPLICATION OF STATIC AND CYCLIC STRETCH 

To determine the effects of mechanical stretch in regulating macrophage function, we 

designed, fabricated, and validated a low-cost cell stretching device (Figure 3.1a). The created 

device uses a programmable motor and gear/gear rack mechanism to achieve one directional 

translational 

motion of a 

middle clamp. 

Stretchable 

silicone substates 

are secured to 

stationary side 

clamps and the 

sliding motion of 

the middle clamp 

results in the 

application of 

cyclic strains. 

Using 3D printed 

blocks of specified widths this device can produce static and cyclic strains at amplitudes of up to 

20% (Figure 3.1b). In addition, through tracking surface markers on the programmable motor or 

 

Figure 3.1: Design of uniaxial cell stretcher. (a) Three-dimensional schematic 

of uniaxial cell stretching device (left) including a cross section and expanded 

view (right) to better display the gear and gear rack mechanism for mechanical 

motion as well as the clamping mechanism used to maintain substrate tension. The 

device consists of a 6061-T6 aluminum housing (transparent), programmable 

servomotor (1), 0.635cm (0.25 in) rails (2), moveable middle clamps (3), 

experimental substrates (4), stationary side clamps (5), wing nuts (6), top clamps 

(7), a silicone sheet to balance the experimental substrates (8), 0.635 cm (0.25 in) 

in threaded rods (9), gear (10), gear rack (11), and 0.635 cm (0.25 in) 0.25 in shaft 

support (12). (b) Schematic of unstrained (left), static strain (middle), and cyclic 

strain (right) configurations of the device. Figure adapted from 67. 
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the stretchable silicone membranes we found that this device can output multiple different 

waveforms and produce consistent strains across the stretchable membrane (Figure 3.2a-b). The 

fabrication and validation of the uniaxial cell stretching device used in this study have been 

previously described 67. 

 

Figure 3.2: Validation of uniaxial cell stretcher. (a) The designed cell stretcher can generate a 1 Hz 

triangle, sine, or square wave through manipulating various speed and acceleration parameters on the 

servo motor. (b) Measured strains in both the directions parallel and perpendicular to stretch were 

quantified and were found to be uniform and consistent with the desired 10% and 20% strains. Figure 

adapted from 67. 

 

Following validation, BMDMs were isolated and seeded onto experimental substrates that 

were coated in a 10ug/mL fibronectin solution overnight at 4°C. The cells were then incubated for 

24 hours at 37°C prior to treatment with soluble stimuli and application of stretch. Following 

incubation, soluble agonists were added to the wells resulting in either unstimulated, 0.3ng/mL 

IFNγ (R&D Biosystems) and LPS (Sigma), or 0.1ng/mL IL4 and IL13 (both from BioLegend) 
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containing media. Once the media was replenished static and cyclic uniaxial stretch at a 5%, 10%, 

or 20% stretch amplitude was initiated for a period of 18 hours. For experiments involving the 

modulation of adhesion, BMDMs were allowed to adhere for 4 hours prior to stimulation and the 

application of stretch. In addition, for experiments involving the reduction of CD11b or Piezo1 

expression, unstimulated macrophages were exposed to non-target, CD11b, or Piezo1 siRNA (all 

Dharmacon) in a Nucleofector® solution obtained from a primary cell 4D-Nucleofector® kit 

(Lonza). The cell suspension was loaded into Nucleocuvettes® and transfection was accomplished 

through the use of a 4D-Nucleofector® system (Lonza). Following transfection, the cells were 

supplemented with warm media before being seeded onto experimental substrates. The transfected 

cells were allowed to adhere for 24-72 hours prior to stimulation and stretch for an additional 18 

hours. 

 

3.2.2 WESTERN BLOTTING 

Western blotting was performed as previously described in Chapter 2. Antibodies specific 

to this chapter include: rabbit anti-CD11b (Abcam) used at 1:4000 dilution in 5% nonfat milk in 

TBST.  

 

3.2.3 ANALYSIS OF CELL VIABILITY 

Following cyclic stretch, cells were collected and frozen at -80°C, and analysis of cell 

viability was conducted using the Cyquant cell proliferation assay kit (Fisher Scientific). The assay 

was conducted following the manufacturer’s instructions. 
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3.2.4 IMMUNOFLUORESCENCE 

BMDMs isolated from WT mice were used for actin and CD11b staining, and BMDM 

isolated from Piezo1P1-tdT mice, which expresses a Piezo1-tdTomato fusion protein that is used to 

label endogenous Piezo1 channels, were used for visualizing Piezo1 18,59.  For actin staining, 

BMDMs were fixed in 4% paraformaldehyde following the application of stretch or siRNA 

knockdown. The fixed cells were washed in PBS prior to permeabilization in 0.1% Triton-X. 

Following additional PBS washes the cells were incubated with Alexa Fluor 488 phalloidin (Fisher 

Scientific), diluted 1:100 in PBS, and Hoechst (Invitrogen), diluted 1:2000 in PBS, for 30 minutes 

at room temperature. The cells were further rinsed in PBS prior to being mounted onto glass slide. 

For CD11b or Piezo1 staining, the cells were blocked in 2% BSA following fixation prior to being 

incubated with rat anti-CD11b or rabbit anti-RFP primary antibodies (BioLegend), diluted 1:50 

for CD11b and 1:400 for RFP antibodies in 2% BSA for 1 hour at room temperature. The cells 

were then repeatedly washed with 2% BSA and incubated with donkey anti-rat secondary 

antibodies (Jackson Immunoresearch Laboratories Inc), diluted 1:200 in 2% BSA, for 1 hour at 

room temperature. After repeated washing with 2% BSA, the cells were incubated with Alexa 

Fluor 488 phalloidin (Fisher Scientific), diluted 1:100 in PBS, and Hoechst (Invitrogen), diluted 

1:2000 in PBS, for 30 minutes at room temperature. The cells were thoroughly washed with PBS, 

before being mounted onto a glass slide and imaged using a Zeiss LSM780 confocal microscope. 

 

3.2.5 IMAGE ANALYSIS 

Phase contrast images were captured following 18 hours of cyclic mechanical stretch using 

the EVOS cell imaging system (Thermo Fisher Scientific). At least 150 cells from each condition, 

per experiment, were manually outlined and analyzed using ImageJ, which fits an ellipse to each 
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outlined cell. The ratio of the major and minor axis of the fitted ellipse were used to determine the 

aspect ratio. The software was also used to compute the angle of the major axis relative to the 

direction of stretch and the area of each cell. Cells aligned in the direction of the stretch will, 

therefore, have an angle of 0°. To quantify the percent of aligned cells, alignment parallel to the 

uniaxial strain was defined as having an angle between -30° to 30° and alignment perpendicular 

to the strain was defined as an angle between -60° to -90° and 60° to 90°. Percentages were then 

obtained by taking the ratio of aligned cells to the total number of cells circled. Quantification of 

mean fluorescence intensity was performed similarly. Approximately 50 cells in each condition 

were outlined per experiment and the mean intensity was computed for each cell using ImageJ.   

 

3.3.8 FLOW CYTOMETRY 

Unstimulated macrophages were gently scraped from the surface of the experimental 

substrates and fixed with 4% paraformaldehyde. After repeated washing with PBS, the cells were 

resuspended in 1% BSA and incubated at 4°C overnight before being blocked with anti CD16/32 

antibodies (Tonba) for 45 minutes at room temperature. The cells were then incubated for an 

additional 45 minutes at room temperature with PE anti-mouse/human CD11b antibodies (clone: 

M1/70) or PE rat IgG2b antibodies (clone: RTK4530), used as an isotype control (both from 

BioLegend). Following repeated washes, flow cytometry was performed using BD LSRII (BD 

Bioscience) and quantification of the median fluorescent intensity of the obtained data was 

performed using FlowJo software (FlowJo, LLC). 

 



50 
 

3.2.7 RNA ISOLATION AND QPCR 

RNA isolation and QPCR were performed as previously described in Chapter 2. Primers 

specific to this chapter include: Itgam (forward, ATGGACGCTGATGGCAATACC and reverse, 

TCCCCATTCACGTCTCCCA), Itgb1 (forward, ATGCCAAATCTTGCGGAGAAT and reverse, 

TTTGCTGCGATTGGTGACATT), Itgb2 (forward, TCACCTTCCAGGTAAAGGTCAT and 

reverse, AGTTTTTCCCAATGTAGCCAGA), and Itgb3 (forward, 

CCCCGATGTAACCTGAAGGAG  and reverse, GAAGGGCAATCCTCTGAGGG). 

 

3.2.8 STATISTICS 

Data are presented as the mean ± standard deviation of the mean across at least three 

independent experiments, unless otherwise noted. Comparisons were performed using a two-tailed 

Student’s t-test or paired t-test and p < 0.05 was considered significant. 

 

3.3 RESULTS 

3.3.1 MECHANICAL STRETCH HAS NO EFFECT ON MACROPHAGE VIABILITY  

Given that the function of immune cells, such as macrophages, are dependent on cell health, 

we first set out to determine whether the experimental setup used to expose cells to mechanical 

stretch had any influence over macrophage viability. BMDMs were seeded onto fibronectin coated 

stretchable silicone substrates, allowed to adhere for 4or 24 hrs, and then stimulated with either 

media (Unstim.), 0.3 ng/mL IFNγ/LPS, or 0.1 ng/mL IL4/IL13 prior to exposure to cyclic uniaxial 

stretch at a 20% stretch amplitude for a period of 18 hrs, similar stretch amplitude to what has 

previously been used to replicate mechanical stretch experienced within the heart 142. Following 

stretch, no significant differences in macrophage viability were observed with stretch (Figure 3.3). 

These data confirm that any functional changes can be attributed to stretch as opposed to cell 
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health. We next looked to identify the role of mechanical stretch in regulating macrophage 

morphology and function. 

 

Figure 3.3: Cyclic mechanical stretch does not affect macrophage cell viability. Quantification of 

cell viability, as measured by Cyquant assay, following either 4 (left) or 24 (right) h of adhesion, 

stimulation, and 18 h of stretch. Cell number was normalized to the unstimulated, 0% stretch, condition 

for each time point. Error bars indicate standard deviation about the mean for three separate experiments. 

Figure adapted from 68.  

 

3.3.2 BIOCHEMICAL STIMULI AND STRETCH SYNERGIZE TO REGULATE 

MACROPHAGE MORPHOLOGY AND FUNCTION  

Next, we analyzed the role of cyclic forces in modulating macrophage cell morphology 

when compared to static controls (Figure 3.4a). Unstimulated macrophages exhibited a range of 

aspect ratios and had no distinct orientation. Macrophages stimulated with IFNγ/LPS, adopted a 

flat and round cell shape, whereas macrophages stimulated with IL4/IL13, were elongated, as we 

have previously observed in macrophages cultured on other material surfaces (14). When exposed 

to cyclic uniaxial strain, macrophages in all soluble stimulation conditions display alignment 

parallel to the uniaxial stretch (Figure 3.4a). Together, these results show that cyclic uniaxial 

stretch leads to changes in macrophage elongation, particularly in the IFNγ/LPS-stimulated 

condition, and alignment along the direction of stretch.  
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Given that we have previously found that cell elongation is associated with enhanced 

wound healing and diminished inflammatory responses 61,91, we next investigated the role of cyclic 

mechanical stretch in influencing macrophage function. Following stretch, we observed no 

changes in the expression of the inflammatory marker iNOS or the healing marker arginase-1 

(ARG1) in stretched unstimulated macrophages compared to unstretched controls (Figure 3.4b). 

This finding suggests that stretch, and its resulting effects on cell morphology, alone are unable to 

regulate macrophage activation, in contrast to what we have previously found with elongation 

induced healing activation in BMDMs cultured on micropatterned line or grooves 61,146. However, 

the addition of IFNγ/LPS enhanced expression of iNOS, as expected, and expression significantly 

decreased upon application of stretch. Similarly, ARG1 expression in IL4/IL13 stimulated 

macrophages decreased with stretch (Figure 3.4b).  

 

Figure 3.4: Mechanical stretch alters macrophage morphology and activation. (a) Phase contrast 

images (top) and quantification of percent cell alignment (bottom) of unstimulated macrophages exposed 

to 0% and 20% cyclic uniaxial stretch. Uniaxial strain was applied in the horizontal direction as indicated 

by the arrow. (b) Representative western blots (top) and corresponding quantification for iNOS (middle) 

and ARG1 (bottom) for unstimulated, IFNγ/LPS, and IL4/IL13 stimulated macrophages. Values were 

normalized to GAPDH and made relative to IFNγ/LPS or IL4/IL13 stimulated and 0% stretch conditions, 

respectively. Error bars indicate standard deviation of the mean for three separate experiments and * p < 

0.05 when compared to the indicated condition as determined by Student’s t-test (a) or paired t-test (b). 

Figure adapted from 68. 
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3.3.3 STRETCH DIFFERENTIALLY REGULATES MACROPHAGE ACTIVATION 

We next sought to characterize the functional differences in the macrophage response to 

both cyclic and static stretch at 5%, 10%, and 20% amplitudes. We found that unstimulated 

macrophages displayed no significant differences in inflammatory marker secretion or healing 

marker expression with stretch. Similar to our previous observations, these data suggest that cyclic 

and static stretch alone, regardless of stretch amplitude, is unable to modulate macrophage 

inflammatory and healing responses. In contrast, significant decreases in the secretion of 

inflammatory markers TNF-α, IL-6, and MCP-1 were observed in macrophages treated with 

IFNγ/LPS and in response to static and cyclic stretch regardless of stretch amplitude (Figure 3.5a). 

Interestingly, IL4/IL13 stimulated BMDMs displayed differential expression of healing markers 

with stretch. More specifically, static stretch was observed to increase the expression of the healing 

marker ARG1 regardless of stretch amplitude, whereas increasing amplitudes of cyclic stretch 

resulted in lower ARG1 expression, with significant decreases observed at both 10% and 20% 

amplitudes (Figure 3.5b). Stretch had similar effects on additional healing markers, with 

significant increases in gene expression resulting from 20% static stretch and significant decreases 

observed with a 20% cyclic stretch, as measured by qPCR (Figure 3.5c). The results thus far 

indicate a potential role of stretch in modulating the inflammatory and healing response, but the 

molecular mediators responsible for these differences are still unknown. 
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Figure 3.5: Static and cyclic stretch differentially regulate macrophage inflammatory and healing 

activation. (a) Secretion of TNFα, IL6, and MCP1 for unstimulated and IFNγ/LPS stimulated 

macrophages exposed to 0%, 10%, and 20% static and cyclic strains. Values are normalized to a 0% 

stretch and IFNγ/LPS stimulated internal control within each biological replicate. (b) Representative 

western blots (left) and quantification (right) of ARG1 expression for three independent experiments in 

IL4/IL13 stimulated macrophages exposed to 0%, 10%, and 20% static and cyclic stretch conditions for 

18 hrs. Values are normalized to the 0% stretch and IL4/I13 stimulated condition. (c) Gene expression 

of Arg1, Chi3l3, Mrc1, and Retnla for unstimulated and IL4/IL13 stimulated macrophages exposed to 

0% (-), 20% static (S), and 20% cyclic (C) strains. Data represents three independent experiments and 

made relative to the highest expressing condition within each gene. Error bars indicate standard deviation 

of the mean for three separate experiments and * p < 0.05 when compared to the indicated condition as 

determined by Student’s t-test (a) or paired t-test with Bonferroni correction used for multiple 

comparisons (b). Figure adapted from 68. 

 

3.3.4 CD11b MODULATES STRETCH-MEDIATED CHANGES IN ACTIVATION  

Macrophage interactions with the extracellular matrix and the resulting remodeling of the 

cytoskeleton are modulated by adhesion molecules, such as integrins, which are known to be 

critical transducers of mechanical stimuli including stretch13. CD11b, or αM integrin, is often 

considered to be the most abundant integrin in macrophages and its expression is often used as a 

marker of macrophage differentiation84. In addition, CD11b has previously been shown to play an 

important role in regulating macrophage inflammatory responses. Macrophages from CD11b 
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deficient mice exhibit enhanced inflammation in response to LPS, suggesting that CD11b 

negatively regulates macrophage inflammatory activation145. However, the role of this integrin in 

transducing mechanical stretch are unknown. To elucidate the role of this integrin in stretch 

mechanotransduction, we first measured the expression of CD11b and found that 20% static or 

20% cyclic stretch alone led to no differences in CD11b expression in unstimulated macrophages 

(Figure 3.6a). In contrast, IFNγ/LPS stimulation resulted in significant increases in CD11b 

expression, consistent with our earlier work88, and further increases were observed following static 

or cyclic stretch (Figure 3.6a). IL4/IL13 stimulation also increased CD11b expression. Stretch, on 

the other hand, decreased IL4/IL13-induced CD11b expression with significant decreases 

observed following 20% cyclic stretch (Figure 3.6a).  

To better understand the role of CD11b in stretch mechanotransduction, we next 

investigated changes in macrophage activation following exposure to CD11b siRNA (siCD11b). 

We found that siCD11b treatment reduced integrin expression when compared to non-target 

(siControl) treated controls, confirming knock down of CD11b (Figure 3.6b). In addition, 

siCD11b treatment enhanced inflammatory cytokines secretion, particularly TNFα and IL6, when 

compared to siControl treated cells, which is consistent with previous work using CD11b knockout 

macrophages145. Furthermore, siRNA mediated CD11b reduction abrogated stretch-induced 

inhibition of inflammation (Figure 3.6c). Instead, the inflammatory response to a combination of 

IFNγ/LPS and stretch was moderately enhanced. In contrast, IL4/IL13 and siCD11b treatment 

prevented any stretch induced changes and resulted in an overall reduction in the expression of 

Arg1, suggesting that CD11b also plays an important role in the effects of stretch on healing 

responses (Figure 3.6d). 
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Figure 3.6: CD11b is required for stretch-mediated changes in macrophage activation. (a) 

Representative Western blot of CD11b and GAPDH for unstimulated, IFNγ/LPS, and IL4/IL13 

stimulated macrophages exposed to 0% and 20% static and cyclic stretch (left). Quantification of average 

across three independent experiments for CD11b expression (right). (b) Representative 

immunofluorescence images (top) and quantification of relative mean intensity of CD11b in unstimulated 

macrophages treated with non-target (siControl) or CD11b (siCD11b) siRNA. (c) Secretion of TNFα, 

IL6, and MCP1 for unstimulated and IFNγ/LPS stimulated macrophages treated with siControl or 

siCD11b and exposed to either 0% control, 20% static, or 20% cyclic stretch. Data normalized to a 

siControl and IFNγ/LPS treated internal control exposed to 0% stretch within each biological replicate. 

(d) Relative Arg1 gene expression in IL4/IL13 siControl and siCD11b treated BMDMs exposed to 0% 

control, 20% static, or 20% cyclic stretch. Data relative to 0% siControl condition. Error bars indicate 

standard deviation of the mean for three separate experiments and * p < 0.05 when compared to the 

corresponding 0% stretch condition as determined by Student’s t-test (a, c) or paired t-test (b, d). Figure 

adapted from 68. 
 

3.3.5 ADHESION TIME REGULATES MACROPHAGE STRETCH RESPONSES  

Shorter adhesion times prior to the onset of stretch was also used as a second method to 

modulate CD11b expression. We found that CD11b expression was dependent on time of adhesion 

to the substrate, with significantly higher CD11b expressed following long adhesion times (Figure 

3.7a). After 4 hrs of adhesion, macrophage morphology was observed to be heterogeneous, with 

some cells adhered and spread whereas others just starting to adhere and beginning to spread. In 
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contrast, after 24 hrs of adhesion, cells were more homogenous and well-spread (Figure 3.7b). 

However, the stretch mediated inflammatory responses differed as reduced adhesion times 

prevented strain induced negative regulation of inflammation, and in fact caused higher levels of 

TNFα secretion when compared to unstretched controls (Figure 3.7c). No such changes were 

observed with respect to healing responses, as stretch resulted in suppressed ARG1 expression 

following both 4 hrs (Figure 3.7d) and 24 hrs of adhesion (Figure 3.4b). Together, these data 

suggest that IFNγ/LPS and stretch treatment enhances CD11b expression, which reduces the 

inflammatory response, while IL4/IL13 and cyclic stretch treatment suppresses CD11b expression 

resulting in a decreased healing response.  
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3.3.6 INTEGRIN AND ION CHANNEL CROSSTALK COULD REGULATE 

MACROPHAGE RESPONSE TO MECHANICAL STRETCH 

In addition to integrins, mechanically activated ion channels are also cell surface molecules 

that are involved in transducing mechanical stimuli and modulating cell function. Influx of Ca2+ 

through ion channels has been shown to play important roles in regulating macrophage activation 

and adhesion108,113,114. Of these channels, Piezo1 is highly expressed in macrophages and is known 

to sense and transduce a variety of mechanical stimuli, which include cyclic hydrostatic pressure, 

shear stresses, and stiffness, while also regulating macrophage inflammatory activation 19,59,107,108. 

To evaluate the role of Piezo1 in regulating macrophage function, we first evaluated changes in 

Piezo1 expression following stretch using cells from a mouse expressing tdTomato fused to 

endogenously expressed Piezo1. We visualized tdTomato signal after stretch using confocal 

microscopy, and found that IFNγ/LPS treatment resulted in enhanced Piezo1 channel expression, 

as has previously been observed59.  In addition, both static and cyclic stretch suppressed IFNγ/LPS 

mediated channel expression (Figure 3.8a). No such differences were observed in the Unstim. or 

IL4/IL13 conditions. To determine the functional significance of reduced Piezo1 expression in 

sensing stretch, we next treated BMDMs with Piezo1 siRNA (siPiezo1) prior to IFNγ/LPS 

stimulation and stretch. We found that BMDMs treated with siPiezo1 had reduced inflammatory 

responses regardless of stretch when compared to the siControl condition (Figure 3.8b). 

Figure 3.7: Modulation of CD11b by adhesion time regulates stretch-mediated macrophage 

inflammatory responses. (a) Phase contrast (top) and fluorescence images following 4 and 24 hrs of 

adhesion prior to stimulation and stretch. (b) Average relative median fluorescence intensity of CD11b 

as measured by flow cytometry. (c) Secretion of TNFα for macrophages exposed to 0% and 20% cyclic 

stretch after 4 and 24 hrs of adhesion. Values are normalized to a 0% stretch IFNγ/LPS internal control 

within each biological replicate. (d) Representative Western blots and corresponding quantification for 

ARG1 for macrophages allowed to adhere for 4hrs prior to stimulation and stretch. Values normalized to 

GAPDH and made relative to IL4/IL13 stimulated and 0% stretch conditions, respectively. Error bars 

indicate standard deviation of the mean for three separate experiments and * p < 0.05 when compared to 

the corresponding 0% stretch condition as determined by Student’s t-test (c) or paired t-test (b, d). Figure 

adapted from 68. 
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Furthermore, we also evaluated changes in macrophage inflammation in response to stretch 

following Piezo1 activation. BMDMs treated with 5 µM Yoda1, a Piezo1 specific agonist123, prior 

to stimulation with IFNγ/LPS and stretch, had enhanced TNFα secretion in both control and stretch 

conditions and prevented stretch-mediated decreases in cytokine production as was observed in 

DMSO controls (Figure 3.8c). These data suggest that mechanical stretch downregulates Piezo1 

expression, thus suppressing IFNγ/LPS mediated inflammation, and the addition of Yoda1 rescues 

Piezo1 activity which, in turn, enhances inflammation. 

Our findings show that mechanical stretch increases CD11b expression while 

simultaneously decreasing Piezo1 expression, each of which independently lead to decreases in 

inflammation in response to IFNγ/LPS. Given that Piezo1 has been shown to enhance the 

activation of integrins in different cell types108,147,148, we next explored a potential connection 

between CD11b and Piezo1 in our system. Interestingly, we found that cells treated with siCD11b 

increased the expression of Piezo1 compared to siControl treated cells (Figure 3.8d). In contrast, 

cells treated with siPiezo1 had increased expression of Itgam, Itgb1, Itgb2, and Itgb3 (integrin αM, 

β1, β2, β3, respectively) (Figure 3.8e). These data suggest a potential interplay between integrins 

and ion channels, where the expression of one results in the downregulation of the other. In 

addition, high CD11b and low Piezo1 are associated with a reduced inflammatory response to 

IFNγ/LPS and low CD11b and high Piezo1 are associated with higher inflammation.  Finally, 

stretch-induced changes in expression of these surface proteins may be responsible for the changes 

in inflammation associated with stretched conditions.  
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Figure 3.8: Crosstalk between Piezo1 and CD11b mediates macrophage response to stretch. (a) 

Relative immunofluorescence images (left) and quantification of mean Piezo1-tdT intensity in Unstim., 

IFNγ/LPS, and IL4/IL13 treated macrophages exposed to 0% control, and 20% static, or 20% cyclic 

stretch. Data normalized to the 0% control condition. (b) Secretion of TNFα in IFNγ/LPS stimulated 

macrophages treated with siControl or siPiezo1 and exposed to either a 0% or 20% cyclic stretch. Data 

normalized to a siControl treated internal control exposed to 0% stretch within each biological 

replicate. (c) Secretion of TNFα in IFNγ/LPS stimulated macrophages treated with DMSO or Yoda1 

and exposed to either a 0% or 20% cyclic stretch. Data normalized to a DMSO treated internal control 

exposed to 0% stretch within each biological replicate. (d) Relative Piezo1 gene expression in Unstim. 

macrophages treated with non-target (siControl) or CD11b (siCD11b) siRNA. Gene expression is 

normalized to the siControl treated condition. (e) Relative Itgam, Itgb1, Itgb2, and Itgb3 gene 

expression in Unstim. macrophages treated with siControl or Piezo1 (siPiezo1) siRNA. Gene 

expression is normalized to the siControl treated condition. Error bars indicate standard deviation of the 

mean for three separate experiments and * p < 0.05 when compared to the corresponding 0% stretch 

condition as determined by Student’s t-test. Figure adapted from 68. 
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3.3.7 ACTIN REGULATES MACROPHAGE STRETCH RESPONSES 

We next investigated the role of actin, a cytoskeletal protein connected to integrins to probe 

potential intracellular mediators of stretch. The cytoskeleton is critical in mechanotransduction, 

and numerous studies in macrophages and other cell types have shown that inhibition of the 

cytoskeleton prevents mechanically-mediated changes in cell function149,150. To investigate the 

potential role of actin in regulating macrophage stretch responses, we quantified mean 

fluorescence intensity of phalloidin stained F-actin after stretch and stimulation with IFNγ/LPS or 

IL4/IL13. We observed that, stimulation alone alters F-actin composition in macrophages, with 

IFNγ/LPS stimulation resulting in reduced F-actin intensity when compared to unstimulated or 

IL4/IL13 stimulated macrophages. Moreover, enhanced F-actin in unstimulated and IFNγ/LPS 

stimulated cells was observed following both static and cyclic stretch. In contrast, we found modest 

stretch-induced increases in actin in IL4/IL13 stimulated macrophages (Figure 3.9a). This 

differential regulation of F-actin composition in IFNγ/LPS stimulated macrophages mirrors the 

changes observed in stretch-mediated macrophage function, with decreases in actin correlating 

with decreased levels of inflammation.  

To determine the role of CD11b in influencing actin, we measured F-actin intensity in 

siCD11b and siControl macrophages. We found that siCD11b treatment reduced F-actin intensity 

when compared to siControl treated cells (Figure 3.9b). Changes in actin due to loss of CD11b 

could potentially indicate a role for this integrin in establishing cytoskeletal integrity. To further 

elucidate the role of actin in transducing stretch, we evaluated changes in stretch-induced 

macrophage activation following exposure to cytochalasin D (CytoD), an actin polymerization 

inhibitor. We found that CytoD resulted in enhanced IFNγ/LPS induced TNFα secretion with no 

stretch-mediated reduction in inflammation observed when compared to DMSO controls (Figure 
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3.9c). In contrast, CytoD treatment suppressed IL4/IL13 induced ARG1 expression in all 

conditions (Figure 3.9d). Together, our results indicate that the actin cytoskeleton lies downstream 

of CD11b, and is critical for transducing mechanical stretch.  
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Figure 3.9: Stretch-induced changes in macrophage activation require modulation of actin. (a) 

Representative images (left) and quantification of mean F-actin (right) in Unstim., IFNγ/LPS, and IL4/13 

stimulated macrophages exposed to 0%, 20% static, and 20% cyclic stretch. Data normalized to the 

Unstim. and 0% stretch control. (b) Representative images (left) and quantification of mean F-actin 

(right) in Unstim., IFNγ/LPS, and IL4/IL13 stimulated macrophages exposed to siControl or CD11b 

siRNA. (c) Secretion of TNFα in IFNγ/LPS stimulated macrophages treated with DMSO or CytoD and 

exposed to 0% and 20% static or cyclic strains. Values are normalized to a DMSO, 0% stretch, and 

IFNγ/LPS stimulated internal control within each biological replicate. (d) Representative Western blot 

(left) and quantification of ARG1 expression in IL4/IL13 stimulated macrophages treated with DMSO 

or CytoD and exposed to 0% and 20% static or cyclic strains. Expression is relative to GAPDH. Error 

bars indicate standard deviation of the mean for three separate experiments and * p < 0.05 when 

compared to the corresponding 0% stretch condition as determined by paired t-test (a, b) and Student’s 

t-test (c, d). Figure adapated from 68. 

 

3.3.8 MECHANICAL STRETCH SUPPRESSES YAP NUCLEAR LOCALIZATION 

In addition to uncovering the role of mechanical stretch in influencing the cytoskeleton, we 

also examined stretch-mediated changes in the nuclear localization of the mechanosensitive 

transcription factor yes-associated protein (YAP). Previous work has shown that YAP activation 

is dependent on a number of mechanical cues of which include shear stress, stiffness, and 

mechanical stretch151–155. YAP activation is also known to modulate the function of a variety of 

different cell types and 

is implicated in 

numerous pathological 

states, such as 

atherosclerosis and 

fibrosis151. In 

macrophages, YAP 

activation is enhanced 

on stiff substrates 

which, in turn, promoted LPS-mediated inflammation58. In response to prolonged cyclic 

mechanical stretch, we found that nuclear localization of YAP was significantly reduced when 

 

Figure 3.10: Cyclic mechanical stretch suppresses YAP nuclear 

localization. Representative images (left) and quantification of 

nuclear:cytoplasmic YAP in macrophages exposed to no stretch or 20% cyclic 

stretch for a period of 18 hrs. Error bars indicate standard deviation of the 

mean for three separate experiments and * p < 0.05 as determined by 

Student’s t-test. 
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compared to no stretch controls (Figure 3.10). Consistent with previous findings, reduction in 

nuclear YAP could also be responsible for suppressed inflammation in response to mechanical 

stretch. Moreover, given previous work identifying Piezo1 as a transcriptional target of YAP 

signaling in cancer cells and knowing that Piezo1 expression enhances YAP nuclear localization 

in neural stem cells, coregulation of YAP and Piezo1 may also exist in macrophages.  

 

3.4 DISCUSSION 

In this chapter, we show that stretch modulates macrophage morphology and functional 

response to soluble signals in their microenvironment. We found that, macrophages aligned in the 

direction of cyclic uniaxial stretch, consistent with what has been shown previously in other 

macrophage cell lines143,156. Cyclic mechanical stretch not only caused differences in cell 

morphology, but also modulate IFNγ/LPS induced and IL4/IL13 induced macrophage 

inflammatory and healing responses, respectively. While macrophage elongation has previously 

been observed to increase healing or alternative activation (ARG1 expression) when cells were 

cultured on micropatterned lines or grooves61,146, elongation caused by cyclic stretch itself did not 

appear to alter macrophage function. Stretch alone had no significant impact on macrophage 

inflammatory or healing responses, suggesting that soluble cues work synergistically with stretch 

to alter macrophage function, as has been observed by others157. Moreover, we found that static 

strain promote IL4/IL13 induced healing activation, whereas high amplitude cyclic stretch 

suppress healing activation. These data are consistent with previous work showing that static 

strains enhance healing activation of macrophages within murine skin66. In contrast to healing 

activation, IFNγ/LPS stimulated macrophages had similar and reduced inflammatory responses 

when exposed to varying amplitudes of both cyclic and static stretch. While this observation is 
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consistent with some reports, others provide contradictory conclusions as stretch provides no effect 

or may even enhance inflammatory activation in macrophages65,158–162. However, this could be 

attributed to numerous differences in experimental setup (stretch amplitudes, duration, and 

frequency as well as macrophage source and addition of stimulation relative to onset of stretch), 

as our studies have shown that differences in the stretch profile and the time of adhesion prior to 

stretch can have dramatic effects. Nonetheless, our findings indicate that mechanical stimulation 

modulates macrophage activation in response to soluble stimuli (Table 3.1). 

 

Table 3.1: Summary of stretch mediated changes in macrophage function. Changes in stretch mediated 

effects in macrophage inflammatory/healing responses as well as differences in CD11b, Piezo1, and F-actin 

expression are summarized. Stretch denotes similar observations between both cyclic and static stretch 

conditions. Table adapted from 68. 

 

To better understand the mechanisms and molecules responsible for stretch-induced 

changes in macrophage activation, we analyzed the role of integrins. CD11b, one of the most 

highly expressed integrin in macrophages, has been shown to modulate inflammation by LPS-

induced TLR4 mediated signaling in several myeloid cell types. Using peritoneal macrophages, 

Han et al. showed CD11b deficient cells exhibited a higher inflammatory response to LPS when 

compared to wild type cells, thus concluding that CD11b negatively regulates TLR4145. Consistent 

with this finding, we show that stretch-mediated CD11b expression could potentially be 

responsible for downregulation of LPS-induced TLR4 signaling, since stretch led to higher levels 

of CD11b and decreases in inflammation with IFNγ/LPS. Cells expressing lower levels of CD11b, 

  Stretch mediated changes in expression 

Stimulation Effects of stretch CD11b Piezo1 Actin 

Unstim. No effect No effect No effect Static: enhance  

IFNγ/LPS Stretch: 

suppress inflammation 

Stretch: enhance Stretch: suppress Stretch: enhance 

IL4/IL13 Static: enhance healing 

Cyclic: suppress healing 

Cyclic: suppress No effect No effect 
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as was modulated with siRNA or by reduced adhesion time, did not exhibit this response. 

Moreover, we also show that both cyclic stretch and siRNA mediated reduction in CD11b 

expression dampens IL4/IL13 induced healing responses. These results suggest that stretch 

modulates CD11b expression, which impacts the functional response of macrophages to soluble 

stimuli (Table 3.1). However, future studies will need to further elucidate the effects of stretch on 

inflammatory and healing signaling pathways.  

Mechanically activated ion channels are also cell surface molecules and play a critical role 

in transducing mechanical stimuli108,113,114,148. In macrophages, Piezo1 has been shown to sense 

pressure, shear stresses, and stiffness, while also regulating inflammation and healing responses 

as well as phagocytosis19,59,107–110. Our data suggest that prolonged mechanical stretch suppresses 

Piezo1 expression. In addition, reduced Piezo1 expression, as achieved through siRNA or exposure 

to mechanical stretch, resulted in similarly reduced IFNγ/LPS-mediated inflammatory responses 

in both control and stretch conditions. In contrast, Yoda1 enhanced inflammatory responses in 

both control and stretch conditions. Several studies have reported interactions among Piezo1, 

integrins, and the actin cytoskeleton104,108,134,148. We found that Piezo1 and CD11b are coregulated, 

with increased expression in CD11b suppressing Piezo1, and vice versa. Furthermore, our data 

suggest that prolonged mechanical stretch reduces Piezo1-induced inflammation and enhances 

CD11b-mediated suppression of inflammatory responses. In contrast to inflammation, our 

previous work has shown that siRNA mediated reduction in Piezo1 expression has no effect in 

regulating IL4/IL13 mediated healing responses59. We also found that stretch leads to changes in 

the actin cytoskeleton (Table 3.1), which has previously been shown to influence several 

macrophage functions including phagocytosis and activation91,127,163. Moreover, pharmacological 

inhibition of actin polymerization prevented stretch-mediated changes in macrophage 
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inflammatory and healing responses. Our results indicate a potential role for integrin and ion 

channel crosstalk to modulate the transduction of stretch through the actin cytoskeleton. 

Macrophages in vivo reside within or are recruited from circulation to tissues throughout 

the body. Resident macrophages within mechanically active tissues are continuously exposed to 

physical stresses, whereas recruited macrophages experience dynamic changes in adhesion as they 

extravasate from the blood vessel into tissues and are exposed to physical stimuli. Inflammatory 

signals induce immune cell recruitment through upregulation of many adhesion molecules 

including CD11b 164 or activation of ion channels 19,107,108, which likely also affects their perception 

of mechanical stimuli. However, prolonged exposure to mechanical stress, such as those 

experienced by lung alveolar macrophages, may desensitize the cells and therefore exhibit limited 

effects of Piezo119. Our results support this idea since prolonged stretch caused a decrease in 

Piezo1 expression. Future work examining Piezo1 expression levels and activity of other resident 

macrophage populations that reside within different mechanical environments will be of 

significant interest. Our results also show that CD11b and Piezo1 expression levels influence the 

macrophage inflammatory response during mechanical stretch and may suggest that stretch 

differentially impacts macrophages as they progressively adhere within tissues. Differential 

regulation of macrophages over time may be important for the progression of healing processes.  

Our study describes how different mechanical stretch regulates macrophage function, and 

also provides new insight into the potential role of CD11b, Piezo1, and the actin cytoskeleton in 

stretch mechanotransduction. While the current study is limited to the effects of stretch in cells 

cultured on a two-dimensional substrate, future work will consider macrophages in more 

physiologically relevant environments, such as within three-dimensional tissues that are subjected 

to a multitude of mechanical forces, including stretch and fluid shear or interstitial stresses165. 
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Further studies will be needed to explore the mechanisms by which combinations of mechanical 

cues affect macrophages in a three-dimensional microenvironment. This work may further our 

understanding of how mechanical forces contribute to macrophage behavior during homeostasis, 

wound healing, as well as the progression of inflammatory diseases. 
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Chapter 4: Piezo1 Mechanotransduction in oxLDL uptake and Atherosclerosis 

4.1 BACKGROUND 

Local disturbances in endothelial function lead to the accumulation of lipids in the arterial 

wall which, in turn, initiates an immune response resulting in macrophage recruitment47. Once 

recruited to the vessel wall, macrophages are responsible for the removal of lipid deposits, such as 

oxidized low-density lipoproteins (oxLDLs), a process which results in the formation of foam 

cells. The dynamic balance of oxLDL within macrophages is controlled through uptake of lipids 

into the cell by scavenger receptors, such as CD36, SRA1, and LOX1, and efflux of lipids out of 

the cell through transporters, such as ABCA1 and ABCG125,48,49,166. Foam cells have reduced 

migratory capacity and are also responsible for the secretion of inflammatory markers, eventually 

resulting in apoptosis or necrosis50. Over time, the accumulation of foam cells causes 

atherosclerotic plaque development which, in turn, alters arterial mechanics. For example, atomic 

force microscopy measurements have shown that atherosclerotic plaques formed in mice are stiffer 

compared to healthy tissues, and can exhibit local stiffnesses up to ~250kPa7. In addition to a 

changing mechanical landscape, macrophages are also exposed to diverse biochemical stimuli 

within the arterial microenvironment. While the effects of biochemical stimuli on the regulation 

of macrophage form and function have been extensively studied and are well understood, the 

effects of mechanical stimuli remain elusive. 

In this chapter, we look to elucidate the role of mechanical stimuli in regulating 

macrophage oxLDL uptake. Moreover, we also investigate the underlying mechanisms responsible 

for mechanics-mediated changes in macrophage function. We found that cyclic mechanical stretch 

suppressed oxLDL uptake. Additionally, we identify a novel role for the mechanically gated ion 



70 
 

channel Piezo1 in enhancing oxLDL uptake, which was also found to be dependent on substrate 

stiffness. 

 

4.2 MATERIALS & METHODS 

4.2.1 ANIMALS 

In this aim, we utilized wild-type C57BL/6J, control (Piezo1fl/+) and myeloid cell specific 

Piezo1 conditional knockout (Piezo1ΔLysM) mice. In addition, for Ca2+ imaging experiments, 

BMDMs were harvested from LSL-Salsa6f-LysMCre (Salsa6f+) mice. BMDM harvest has been 

described previously in Chapter 2.  

 

4.2.2 OXLDL UPTAKE EXPERIMENTS 

BMDMs were isolated and cultured on fibronectin coated glass coverslips and silicone 

membranes, or fibronectin conjugated 1 kPa and 280 kPa polyacrylamide gels. Once seeded the 

cells were incubated overnight at 37°C prior to treatment with DiI-conjugated oxLDL, which was 

diluted in media and added to achieve a final oxLDL concentration of 10µg/mL per sample. 

BMDMs were incubated with oxLDL for 30 mins, 90 mins, 4 hrs, or 24 hrs prior to fixation. 

Following fixation, cells were permeabilized with 0.2% Triton-X in PBS, washed, incubated with 

Alexa Fluor 488 phalloidin (1:200) and Hoechst (1:2000) for a period of 30 mins, washed, and 

mounted on slides. Imaging was performed on a Zeiss LSM780 confocal microscope or an 

Olympus Fluoview FV3000 confocal laser scanning microscope. 
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4.2.3 APPLICATION OF MECHANICAL STRETCH 

BMDMs were treated with oxLDL and exposed to a 20% cyclic uniaxial stretch for a period 

of 90 mins, using methods previously described in Chapter 3. Following stretch, cells were fixed 

or lysed for further analysis. 

 

4.2.4 WESTERN BLOTTING 

Western blotting was performed as previously described in Chapter 2. Antibodies specific 

to this chapter include: rabbit anti-CD36 (ProteinTech), rabbit anti-SRA1 (ProteinTech), and rabbit 

anti-LOX1 (ProteinTech). All antibodies were used at a 1:2000 dilution in 5% nonfat milk in 

TBST.  

 

4.2.5 CA2+ IMAGING AND ANALYSIS 

Confocal Ca2+ imaging experiments were performed using methods previously described 

in Chapter 2. Briefly, Salsa6f+ BMDMs were cultured on fibronectin coated MatTek dishes and 

were allowed to incubate overnight at 37°C. Cells were then treated with 10µg/mL of unlabeled 

oxLDL. Following 24 hrs of incubation, dishes were washed with 1mM Ca2+ Ringer solution prior 

to imaging. Number of Ca2+ events normalized to the number of cells per frame and time as well 

as percent active cells were both quantified. 

 

4.2.6 OXLDL IMAGE ANALYSIS 

Confocal images were captured following oxLDL incubation using the Zeiss LSM780 

confocal microscope or an Olympus Fluoview FV3000 confocal laser scanning microscope. At 
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least 75 cells from each condition, per experiment, were manually outlined and analyzed using 

ImageJ to quantify mean fluorescence and integrated intensity of the oxLDL signal.  

 

4.2.7 STATISTICS 

Data are presented as the mean ± standard deviation of the mean across at least three 

independent experiments, unless otherwise noted. Comparisons were performed using a two-tailed 

Student’s t-test or Mann-Whitney U test and p < 0.05 was considered significant. 

 

4.3 RESULTS 

4.3.1 MECHANICAL STRETCH REDUCES MACROPHAGE OXLDL UPTAKE 

Macrophages recruited to the vessel wall in response to vessel damage and early onset of 

atherosclerotic plaque formation are subjected to arterial mechanical stimulation, the most 

prevalent of which includes stretch167. Mechanical stretch experienced within the arteries is often 

characterized as a circumferential stretch and results from the pulsatile nature of blood flow167,168. 

This, in turn, exposes the cells of the arterial wall, which include endothelial cells, smooth muscle 

cells, fibroblasts as well as recruited immune cells such as macrophages, to mechanical 

stimuli167,169–171. Given the prominence of stretch within the vessel wall and the paucity of studies 

evaluating the role of the biophysical environment in regulating macrophage function with respect 

to cardiovascular disease, we first investigated the role of mechanical stretch in modulating 

macrophage oxLDL uptake. Following 90 mins of cyclic uniaxial stretch, macrophages treated 

with DiI-conjugated oxLDL were found to have significantly reduced uptake when compared to 

no stretch controls (Figure 4.1a). To better understand the influence of stretch on macrophage 

oxLDL uptake, we also evaluated changes in the expression of CD36, a scavenger receptor 

commonly associated with oxLDL uptake in macrophages25. We found that mechanical stretch 
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also reduced oxLDL-mediated expression of CD36 (Figure 4.1b). Consistent with our earlier 

findings, reduced CD36 expression could be responsible for decreased oxLDL uptake in response 

to stretch. These data suggest that mechanical stimuli are critical in the regulation of macrophage 

uptake. 

 

 
Figure 4.1: Mechanical stretch reduces oxLDL uptake and CD36 expression. (a) Representative 

images (left) and quantification of relative mean oxLDL intensity in wild type BMDMs at rest (-) or 

exposed to a 1 Hz and 20% cyclic mechanical stretch (+) for a period of 90 mins. Data is made relative 

to a no stretch control. Error bars denote Mean ± SD for three independent experiments, * p < 0.05 as 

determined by paired t-test. (b) Representative Western blots for CD36 and GAPDH and quantification 

for CD36 expression (right). Data normalized to GAPDH and made relative to a no stretch control. 

Error bars denote Mean ± SD for two independent experiments. 

 

 

4.3.2 PIEZO1 ENHANCES OXLDL UPTAKE IN MACROPHAGES 

Our initial findings suggest that mechanics may indeed influence macrophage oxLDL 

uptake; however, the molecular mediators responsible for this process are unknown. The 

mechanically-gated ion channel Piezo1 has been shown to transduce a variety of mechanical 

stimuli, of which include hydrostatic pressure, shear stress, environmental stiffness, and 

mechanical stretch14,19,39,59,68,101,108,110. Moreover, recent studies have identified a novel role for 

Piezo1 in regulating phagocytosis, or uptake, of various substrates within macrophages 109,110. For 

example, Piezo1 activity is shown to enhance iron uptake as well as phagocytosis of latex beads 

and internalization of LPS-TLR4 complexes in macrophages, which is a critical process involved 

in inflammatory signaling pathways109,110. However, the ability of this channel to influence oxLDL 
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uptake in macrophages is currently unexplored. To determine whether Piezo1 helps induce 

oxLDL-mediated foam cell formation, we treated BMDMs isolated from Piezo1fl/+ and Piezo1ΔLysM 

mice with DiI-conjugated oxLDL and measured uptake over a period of 24 hrs through confocal 

microscopy. Enhanced oxLDL uptake was observed in control, Piezo1fl/+, BMDMs with time. In 

addition, we found that Piezo1ΔLysM BMDMs, which are deficient in this ion channel, had reduced 

oxLDL uptake when compared to Piezo1fl/+ controls with significant reductions in uptake reported 

following 4 and 24 hrs of oxLDL treatment (Figure 4.2a). Macrophage uptake of oxLDL is 

primarily accomplished through receptor mediated endocytosis172.  In addition to CD36, scavenger 

receptors such as SRA1 and LOX1 are widely regarded as key mediators of macrophage oxLDL 

uptake, all of which are shown to increase in expression following exposure to oxLDL through 

positive feedback mechanisms173. Therefore, to further understand the contributions of Piezo1 in 

modulating oxLDL uptake, we next evaluated changes in the expression of CD36, SRA1, and 

LOX1 following ion channel depletion and oxLDL treatment. The results obtained show that 

Piezo1ΔLysM BMDMs have reduced receptor expression following oxLDL treatment when 

compared to Piezo1fl/+ controls (Figure 4.2b). These results are consistent with reduced oxLDL 

uptake observed in Piezo1ΔLysM BMDMs and indicate that Piezo1 activity may be essential in 

regulating the positive feedback required to increase scavenger receptor expression in the presence 

of oxLDL. Together, these data suggest that Piezo1 has a significant contribution in oxLDL uptake 

in macrophages through regulation of scavenger receptor expression and feedback mechanisms.  
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Figure 4.2: Piezo1 enhances oxLDL uptake through promoting scavenger receptor expression. (a) 

Representative images (left) and mean fluorescence intensity quantification of oxLDL uptake over time 

(right) in BMDMs isolated from Piezo1fl/+ and Piezo1ΔLysM mice. (b) Representative Western blots 

(left) and quantification (right) of CD36, SRA1, and LOX1 in BMDMs isolated from Piezo1fl/+ and 

Piezo1ΔLysM mice following 24 hrs oxLDL treatment. Error bars denote Mean ± SD for a minimum of 

four independent experiments, * p < 0.05 as determined by Student’s t-test. 
 

 

4.3.3 OXLDL UPTAKE ENHANCES PIEZO1 ACTIVITY 

Previous studies have shown that oxLDL treatment results in significant increases in Ca2+ 

activity within endothelial cells, smooth muscle cells, and macrophages174–176. This increase in 

intracellular Ca2+ was attributed to store operated Ca2+ (SOC) or Ca2+ release activated channel 

(CRAC) activation and was shown to play a significant role in uptake and scavenger receptor 

positive feedback regulation in response to oxLDL treatment177. However, recent studies suggest 

that cytoskeletal remodeling due to uptake may also enhance the activation of mechanically-gated 
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channel, such as Piezo139,59,104,110. We next investigated the ability of Piezo1 to influence Ca2+ 

activity in response to oxLDL we treatment. First, we treated Salsa6f+ BMDMs with oxLDL for 

a period of 24 hrs and using confocal microscopy found that oxLDL treatment enhances global 

Ca2+ levels within macrophages (Figure 4.3a). Specifically, we observed localized areas with 

enhanced G/R ratios, or Ca2+ levels, which correspond to regions of internalized oxLDL. This 

finding is consistent with previous studies and, interestingly siRNA mediated Piezo1 reduction 

had no effect in abrogating this response. However, exposure of oxLDL treated macrophages to 

Yoda1 resulted in enhanced peak G/R ratio responses (Figure 4.3b). This data suggests that 

oxLDL uptake may potentially enhance either Piezo1 expression or sensitivity to activation in 

macrophages. Further work evaluating Piezo1 expression in response to oxLDL treatment is 

required to validate this finding. Moreover, using non-target (siControl) or Piezo1 (siPiezo1) 

siRNA, we found that oxLDL enhanced Ca2+ activity as siControl and oxLDL treated macrophages 

were observed to have significantly higher spontaneous Ca2+ influx and enhanced number of cells 

actively involved in Ca2+ influx when compared to siControl and no oxLDL controls. In contrast, 

siPiezo1 treated cells had similar and reduced Ca2+ activity regardless of oxLDL treatment when 

compared to siControl treated cells (Figure 4.3c-e). These data suggest that Piezo1 is actively 

involved in Ca2+ influx within macrophages treated with oxLDL. Moreover, our results also 

suggest that Piezo1-mediated Ca2+ influx could be pivotal in the regulation of macrophage foam 

cell formation.  
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Figure 4.3: oxLDL uptake enhances Piezo1 activity. (a) Representative G/R ratio images (left) and 

quantification of mean G/R ratio per cell in control and oxLDL treated Salsa6f+ macrophages. Asterisks 

are overlayed in areas of increased G/R ratio within cells. Error bars denote standard deviation and * p < 

0.05 when compared to the corresponding condition as determined by Mann-Whitney U test (b) 

Representative G/R ratio images (left) and quantification of peak G/R ratio in control and 300 nM Yoda1 

treated Salsa6f+ macrophages. Error bars denote standard deviation and * p < 0.05 when compared to 

the corresponding condition as determined by Mann-Whitney U test. (c) Representative G/R ratio images 

of siControl or siPiezo1 treated macrophages both with and without exposure to oxLDL. Asterisks 

indicate the occurrence of a Ca2+ event. (c-e) Representative G/R ratio images (c), traces of individual 

Ca2+ events (d), and quantification of number of Ca2+ events (normalized for cell number and time) and 

fraction of cells showing Ca2+ elevations, (e) taken from a time-lapse video of siControl and siPiezo1 

treated Salsa6f+ BMDMs both with and without oxLDL exposure. Asterisks denote the occurrence of a 

Ca2+ event. Data obtained from N= 7-8 videos, letters on top of graphs indicate statistical significance of 

p < 0.05 among groups as determined by Student’s t-test. 

 

 

4.3.4 STIFFNESS-MEDIATED PIEZO1 ACTIVITY MODULATES OXLDL UPTAKE 

Mechanical stimuli present within the arterial microenvironment influence a variety of 

different cell types; however, the role of mechanics, and the underlying mechanisms responsible 

for influencing macrophage function in the context of the cardiovascular system are poorly 

understood. Arterial mechanics are dynamic and can be altered in the pathological conditions. For 

example, atherosclerotic plaque development is known to result in localized areas of enhanced 
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stiffness within the artery, with regions ~250kPa measured using atomic force microscopy7.  Given 

previous work identifying Piezo1 as a mechanosensor of environmental stiffness in 

macrophages59,110, we next investigated whether substrate rigidity and Piezo1 play a role in the 

modulation of macrophage oxLDL uptake. Piezo1fl/+ and Piezo1ΔLysM BMDMs were isolated and 

seeded onto fibronectin conjugated 1 kPa and 280 kPa polyacrylamide gels. Following 24 hrs 

incubation with oxLDL, confocal microscopy was used to evaluate changes in uptake. We found 

that stiff, 280 kPa, substrates resulted in significantly enhanced oxLDL uptake in control Piezo1fl/+ 

BMDMs when compared to cells cultured on soft surfaces. In contrast, Piezo1 deficient BMDMs 

had reduced oxLDL uptake on stiff surfaces. Interestingly, Piezo1ΔLysM BMDMs on 280 kPa 

substrates were observed to have enhanced uptake when compared to cells cultured on soft 

surfaces, this indicates that stiffness and Piezo1 independent mechanisms could also be involved 

and require further investigation (Figure 4.4). Nonetheless, the data obtained still suggests that 

Piezo1 plays an important role in transducing stiffness and enhancing oxLDL uptake in 

macrophages. 

 

 
Figure 4.4: Substrate stiffness and Piezo1 modulates macrophage oxLDL uptake. Representative 

images (left) and quantification of total oxLDL within Piezo1fl/+ and Piezo1ΔLysM macrophages cultured 

on fibronectin conjugated 1 kPa and 280 kPa polyacrylamide gels. Error bars denote Mean ± SD for 

three independent experiments, * p < 0.05 as determined by Student’s t-test. 
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4.4 DISCUSSION 

In this chapter, we identify a role of mechanical stimuli and the mechanically gated ion 

channel Piezo1 in regulating macrophage oxLDL uptake. First, we show that cyclic mechanical 

stretch suppresses oxLDL uptake through downregulation of the CD36 scavenger receptor. Given 

our previous findings suggesting that Piezo1 is a mechanosensor of stretch in macrophages, we 

next examined the role of this channel in influencing uptake. Our results suggest that Piezo1 is 

involved in enhancing oxLDL uptake. Specifically, we found that macrophages deficient in Piezo1 

had significantly reduced oxLDL uptake when compared to control cells. This observation was 

supported with the fact that conditional knockout of this channel prevented positive feedback 

regulation in scavenger receptor expression. Reduced receptor expression, therefore, resulted in 

decreased uptake. Additionally, we confirm the ability of Piezo1 to regulate Ca2+ activity in the 

presence of oxLDL. We found that oxLDL treatment enhanced Ca2+ activity, which was abrogated 

in Piezo1 siRNA treated cells. Finally, we also evaluated the role of stiffness in modulating oxLDL 

uptake. Our results suggest that macrophages cultured on stiffer surfaces have enhanced uptake 

when compared to cells on soft surfaces. Interestingly, Piezo1 deficient macrophages have reduced 

oxLDL uptake on stiff surfaces, thus further confirming our previous findings highlighting the 

ability of the Piezo1 channel to sense and transduce environmental stiffness.  

Our results demonstrate a novel role for mechanical stimuli in regulating macrophage 

oxLDL uptake. Despite their prevalence in mechanically active tissues in the cardiovascular 

system, the ability of biophysical stimuli to modulate macrophage mediated atherogenesis are only 

recently being studied37,167. For example, Goswami et al. show that macrophage cultured on stiffer 

surfaces have enhanced oxLDL uptake when compared to cells cultured on soft substrates, a 

process they attributed to the expression of the TRPV4 ion channel178. Baratchi et al. also show 
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that shear stresses are capable of enhancing oxLDL uptake in macrophages, although no clear 

correlation to Piezo1 activity was made in either study108. Moreover, the molecular mediators 

responsible for mechanically induced changes in cell function, with respect to atherogenesis, are 

also under investigation167. Recent studies have identified a role for the mechanically gated ion 

channel Piezo1 in regulating endothelial cell mediated atherogenic responses179. While enhanced 

Ca2+ influx in the presence of oxLDL has previously been reported, the ability of Piezo1 to regulate 

macrophage oxLDL uptake is unknown177. Our work demonstrates that the mechanical 

microenvironment is critical in regulating macrophage function and uptake. Additionally, the data 

obtained also suggests that the mechanically gated ion channel Piezo1 plays a critical role in this 

process. However, further work is needed to address inconsistencies regarding the role of 

mechanical stretch and Piezo1 in modulating oxLDL uptake. Our results suggest that Piezo1 

activity enhances whereas mechanical stretch reduces oxLDL uptake. While our previous work 

has shown that Piezo1 regulates stretch mediated inflammatory responses, the ability of Piezo1 to 

modulate oxLDL uptake in response to stretch is currently unknown and will need to be evaluated. 

To accomplish this, future experiments will utilize genetic or pharmacologic manipulation of the 

Piezo1 channel and evaluate for time dependent differences in oxLDL uptake as well as uptake 

receptor and channel expression in response to mechanical stimuli. 

While we do demonstrate a novel role for Piezo1 in regulating macrophage oxLDL uptake, 

our current results are, however, limited to in vitro observations and further work with animal 

models will be required to validate our findings in vivo. Several atherogenic mouse models exist, 

including low-density lipoprotein receptor (LDLR) knockout mice180–182. Reduced expression of 

LDLR, particularly in the cells of the liver, allow for enhanced circulating cholesterol which, in 

turn can accumulate and form atherosclerotic plaques within the vessel walls183. Although this 
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model is often considered the gold standard for research involving atherogenesis, its feasibility 

becomes questionable when considering knockout models of other proteins, including Piezo1. 

More specifically, generation of double knockout mice, LDLR and Piezo1-LysMCre, require 

extensive amounts of time to breed and generate an adequate number of animals required for in 

vivo experiments. Recently, the emergence of adeno-associated viruses (AAV) as methods used to 

induce atherosclerosis without genetic knockouts, have become of interest in studying molecular 

mechanisms responsible for this disease. Particularly, adeno-associated-virus-8 overexpression of 

proprotein convertase subtilisin/kexin type 9 (AAV-PCSK9) has been shown to promote 

atherosclerotic plaque development when combined with a high fat diet184–187. PCSK9 is a secreted 

protein that binds to and marks LDLRs for degradation, thus overexpression of this molecule also 

reduces LDLR expression and is comparable to LDLR knockout mice184,185. To minimize the 

numbers of mice generated, AAV-PCSK9 can be used in myeloid cell specific Piezo1 conditional 

knockout mice, previously generated and validated in Chapter 2, in combination with a high fat 

diet to induce atherosclerotic plaque development. Results obtained from these experiments will 

further clarify the role of the Piezo1 ion channel in regulating atherosclerotic plaque development 

and progression.  

Additional work can also be performed to elucidate and analyze changes in Ca2+ activity 

resulting from atherosclerotic plaque formation. These experiments will involve the use of Salsa6f 

expressing mice and imaging healthy as well as diseased arteries ex vivo using two photon 

microscopy, as has previously been performed188–190. This highlights changes in Ca2+ activity in 

response to atherogenesis and in combination with atomic force microscopy measurements can 

also elucidate stiffness mediated changes in activity. Specifically, myeloid cell Ca2+ activity in 

areas of known tissue stiffness can be recorded and correlations between these two measurements 
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can be made. Piezo1 specific Ca2+ activity can also be investigated through the generation of 

Salsa6f expressing control and myeloid cell specific Piezo1 conditional knockout mice. These 

experiments will provide further insight and evidence into the role of atherosclerotic plaque 

mediated changes in tissue stiffness in the modulation of Piezo1 induced Ca2+ influx. Together, 

while our results suggest a potential for the mechanically gated ion channel Piezo1 in regulating 

macrophage oxLDL uptake, further work is needed to validate our findings in vivo. The proposed 

research will help elucidate the importance of mechanical stimuli and the underlying mechanisms 

responsible for foam cell formation, thus, significantly improving our current knowledge of 

atherosclerosis and potentially providing novel targets for future therapeutics. 
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Chapter 5: Conclusions and Future Directions 

5.1 SUMMARY 

In this work we look to better understand and uncover the molecular mechanisms 

responsible for mechanics-mediated regulation of macrophage function, as summarized in Table 

5.1. In Chapter 2, we identified a role for the mechanically gated ion channel Piezo1 in modulating 

macrophage activation in response to inflammatory or healing agonists through regulating the 

activation and nuclear localization NFκB and STAT6 transcription factors, respectively59. 

Moreover, we confirmed the ability of this channel to regulate soluble stimuli mediated Ca2+ 

signals, identified Piezo1 as a mechanosensor of environmental stiffness, and found that this 

channel enhanced the foreign body response to stiff material implants in-vivo59. We also uncovered 

positive feedback mechanisms associated between Piezo1 and the actin cytoskeleton, where 

channel activity promoted F-actin formation which, in turn, further promoted channel activity59. 

In this chapter, we provide initial evidence of Piezo1 as a mechanosensor of environmental 

stiffness in macrophages, while also uncovering the ability of this channel to enhance the foreign 

body response to stiff material implants. 

In contrast, in Chapter 3 we elucidated the role of Piezo1 and CD11b (integrin αM) in 

transducing mechanical stretch. We also characterized macrophage responses to differing types 

(static vs. cyclic) and amplitudes (5, 10, and 20%) of mechanical stretch and found that 

macrophage inflammatory responses are dampened in response to all stretch conditions. Healing 

responses, on the other hand, were observed to increase with static and decrease with large 

amplitude cyclic stretch. These changes in activation were found to be dependent on CD11b, 

Piezo1, and the actin cytoskeleton. We observed abrogation of stretch mediated changes in 

macrophage activation in response to reduction in expression of CD11b or Piezo1, respectively. 
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We also further confirmed the importance of the cytoskeleton in transducing mechanical stimuli 

as pharmacological inhibition of actin prevented stretch mediated responses previously observed 

in macrophages. The role of the cytoskeleton in mechanotransduction been previously shown by 

others in a variety of different cell types, including macrophages55,58,91,191–193. In addition, we 

uncovered the potential for integrin and ion channel crosstalk as a possible mechanism to transduce 

stretch68. This work provides initial evidence of the ability of CD11b to transduce mechanical 

stimuli while also uncovering potential crosstalk between CD11b and Piezo1 as a possible 

mechanism involved in stretch mechanotransduction. 

Finally, in Chapter 4 we investigated the role of mechanics and Piezo1 in regulating 

macrophage oxLDL uptake, with future work aimed at elucidating the role of this channel in 

modulating the development and progression of atherosclerosis in-vivo. We found that Piezo1 

activity enhances oxLDL uptake and is dependent on substate stiffness, with reduced uptake 

observed in Piezo1 deficient cells cultured on stiff surfaces, such as glass or 280 kPa 

polyacrylamide hydrogels. Given that changes in stiffness and stretch are prominent within the 

arterial microenvironment in the cardiovascular system and are known to change following the 

development and progression of atherosclerosis, the work performed provides valuable insight into 

atherogenesis and could also be more broadly applied to other pathological conditions in which 

macrophage and mechanics are involved, such as cancer or fibrosis. The work performed provides 

initial evidence in the role of mechanics in regulating cell function while also uncovering Piezo1 

as a novel mechanosensor in macrophages capable of transducing mechanical stimuli. Further 

work uncovering the role of mechanosensitive ion channels, such as Piezo1, and its resulting 

effects on macrophage function will improve our current knowledge of macrophage biology as 

well as health and disease. 
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 MECHANICAL 

STIMULI 

MAIN FINDINGS 

CHAPTER 2: PIEZO1 

MODULATES 

MACROPHAGE 

POLARIZATION AND 

STIFFNESS SENSING 

Stiffness • Piezo1 promotes IFNγ/LPS 

mediated inflammation and 

suppresses IL4/IL13 induced 

healing responses 

 

• IFNγ/LPS mediated Ca2+ influx is 

regulated by Piezo1 

 

• Piezo1 is a mechanosensor of 

environmental stiffness 

 

• Piezo1 enhances the foreign body 

response to stiff material implants 

 

• Positive feedback between the actin 

cytoskeleton and Piezo1 regulates 

channel activity 

 

CHAPTER 3: INTEGRIN-

ION CHANNEL 

CROSSTALK IN STRETCH 

MECHANOTRANSDUCTION 

Mechanical 

stretch 
• Mechanical stretch suppresses 

IFNγ/LPS induced macrophage 

inflammatory responses 

 

• Static stretch enhances and large 

amplitude cyclic stretch suppresses 

IL4/IL13 induced healing responses 

 

• CD11b transduces mechanical 

stretch, with siCD11b abrogating 

stretch mediated changes in 

inflammation and healing 

 

• Piezo1 transduces stretch, with 

Yoda1 or siPiezo1 preventing 

stretch induced changes in 

macrophage activation 

 

• Crosstalk between CD11b and 

Piezo1 mediates stretch 

mechanotransduction 

 

• Actin is involved in transducing 

stretch 
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CHAPTER 4: PIEZO1 

MECHANOTRANSDUCTION 

IN OXLDL UPTAKE AND 

ATHEROSCLEROSIS 

Stiffness and 

mechanical 

stretch 

• Mechanical stretch suppresses 

macrophage oxLDL uptake and 

CD36 expression 

 

• Piezo1 enhances oxLDL uptake and 

promotes oxLDL induced scavenger 

receptor positive feedback 

mechanisms  

• oxLDL induced Ca2+ influx is 

regulated by Piezo1  

 

• Stiffness mediated Piezo1 activity 

enhances oxLDL uptake 

 
Table 5.1: Summary of main findings reported in this work.  

 

5.2 FUTURE DIRECTIONS 

Mechanical cues within the body are dynamic and can be altered in the presence of surgical 

implants, as well as during the development and progression of many pathological conditions in 

which macrophages are involved, including various forms of cancer, cardiovascular diseases, and 

fibrosis6–8. In Chapter 2, our implant studies were used to elucidate the role of Piezo1 is in 

macrophage sensing of different stiffness environments in vivo. Moreover, we also show that the 

activity of this channel promotes inflammation and suppresses healing function in macrophages. 

The biomaterials used in this study allowed for the comparison of the immune response between 

soft materials, which are similar in stiffness to native tissues, and the response to considerably 

stiffer materials that could represent biomedical implants44. The model used compared two 

extremes in stiffness, which may not necessarily be seen in physiological or pathological settings. 

Elevated tissue stiffness has been associated with increased inflammatory activation in 

cardiovascular disease and healing activation in cancer and fibrosis7,136–139. However, the more 

subtle changes in tissue stiffness in such contexts as well as disease models will need to be 

examined in future studies. Nonetheless, our study identifies a role for the mechanically gated ion 
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channel Piezo1 in sensing environmental stiffness in myeloid cells and influencing the foreign 

body response to implanted materials.  

Macrophages typically reside within or are recruited from circulation to tissues throughout 

the body. This creates a minimum of two distinct macrophage populations of interest- a resident 

and recruited population- each having unique response to mechanical stimuli194–196. Resident 

macrophages within mechanically active tissues are continuously exposed to physical stresses, 

whereas recruited macrophages experience dynamic changes in adhesion as they extravasate from 

the blood vessel into tissues and are exposed to physical stimuli. Inflammatory signals induce 

immune cell recruitment through upregulation of many adhesion molecules, such as CD11b164, or 

activation of ion channels19,107,108, which likely also affects their perception of mechanical stimuli. 

However, prolonged exposure to mechanical stress, such as those experienced by lung alveolar 

macrophages, may desensitize the cells and therefore exhibit limited effects of Piezo119. Our 

results in Chapter 3 support this idea since prolonged mechanical stretch caused a decrease in 

Piezo1 expression. Future work will investigate Piezo1 expression levels and activity of other 

resident macrophage populations that reside within differing mechanical environments, including 

that of the cardiovascular system.  

Work conducted in Chapter 4 provides an initial insight into the role of Piezo1 in regulating 

macrophage oxLDL uptake. Although our results suggest that Piezo1 activity may indeed enhance 

macrophage foam cell formation in vitro, additional in vivo studies will need to be performed to 

validate these findings and provide further physiological relevance to the work conducted. These 

experiments involve the use of atherosclerosis mouse models to evaluate plaque formation in 

control and myeloid cell specific Piezo1 knockout mice180,181,184. Moreover, using Salsa6f+ mice 

ex vivo imaging of arteries following atherosclerotic plaque formation can be performed which 
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will allow for the evaluation of changes in Ca2+ activity with disease. While our initial results are 

promising, further work is required to elucidate the role of Piezo1 in regulating oxLDL uptake as 

well as the development and progression of atherosclerosis.   

Our study describes how the mechanical environment regulates macrophage function, and 

also provides new insight into the potential role of CD11b, Piezo1, and the actin cytoskeleton in 

stiffness or stretch mechanotransduction. The current study, however, is limited to the effects of 

mechanical stimuli in cells cultured on a two-dimensional substrate. Future work will aim to 

investigate macrophages responses in more physiologically relevant environments, such as within 

three-dimensional tissues that are subjected to combinations of mechanical forces, including 

stretch and fluid shear or interstitial stresses, all of which have been shown to independently 

influence macrophage function68,87,108,165. Furthermore, additional studies will explore the 

mechanisms by which combinations of mechanical cues affect macrophages in a three-dimensional 

microenvironment. This work may further our understanding of how mechanical forces contribute 

to macrophage behavior during homeostasis, wound healing, as well as the progression of 

inflammatory diseases. 

 

5.3 CONCLUDING REMARKS 

This body of work provides supporting evidence highlighting the role of the mechanical gated ion 

channel Piezo1 in regulating macrophage function. Since its discovery, Piezo1 has been implicated 

in the transduction of numerous mechanical stimuli, regulation of critical cellular processes in 

different cell types, and development of various pathological conditions. However, the importance 

of Piezo1 in modulation of macrophage function has only recently gained attention19,59,68,107–110. 

This channel has already been shown to transduce cyclic hydrostatic pressures, shear stresses, 

stiffness, and mechanical stretch all of which are also known to influence macrophage 
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function19,68,68,108,110. These studies have provided critical insight into the potential of Piezo1 in 

regulating immune cell function. Numerous questions remain, including the effects of mechanical 

stimuli in different disease contexts. Further studies of the role of mechanically-gated channels in 

modulating immune cell responses to varying mechanical environments will likely improve our 

current understanding and provide novel molecular targets for immune regulated diseases. 
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