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Macrophages are essential for inflammation, tissue repair, and tissue homeostasis. 

Dysregulated macrophage function results in chronic inflammation that underlies 

major diseases including cardiovascular disease, cancer, and fibrosis. Chronic 

inflammation causes excessive remodeling of extracellular matrix that increases 

elasticity, or stiffness, of tissues. Cells sense and respond to changes in extracellular 

elasticity by mechanotransduction pathways mediated by integrins and downstream 

mediators (e.g. focal adhesion kinase, rho-associated coiled coil kinase), ion channels 

(e.g. TRP and PIEZO channels), and transcription factors. At the beginning of this 

project in 2013, few studies had investigated mechanoregulation macrophage function, 

and even fewer had investigated the mechanoregulation of Toll-like receptor (TLR) 

signaling. My studies described herein led to three major advances in our 

understanding of mechanoregulation of macrophages.  

 

In chapter 2, I demonstrated that Toll-like receptor signaling in macrophages is 

regulated by extracellular substrate stiffness and Rho-associated coiled-coil kinase 

(ROCK1/2). I modeled physiologically- and disease-relevant differences in substrate 

elasticity using tunable polyacrylamide gels, and showed that substrate elasticity and 

ROCK1/2 signaling inhibit TLR signaling and decrease cytokine secretion. These 

studies suggest that modulating stiffness or macrophage response to stiffness is a 



 

potential mechanism to treat chronic inflammation. 

 

In chapter 3, I demonstrated that macrophage uptake of oxidized and acetylated low-

density lipoproteins and generation of reactive oxygen species are regulated by 

stiffness of the growth surface. These studies have high relevance to atherosclerosis, 

which is associated with profound changes in vessel wall stiffness, and suggest that 

increased vessel wall stiffness may directly increase macrophage uptake of lipid and 

contribute to pathophysiology.  

 

In chapter 4, I demonstrated that transient receptor potential vanilloid 4 (TRPV4) is 

required for maximal TLR-mediated cytokine release. These findings expand on 

studies published during my dissertation research that showed that TRPV4 mediates 

lipopolysaccharide-induced phagocytosis. Intriguingly, I also provide preliminary 

evidence that a widely used TRPV4-/- mouse model may express a TRPV4 splice 

variant that does not mediate calcium flux, but still promotes TLR signaling. 

 

My findings could help the development and rational use of emerging therapies that 

decrease tissue elasticity or cellular response to increased elasticity. Capitalizing on 

mechanotransduction in macrophages could be used to halt or attenuate the chronic 

inflammation that underlies a multitude of the most pressing chronic diseases.  

 
 



 

 v 

BIOGRAPHICAL SKETCH 

Dr. Gruber-Hollingshead grew up in a small town on the New Jersey shore. She 

graduated from The College of William & Mary in Williamsburg, VA with a Bachelor 

of Science degree in Biology and Minor in Chemistry. She earned her Doctorate in 

Veterinary Medicine from Cornell University in 2006. After completing a rotating 

internship in Small Animal Medicine and Surgery at Colorado State University, Dr. 

Gruber worked for three years as a small animal general practitioner. She returned to 

Cornell for residency training in Clinical Pathology, and was board certified by the 

American College of Veterinary Pathology in 2013. Her desire to understand the 

mechanisms underlying chronic diseases prompted her to pursue research training 

with Dr. Cynthia Leifer in the Department of Microbiology & Immunology at Cornell 

University. Dr. Gruber-Hollingshead and her husband, Nick Hollingshead, share three 

wonderful children – Henry (12), Owen (10), and Claire (5). 

  



 

 vi 

 

 

 

 

 

 

 

 

 

 

 

This dissertation is dedicated to my husband, Nick, whose support, patience, and love 

are everything. Thank you.



 

 vii 

ACKNOWLEDGMENTS 

First and foremost, I thank my mentor, Dr. Cynthia Leifer. My work and this thesis 

would not have been possible without Cindy’s passion for science and mentorship. I 

am grateful that Cindy agreed to take me into her lab. Over the years, her mentorship 

and example have taught me how to be a laboratory scientist, but also how to be an 

effective science communicator and advocate for diversity in science. Her vision and 

passion gave me the permission to maintain my idealism and work for growth and 

change. Thank you. 

 

Many thanks to past and current members of the lab, particularly Jody Cameron, 

Leifer lab technician, and Dr. Christa Heyward, post-doctoral associate (co-authors of 

Chapter 2).  I learned so much from each, and am grateful for the many ways they 

enriched my graduate experience. Thank you also to my office mates, and the many 

undergraduates, summer veterinary students, rotation students that came through the 

Leifer lab, with special thanks to Ali Aygun, co-author of Chapters 3 and 4. 

 

Thank you to my graduate committee members, Drs. Jan Lammerding, Paula Cohen, 

and Julia Felippe, for dedicating their time and expertise to my professional growth 

and development. Thank you also to my veterinary mentors and colleagues – past and 

present – who encouraged and supported me over the years. 

 

My training was funded by a T32 Training grant from the National Institutes of Health 

(Cornell director: Dr. John SL Parker), and an American Association of 

Immunologists Careers in Immunology Fellowship. Additional funding support was 

received from Center for Vertebrate Genomics, Cornell University.  



 

 viii 

Finally, many thanks to my family. My parents, Art and Elaine Gruber; my 

grandmother, Erma Falk; my parents-in-law, Dale and Marianne Hollingshead; and 

my siblings, Chris and Julia. My children, Henry, Owen, and Claire, continually 

inspire me to keep working on big things, but remind me of the importance of paying 

attention to the little things that truly make a life worth living. Finally, thank you to 

my husband and best friend, Nick Hollingshead. I could not do this – any of this – 

without you. 
  



 

 ix 

TABLE OF CONTENTS 

Chapter 1 : Molecular regulation of TLR signaling in health and disease: 
mechano-regulation of macrophages and TLR signaling† ............................................. 1 

Abstract ........................................................................................................................... 2 
Introduction .................................................................................................................... 3 

Variability in tissue mechanics and cellular mechanotransduction .......................... 4 
Tissue mechanics and macrophages in disease ........................................................ 6 
Mechanoregulation of macrophages ....................................................................... 10 
Mechanoregulation of toll-like receptors ................................................................. 5 

Conclusions and Future Directions .............................................................................. 11 
References .................................................................................................................... 15 

Chapter 2 : Toll-like receptor signaling in macrophages is regulated by 
extracellular substrate stiffness and Rho-associated coiled-coil kinase 
(ROCK1/2).† ................................................................................................................ 26 

Abstract ......................................................................................................................... 27 
Introduction .................................................................................................................. 28 
Materials and Methods ................................................................................................. 30 
Results .......................................................................................................................... 36 
Discussion ..................................................................................................................... 68 
References .................................................................................................................... 73 

Chapter 3 : Macrophage uptake of oxidized and acetylated low-density 
lipoproteins and generation of reactive oxygen species are regulated by linear 
stiffness of the growth surface ...................................................................................... 81 

Abstract ......................................................................................................................... 82 
Introduction .................................................................................................................. 83 
Materials and Methods ................................................................................................. 86 
Results .......................................................................................................................... 92 
Discussion ................................................................................................................... 120 
References .................................................................................................................. 129 

Chapter 4 : Transient Receptor Potential Vanilloid 4 (TRPV4) is required for 
maximal Toll-like receptor-mediated cytokine release .............................................. 140 

Abstract ....................................................................................................................... 141 
Introduction ................................................................................................................ 142 
Materials and Methods ............................................................................................... 145 



 

 x 

Results ........................................................................................................................ 152 
Discussion ................................................................................................................... 177 
References .................................................................................................................. 183 

Chapter 5 : Summary of findings, biomechanical signaling in emerging 
therapeutics, and future directions .............................................................................. 191 

Summary of findings .................................................................................................. 191 
Biomechanical signaling in emerging therapeutics .................................................... 197 
Future Directions ........................................................................................................ 203 
Conclusion .................................................................................................................. 208 
References .................................................................................................................. 210 
 

  



 

 xi 

LIST OF FIGURES 

Figure 1.1 ........................................................................................................................ 1 
Figure 2.1. Substrate stiffness regulates macrophage morphology. ............................. 39 
Figure 2.2. Substrate stiffness regulates the aspect ratio of BMMs. ............................ 40 
Figure 2.3. The magnitude of TLR-induced TNFa secretion is regulated by 
time of attachment to tissue culture substrates. ............................................................ 44 
Figure 2.4. Unstimulated BMMs release TNF during attachment to tissue 
culture plastic. ............................................................................................................... 47 
Figure 2.5. TLR-induced cytokine release by macrophages is regulated by 
substrate stiffness. ......................................................................................................... 50 
Figure 2.6. Adhesion of BMMs and RAW264.7 cells to different stiffness 
polyacrylamide gels. ..................................................................................................... 52 
Figure 2.7. Regulation of TLR9 signaling by substrate is not due to TLR9 mRNA 
expression or uptake of ligand. ....................................................................................... 56 
Figure 2.8. ROCK enhances TNFa release by RAW264.7 cells ................................. 60 
Figure 2.9 ...................................................................................................................... 62 
Figure 2.10. Inhibition of ROCK enhances TLR signaling and prolongs TLR-
induced p38, ERK 1/2, and NFkB phosphorylation. .................................................... 66 
Figure 2.11. ................................................................................................................... 67 
Figure 3.1.	Phagocytosis	after	five	minutes	in	unprimed	macrophages	is	
independent	of	substrate	stiffness. ........................................................................... 95 
Figure 3.2. Phagocytosis after 30 minutes in unprimed macrophages is 
independent of substrate stiffness. ................................................................................ 97 
Figure 3.3.	Representative	epifluorescent	images	used	to	quantify	
phagocytosis	in	Figures	3.1	and	3.2. .......................................................................... 98 
Figure 3.4. Uptake	of	oxLDL	and	acLDL	is	time-	and	dose-	dependent. ............... 101 
Figure 3.5. Uptake of oxidized LDL (oxLDL) and acetylated LDL (acLDL) is 
regulated by growth surface stiffness. ........................................................................ 102 
Figure 3.6. Growth surface stiffness regulates macrophage expression of 
CD36, SRb1, and LOX1. ............................................................................................ 104 
Figure 3.7.	Substrate	stiffness	does	not	regulate	mRNA	expression	of	sra,	
ldl-r,	abca1,	or	abcg1. ................................................................................................ 105 
Figure 3.8. Uptake of oxLDL and acLDL are independent of ROCK1/2; 
maximal uptake of oxLDL requires FAK. ................................................................. 109 
Figure 3.9. Decreased TRPV4 activity enhances the uptake of acLDL, but not 
oxLDL. ....................................................................................................................... 112 
Figure 3.10. TRPV4 regulates acLDL uptake independently of substrate 
stiffness. ...................................................................................................................... 115 
Figure 3.11. BMM production of reactive oxygen species is increased on stiff 
versus soft polyacrylamide gels. ................................................................................. 118 
Figure 3.12. Basal production of reactive oxygen species is dependent on 
substrate stiffness. ....................................................................................................... 119 
Figure 4.1. TRPV4 protein is expressed in human THP1 and murine 
RAW264.7 cells. ........................................................................................................ 153 



 

 xii 

Figure 4.2.  TRPV4 mediates calcium flux in murine BMMs. .................................. 155 
Figure 4.3. Pharmacologic inhibition of TRPV4 decreases TNFa release in 
response to TLR4 and TLR9 activation. .................................................................... 157 
Figure 4.4. The TRPV4 inhibitor, HC067047, does not decrease viability nor 
decrease uptake of CpG DNA. ................................................................................... 158 
Figure 4.5. Pharmacologic inhibition and genetic deletion of TRPV4 alter 
TNFa release in response to activation of TLRs. ...................................................... 162 
Figure 4.6. TNFa secretion in response to TLR7 stimulation is WT and 
TRPV4-/- BMM is affected by two pharmacologic inhibitors of TRPV4. ................ 163 
Figure 4.7. Schematic of Trpv4 gene in TRPV4-/- mice. .......................................... 165 
Figure 4.8. TRPV4-/- express TRPV4 mRNA. .......................................................... 167 
Figure 4.9. WT and TRPV4-/- display immunoreactivity using anti-TRPV4 
antibody. ..................................................................................................................... 169 
Figure 4.10. Inhibition of TRPV4 does not inhibit activation of p38 or ERK1/2 
in response to LPS stimulation. .................................................................................. 171 
Figure 4.11. Upregulation of TNFa and IL-1b mRNA. ............................................. 172 
Figure 4.12. TRPV4-/- mice have altered response to systemic stimulation of 
TLR7 and TLR9. ........................................................................................................ 174 
Figure 4.13. LPS and CpG DNA downregulate TRPV4 expression in BMMs. ........ 176 
Figure 5.1. Graphical abstract of dissertation findings. .............................................. 192 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 xiii 

 
LIST OF TABLES 

Table 1.1. Characteristics of tissue microenvironments that change and 
modulate immune cell function. ..................................................................................... 4 
Table 1.2. Examples of some systems and diseases associated with tissue 
stiffness changes. ............................................................................................................ 5 
Table 3.1. Primer sequences for qPCR ......................................................................... 90 
Table 4.1. Primer sequences ....................................................................................... 149 
 



 

 1 

Chapter 1: 

Molecular regulation of TLR signaling in health and disease: mechano-regulation 

of macrophages and TLR signaling† 

 

Erika J. Gruber* and Cynthia A. Leifer* 

 

*Department of Microbiology and Immunology, College of Veterinary Medicine, 

Cornell University 

Source: †Innate Immun. 2020 Jan;26(1):15-25. doi: 10.1177/1753425919838322. 

PMID: 31955624; PMCID: PMC6974875. 

 

Reprinted with permission. 

License: CC BY-NC 4.0  https://creativecommons.org/licenses/by-nc/4.0/ 

 

Modifications: Tables and figures were renumbered from the original for consecutive 

numbering in the thesis. 

 

EG and CL: assembled literature, wrote, and edited the manuscript 

  



 

 2 

Abstract 

Immune cells encounter tissues with vastly different biochemical and physical 

characteristics. Much of the research emphasis has focused on the role of cytokines 

and chemokines in regulating immune cell function, but the role of the physical 

microenvironment has received considerably less attention. The tissue mechanics, or 

stiffness, of healthy tissues varies dramatically from soft adipose tissue and brain to 

stiff cartilage and bone. Tissue mechanics also change due to fibrosis and with 

diseases such as atherosclerosis or cancer. The process by which cells sense and 

respond to their physical microenvironment is called mechanotransduction. Here we 

review mechanotransduction in immunologically important diseases and how physical 

characteristics of tissues regulate immune cell function, with a specific emphasis on 

mechanoregulation of macrophages and TLR signaling. 
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Introduction 

Immune cells continuously patrol the body to rapidly detect and respond to 

endogenous and exogenous insults. Compared to other cell types, immune cells are 

extremely motile, able to undergo dramatic morphological changes during tissue 

transit, and capable of dynamic cell-cell interactions for antigen presentation and 

transmigration under static and circulatory flow conditions. A direct consequence of 

their motility is that immune cells encounter microenvironments that vary 

tremendously in terms of both physical and biochemical properties (Table 1.1). For 

over 40 years, immunologists have studied biochemical signals, such as cytokines, to 

understand intercellular communication networks. Initial work in the 1970s and the 

cloning of interleukin-1 (IL-1) in 1984 1 paved the way for the subsequent 

development of numerous knockout mouse lines deficient in cytokines or their 

receptors that advanced our detailed understanding of these biochemical networks. For 

at least a decade, we have also known that the physical microenvironment can drive 

differentiation of mesenchymal stem cells 2, yet these studies on biophysical signaling 

have only recently been described for immune cells, and our understanding of the 

mechanisms and molecular players in immune mechanobiology are not well described.  
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Table 1.1. Characteristics of tissue microenvironments that change and modulate 

immune cell function. 

 

Physical signals are converted into biochemical signals inside the cell and can directly 

induce the formation of focal adhesions, receptor microclustering, changes in the 

cytoskeleton, and alterations in gene expression and other signaling pathways. This 

review will introduce the concept of mechanoimmunology and the types of physical 

signals immune cells can receive, review what is known about mechanoregulation of 

macrophages, and focus specifically on more recent studies on mechanoregulation of 

TLR signaling. 

 

Variability in tissue mechanics and cellular mechanotransduction 

Tissue stiffness is a well-studied mechanical signal. Expressed in Pascals (Pa), 

stiffness is defined as the normal stress divided by the linear strain. Healthy tissues 

vary in stiffness from very soft adipose tissue and brain (a few hundred Pascals) to 

stiff or rigid tissues, with bone representing the highest stiffness (>1 GPa) 3, 4. Even 

within one tissue, regional stiffness can vary dramatically. For example, detailed in 

vivo mapping of the biomechanical properties in mouse brain revealed that regional 
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stiffness varies from <1 kPa to ~3 kPa5. Importantly, the mechanical properties of 

tissues constantly change; infection, chronic inflammation, damage and remodeling 

can all increase or decrease stiffness (Table 1.2)6. Although largely determined by the 

biochemical composition and the physical structure and organization of the 

extracellular matrix (ECM), stiffness is also affected by a number of physical factors 

including interstitial fluid flow and hydrostatic pressure7.  

 

Table 1.2. Examples of some systems and diseases associated with tissue stiffness 

changes. 

 

Cells survey their physical environment through mechanosensors that form 

attachments with the ECM or other cells and transmit signals to the cytoskeleton, 
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which provides the shape and mechanical strength to cells. Actin and microtubule 

polymerization and depolymerization impart traction forces on a cell’s surroundings. 

During the process of mechanotransduction, tensional forces between the ECM and 

cytoskeleton are transformed into biochemical signaling pathways8. For example, 

force applied across integrins that link ECM and cytoskeleton via focal adhesion 

complexes (FAC) opens the folded FAC protein, talin, to reveal cryptic binding sites 

for vinculin9, 10. Vinculin binding to talin, in turn, assembles a signaling complex that 

initiates phosphorylation signaling cascades, directs cytoskeletal changes, or activates 

transcriptional regulatory networks to modulate the transcriptional, and thus 

functional, profile of cells11. 

  

Tissue mechanics and macrophages in disease 

During the natural inflammatory process in response to pathogens and non-infectious 

tissue damage, the ECM undergoes profound changes, a process that continues with 

remodeling during the reparative phase 12. ECM remodeling alters its biophysical 

properties (e.g. topology, stiffness, structure) and biochemical composition (e.g. 

collagen, glycosaminoglycans, associated cytokines, and growth factors)13. Excessive 

changes to the ECM have direct effects on immune cells that can compromise tissue 

function in diseases such as atherosclerosis or cancer, response to foreign bodies, 

autoimmunity, and fibrosis 14.  

 

Atherosclerosis is characterized by remodeling of the arterial wall ECM and 

accumulation of cholesterol-rich low-density lipoprotein (LDL). Arterial remodeling 
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increases the physical stiffness of the artery, contributes to development of 

hypertension, and is a risk factor for cardiovascular disease15, 16. Macrophages 

contribute to this pathologic remodeling of the arterial wall 17-19, are critical for LDL 

accumulation 20, and their presence and accumulation as foam cells are required for 

plaque formation in ApoE-/- mice on a high fat diet 21, 22. In vitro modeling shows that 

increased substratum stiffness reduces endothelial cell tight junction activity6, 

suggesting stiffness-mediated increase in endothelial permeability as a possible 

mechanism for increased cholesterol entry to the vessel wall intima during plaque 

development. We observed that substratum mechanics regulate macrophage 

inflammatory potential as well as oxidized and acetylated LDL accumulation 

23(unpublished observation Gruber and Leifer). These in vitro observations are likely 

important in vivo since in the murine ApoE-/- model of atherosclerosis, arterial 

stiffness increases with age6, 15, and  arterial stiffening precedes development of 

hypertension in C57BL/6 mice high fat diet to induce obesity16. Importantly, 

modulating tissue stiffness has been shown to be cardioprotective. For example, in 

hypercholesterolemic ApoE-/- mice, inhibition of lysyl oxidase, an enzyme that 

crosslinks collagen fibers to increase tensile strength and tissue stiffness, reduces 

arterial stiffening and plaque development, with no effect on serum cholesterol24. 

While these studies show that biomechanics play a key role in disease pathogenesis of 

atherosclerosis and are a target for therapeutic development, we are just starting to 

understand the interplay between arterial mechanics and immune cells. 
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Changes in tissue mechanics are important during cancer development and metastasis. 

Indeed, breast cancer and other solid tumor cancers are frequently identified by 

detecting the difference in the mechanics of the tumor compared to the surrounding 

normal tissue25, 26. Tumors initiate dramatic remodeling of the interstitial ECM 

through a process known as the desmoplastic response, or desmoplasia. In breast 

cancer, tumor-associated ECM is enriched in collagen type I and is of increased 

stiffness compared to ECM from healthy breast tissue (160 kPa versus 3-5 kPa) 27-29. 

Birefringence microscopy analysis of human breast cancer show that the invasive 

edges of breast cancer are notably more stiff30. These areas also contained the highest 

number of macrophages30. Importantly, studies in mice demonstrate that the increased 

stiffness drives development and pathogenesis of cancer 28, 31. Breast cancer cells 

instruct cancer-associated fibroblasts to assemble the dense matrix and increase 

production of pro-angiogenic and tumor proliferative signals, which can be 

sequestered within the dense matrix material 32. Breast cancer cells also directly 

induce polarization of macrophages to an M2-like phenotype33, which suggests there 

is a complex interplay between ECM changes, breast cancer cells, fibroblasts and 

macrophages. As in atherosclerosis, modulating tissue remodeling enzymes to 

decrease stiffness reduces tumor growth and metastasis28, 31, 34, 35. 

 

Implants induce foreign body immune responses that lead to fibrosis and increased 

tissue stiffness, and macrophages are essential to this process36, 37. The mechanical 

properties of the implants can influence the extent of these effects38. For example, 

Moshayedi et al. fabricated composite gels that were stiff (30 kPa) on one end and soft 
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(0.1 kPa) on the other end. Gels were implanted into rat brains, and after 3 weeks, the 

gels and surrounding tissue were isolated and analyzed to measure cell association and 

markers of inflammation 38. There was a significant increase in the number of 

microglial cells (a brain specific macrophage) associated with the stiff side of the gel 

compared to the soft side of the gel. Astrocyte numbers and IL-1 cytokine were also 

increased near the stiff side of the gel 38. We have also shown that macrophages and 

dendritic cells are important in the foreign body response to biomaterials used for 

tissue regeneration39-41. These studies demonstrate that stiffness directly correlates 

with foreign body inflammatory responses. 

 

In idiopathic pulmonary fibrosis (IPF), chronic inflammatory responses increase tissue 

stiffness and progressively impair lung expansion and air exchange, which lead to 

death14, 42-44. Decellularized lung ECM from human patients with IPF is of higher 

stiffness (10 kPa versus 1 kPa), and contains increased glycosaminoglycan, latent 

TGF-b, collagen III, and collagen VI compared to decellularized ECM from healthy 

lung 45. Intratracheal instillation of bleomycin in mice is a preclinical model that 

recapitulates the key features of human IPF46, 47. In this model, inhibition of lysyl 

oxidase reduces both lung stiffening and disease severity48. Macrophages drive the 

fibrotic response in IPF, thus are a potential therapeutic target to slow or halt 

progression of disease. Recent studies, outlined in the next section, show that the 

biochemical and physical changes in ECM regulate macrophage responses.23, 49-56. 
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Mechanoregulation of macrophages 

Macrophages are important for tissue inflammation and repair. Macrophages drive the 

ECM remodeling events that result in increased tissue stiffness, but there is a growing 

body of literature demonstrating that macrophages also respond to changes in tissue 

stiffness (Figure 1.1). From cell adhesion and morphology to migration to functional 

polarization and signaling, stiffness regulates macrophages.  

 

  



 

 1 

 

Figure 1.1



 

 1 

 
Macrophages are known for their adhesiveness and “fried egg” morphology. Yet, this 

characteristic morphology is not observed in macrophages adhered to gels 

approximating physiologic stiffness. Unlike the spread morphology when attached to 

glass (>1 MPa), rat alveolar macrophages have reduced spreading and cell area, 

increased height, and reduced adhesion when attached to 40 kPa PA gels 51. Growth 

surface mechanics also regulate murine and human macrophage cell line (RAW264.7 

and THP-1) attachment, cell spreading, and overall morphology 23, 50-52, 57, 58. 

Macrophages on gels of 150 kPa, which mimics the stiffness of fibrotic tissues, are 

significantly larger and less round than those on softer gels mimicking normal muscle 

tissue 23. The differences in attachment and morphology likely contribute to the 

observation that human monocyte-derived macrophages migrate faster on stiff gels 

(280 kPa) compared to soft gels (1-5 kPa) 49. For some cell types, migration velocity 

and distance are higher on stiff areas of gradient gels where the stiffness approximates 

diseased tissues, compared to softer areas of the same gradient gels59, 60. It is important 

to note that the stiffness of glass (>1 MPa) and even plastic is several orders of 

magnitude greater than physiologic stiffness(<150 kPa), so the observations made on 

these stiff surfaces likely do not reflect adhesive, morphologic, and migratory 

characteristics of in vivo macrophages.  

 

Phagocytosis and cell migration depend on the ability of a cell to engage a physical 

surface and exert force. Therefore, stiffness of the cytoskeleton and plasma membrane 

are crucial for these processes. During formation of the phagocytic cup, the membrane 
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spreads, which increases membrane tension61. LPS stimulation of macrophages also 

increases membrane rigidity55, and the importance of rigidity in macrophage plasma 

membrane for response to LPS was postulated over 30 years ago when Vogel et al 

noted that a number of LPS-sensitizing agents were associated with changes in the 

properties of macrophage plasma and lysosomal membranes62. Plasma membrane 

stiffness is determined by the composition of the lipid bilayer, cytoskeleton stiffness 

,and interactions of the transmembrane proteins linking the cytoskeleton to the ECM63.  

 

There are conflicting reports on whether macrophages on high stiffness surfaces, thus 

those with increased cytoskeletal stiffness, have enhanced or similar phagocytic 

capacity as those on physiologic stiffness surfaces. Patel et al found that macrophages 

on high stiffness surfaces exhibited increased phagocytosis of IgG opsonized and 

unopsonized latex beads by both murine macrophages and human alveolar 

macrophages, and of bacteria by murine macrophages55. In contrast, two additional 

groups reported no difference in particle or E. coli uptake 49, 56. We also observed no 

difference in phagocytosis of beads, gram-positive or gram-negative bacteria, or 

zymosan particles in unstimulated murine macrophages attached to different stiffness 

substrata (Gruber, unpublished data). Both IFNg and LPS stimulation increase 

macrophage membrane stiffness53, 62, and cells stimulated with these cytokines 

demonstrate enhanced particle and bacterial phagocytosis55, 56. Although the full 

mechanism underlying mechanoregulation of macrophage phagocytosis remains 

unclear, both contractile forces 23, 55 and the calcium channel transient receptor 
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potential vanillin 4 have been implicated in LPS response and LPS-induced 

phagocytosis56. 

 

In three-dimensional (3D) culture, stiffness of the ECM-based gels determined the 

mechanism of macrophage migration64, 65. Dense Matrigel or collagen 3D gels 

encouraged mesenchymal mode migration while loose fibrillar collagen gels that 

contain larger interfiber spaces promoted amoeboid mode migration64. Care should be 

taken when interpreting studies conducted in 3D since there are many physical 

characteristics that vary, including porosity, that directly regulate macrophage 

functional polarization independently of stiffness 66. Interestingly, similar gel and 

tissue ECM architecture also regulates T cell migratory modes67, suggesting that ECM 

mechanics likely play a major role in immune cell migration. Human monocyte-

derived macrophages plated in 3D matrix accumulated podosome markers such as 

talin, vinculin, and actin, as well as proteolytic enzymes at protrusions that enabled the 

cells to migrate through the collagen matrix 64, 65. In 2D cultures, macrophage 

attachment to high stiffness surfaces increased internal cystoskeletal stiffness 

suggesting that tissue and growth microenvironment mechanics control these 

processes51, 55.  

 

Surface mechanics and topology regulate other macrophage functions such as 

polarization. Murine bone marrow-derived macrophages induced to an M1-like 

phenotype adopt an amorphous shape while those induced to an M2-like phenotype 

are elongated68. Furthermore, placing unpolarized macrophages into elongated 
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micropatterned trenches induced an M2-like phenotype. THP-1 cell line macrophages 

had lower inflammatory M1-like activity (lower tumor necrosis factor a [TNFa]) and 

adopted a more M2-like phenotype (higher CD206 expression) on softer gels54. This 

physical topology-driven macrophage polarization was dependent on actin 

cytoskeleton contractility since inhibition of ROCK and MLCK eliminated the shape-

induced phenotypic changes. Similarly, Chen et al showed that RAW264.7 

macrophages on growth surfaces imprinted with parallel gratings 250nm – 2 µm wide 

were more elongated than those on planar controls. Macrophages on these substrates 

were slightly less inflammatory, with decreased secretion of TNFa and VEGF 

compared to controls69. These data suggest that cell shape and growth substrate 

stiffness play key roles in macrophage functional activity. 

 

Other physical stimuli that influence macrophage activity include flow and 

temperature. Interstitial flow (~3µm/s) placed across 3D collagen type I gels induced 

mouse bone marrow-derived macrophages to adopt a more M2-like phenotype70. The 

macrophages upregulated Arg1, TGFb, CD206, CD163, and transglutaminase 2 

(TGM2), but expression of the M1 markers CD86, TNFa, and iNOS were not 

affected. Migration speed and directionality through 3D culture were also enhanced 

under flow via a b1 integrin- and Stat6-dependent pathway70. Housing BALB/c mice 

at elevated external temperature enhanced TNFa response to LPS challenge71. 

Furthermore, those mice then exhibited reduced LPS tolerance upon second 

challenge71. Higher ambient temperature for housing mice that better represented wild 
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mouse external environmental temperature led to reduced monocyte trafficking and 

reduced atherosclerosis in a model of disease 72. In humans, seasonal temperature 

variation correlated with the number of circulating monocytes – but not neutrophils or 

lymphocytes72. Importantly, macrophages are not the only immune cells regulated by 

microenvironmental mechanics. For more information on mechanobiology of specific 

immune cells the reader is referred to other reviews on T cells and B cells 73, 74, 

dendritic cells75, and on neutrophils 76. Together these studies emphasize the need to 

further investigate how physical cues regulate macrophages in humans and animal 

models.  

 

Mechanoregulation of toll-like receptors 

Inflammation is initiated by innate immune receptors such as TLRs, yet there is a 

paucity of data on the mechanoregulation of TLR signaling. Here we will review the 

regulation of TLRs and discuss what is known about mechanoregulation of TLRs. 

 

The general regulatory mechanisms governing TLRs are well-described77. For 

example, localization and trafficking of both the receptor and ligand are key steps in 

regulating signaling 78-82. TLR9 is primarily localized in the endoplasmic reticulum 

(ER) 83, 84, traffics from the ER to the Golgi compartment85, and is sorted to 

endolysosomes with the help of chaperone-like proteins, such as UNC93B1 and gp96 

80, 81, 85-88.  Once in endosomes, TLR9 is proteolytically processed in multiple 

independent ways. A C-terminally tagged TLR9 is proteolyzed in the unstructured 

hinge region separating leucine rich repeats (LRRs) LRR 1-14 and LRR 15-29 89-91. 
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This proteolytic event results in a fragment (LRR15 to the C-terminus, termed p80, or 

the mature form) proposed to be the functional form of the receptor plus an N-terminal 

fragment of approximately 68 kDa (N-ter) 89, 90, 92-94. However, this N-terminal 

fragment has also been described to be required for signaling 95 and able to inhibit 

signaling through the full-length receptor 96. We identified an independent proteolysis 

site near the transmembrane domain (between amino acids 724 and 735) of 

endogenously expressed TLR9 that generates a soluble, negative regulatory, form of 

the ecto-domain 97. Other nucleic acid-sensing TLRs are similarly proteolytically 

cleaved89. Furthermore, some pathogens secrete proteases capable of cleaving TLRs 

98. Thus, proteolytic cleavage occurs and is important, but the full extent of the role in 

health and disease of the immune system remains unclear.  

 

Fewer studies have specifically investigated mechanoregulation of TLR signaling, and 

the studies do not all agree. Patel et al showed that RAW264.7 and U937 macrophages 

equilibrated to a growth surface with a modulus of elasticity of 76.8kPa produce less 

TNFa secretion in response to LPS than the same cells on 0.3kPa gels55. Scheraga et 

al observed that murine bone marrow-derived macrophages stimulated with LPS 

induce secretion of IL-1b that is higher when macrophages were equilibrated to a 

growth surface stiffness of 1 kPa and lower when equilibrated to gels of 8kPa and 

25kPa. In contrast, they showed secretion of anti-inflammatory IL-10 is maximal in 

macrophages on 25kPa gels compared to 8kPa or 1 kPa gels 56. We recently reported 

that activation of TLR4 by LPS and TLR9 by CpG DNA in murine bone marrow-

derived macrophages induces secretion of TNFa that is lower when equilibrated to 
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stiff (20 kPa and 150 kPa) compared to soft (1 kPa) polyacrylamide gels23. In contrast 

to the previous study’s findings with TLR4 stimulation, we found that IL-10 secretion 

in response to stimulation of TLR9 is similar to that of TNFa. Previtera et al reported 

that in bone marrow derived macrophages, TLR4 stimulation in response to LPS is 

largely the same when equilibrated to stiffnesses ranging from 0.3 to 120 kPa. In 

contrast to the findings from other groups, these investigators observed that secretion 

of TNFa, IL-6, IL-1b and nitric oxide are all increased on the stiffest substrate, 230 

kPa99.  

 

The reported differences in mechanoregulation of TLR signaling appears to be due to 

a number of factors. Several groups report using different growth surface stiffnesses 

for their studies, which could influence interpretations. In one case, TNFa production 

by RAW264.7 was lower on intermediate stiffness (20 kPa) compared to low (1 kPa) 

or high (150 kPa) surfaces23. Thus, depending on how comparisons were made, 

investigators could interpret mechanosignals to increase or decrease the same 

response. Another factor that can influence experimental outcome is that macrophages 

adhere much more efficiently, and remain adhered, on stiff surfaces compared to soft 

surfaces23. If one does not account for these differences, artificially high cytokine 

production could be measured from macrophages on stiffer surfaces simply because 

there are more cells attached. Further studies are needed to clarify the role of 

mechanoregulation in TLR signaling. 
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The mechanisms of mechanoregulation of TLR signaling are also not fully 

understood. Focal adhesion complex proteins and downstream signaling molecules, 

including integrins and rho associated kinases (ROCK and cdc42), have been 

implicated in the regulation of TLR signaling. In astrocytes, rho proteins negatively 

regulate TLR2-, TLR3-, and TLR4-induced expression of IL-1b, IL-6, and TNFa 100. 

Murine bone marrow-derived macrophages and RAW264.7 macrophages plated on 

stiff glass express more ROCK1 and have more phosphorylated ROCK1 than 

macrophages on gels. Furthermore, inhibition of ROCK1/2 increases LPS-induced 

TNFa production, which is due, in part, to enhanced magnitude and duration of p38, 

ERK, and NF�B phosphorylation23. The regulatory role of ROCK1/2 on TLR4 

mediated cytokine secretion depends on the strength of the TLR4 stimulus. At lower 

concentrations of LPS, inhibition of ROCK1/2 does not augment response23. 

Supraphysiologic doses of LPS (10µg/ml) in corneal epithelial cells requires 

ROCK1/2 for maximal TNFa release101. A different study using human alveolar 

macrophages and RAW264.7 macrophages showed that cells on high stiffness (150 

kPa) gels have more polymerized actin and that attachment of macrophages to these 

substrates leads to an early increase in cdc42 activity that returns to baseline by 3 

hours55. Inhibition of actin using cytochalasin D or latrunculin A, or inhibition of 

WASP with wiskostatin, augments LPS-induced TNFa production55.   

 

Integrins are major mechanosensors, yet the data on whether TLR signaling is 

inhibited or augmented by integrin activation are not conclusive. Integrins are 

heterodimeric transmembrane proteins composed of an a and b subunit that physically 
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link the actin cytoskeleton to other cells or to the ECM, change conformation in 

response to tension and endogenous signals, and transduce signals through proteins 

such as focal adhesion kinase (FAK) and ROCK. Vertebrates encode 18 a and 8 b 

integrins that dimerize to form 24 different integrin complexes102. Several studies have 

shown that integrins negatively regulate TLR signaling, suggesting that 

mechanotransduction inhibits TLR signaling. For example, in the absence of all b2 

integrins, macrophages were hyperresponsive to CpG DNA (TLR9), Pam3Cyk4 

(TLR2), and LPS (TLR4) due to enhanced NF-kB activation 103. Absence of the b2 

binding partner aM integrin, also known as CD11b, in mice exacerbated response to 

LPS, poly(I:C) (TLR3) and CpG DNA for production of multiple inflammatory 

cytokines104. Acute engagement of aM integrin activated Syk and Src kinases, which 

in turn promoted degradation of MyD88 and TRIF and reduced TLR signaling 104. 

Another study demonstrated an integrin-mediated, IL-10-dependent, indirect 

regulation of TLR signaling through upregulation of several negative regulatory 

proteins such as A20 and SOCS3105.  

 

In contrast, other studies have shown that integrins are required for TLR signaling. 

For example, aM integrin-deficient macrophages had reduced IL-6 production in 

response to LPS, suggesting that integrin signaling was required for TLR4 

signaling106. Integrins were also required for TLR2 signaling through direct interaction 

with TLR2107, 108. FAK, a key downstream mediator in integrin signaling, was 

necessary for optimal TLR2-, TLR3-, TLR4-, and TLR9- induced motility in 

RAW264.7 cells109.  
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These studies all investigated b2 integrins, which are restricted to hematopoietic cells 

and primarily mediate cell-cell interactions, but are less important for the cell-ECM 

interactions. In the absence of cell-ECM integrins such as b1 and b3, TLR signaling in 

B cells was generally reduced. TLR9 signaling was the exception, and was actually 

enhanced in the absence of avb3110. Importantly, because global or cell-specific 

deficiency of one integrin leads to compensatory increased expression of other 

integrins, all of these experiments must be interpreted with caution 111. Further studies 

are needed to determine whether integrins are major mediators of mechanoregulation 

of TLR signaling. 

 

Several other mechanosensors, including mechanosensitive members of the transient 

receptor potential (TRP) family, may be important for TLR regulation. Scheraga et al 

showed that peritoneal macrophages from TRPV4-deficient mice had a significantly 

lower response to LPS than wild-type macrophages 56. In contrast, Alpizar et al 

reported that in airway epithelial cells from TRPV4-deficient mice, mRNA expression 

of IL-6 and the chemokine CXCL-1 in response to LPS was increased compared to 

wild-type controls. This correlated with increased neutrophil and macrophage 

infiltration in the airways of TRPV4-deficient mice112. Another mechanosensitive 

member of the TRP family, TRPM7113, 114, has recently been implicated in regulating 

TLR4 signaling and internalization/trafficking 115,116. Macrophages deficient in 

TRPM7 had reduced IL-1b secretion, reduced induction of genes in response to LPS, 
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and prolonged retention of TLR4 at the cell surface. This led to an overall reduction in 

activation of both NF-kB and IRF3, and protection from LPS challenge in vivo.116  

 

Regardless of whether macrophage mechanosignals are transduced via integrins or 

other mechanosensors, they play an important role in various disease processes and are 

potential therapeutic targets24, 28, 30, 31, 48. For example, as discussed above, 

atherosclerosis and cancer are characterized by increases in ECM mechanics and 

alterations in macrophage function and polarization profiles. We, and others, showed 

that TLR signaling, which is important for these functional fate changes, is regulated 

by growth environment mechanics23, 52, 53, 55, 56, 99. Additionally, TLR signaling has 

been implicated in the pathogenesis of cancer, atherosclerosis, and fibrotic diseases 

including IPF.117-120 Thus, further investigation is needed to understand the regulation 

of TLR signaling by mechanosensors and their contribution to macrophage activity, 

inflammation, and disease.   

Conclusions and Future Directions 

The recent advances in bioengineering and materials science have provided the basis 

to study the role of mechanotransduction in the regulation of cell function. We now 

know that mechanotransduction regulates function of numerous immune cells, 

including macrophages, as well as key biochemical signaling pathways, including 

TLR signaling. This newfound recognition may have numerous implications for our 

understanding of immunity in many chronic diseases, including atherosclerosis and 

cancer. Yet, considerable gaps in our understanding still exist. For instance, how 
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exactly does the composition and function of focal adhesions in the highly motile 

immune cells differ from those of the more well-characterized focal adhesion 

complexes of sessile fibroblasts and endothelial cells? What is the precise mechanism 

by which Rho/ROCK and cdc42 signaling pathways regulate TLR signaling? What 

role do the other hundreds of focal adhesion proteins play in regulating TLR signaling 

or immune cell function, in general? Do immune cells integrate mechanical signals 

from multiple forces (i.e tension, compression, shear, flow), and what are the 

underlying mechanisms? Are macrophage functions altered by differences in physical 

properties of the tissue in vivo? Can we chemically augment or inhibit 

mechanotransduction pathways to modulate immune cell function therapeutically? 

 

Studies in mechanoimmunology also raise questions about the usefulness of 

conducting experiments in two dimensional cultures on tissue culture plastic or glass 

with stiffnesses that several orders of magnitude higher than those experienced by 

cells in vivo. We have gained tremendous insight into biochemical signaling pathways 

through these traditional techniques; yet it is now known that mechanotransduction 

pathways regulate multiple biochemical signaling pathways and functional phenotype 

in immune cells. We must consider the potential impact that mechanical properties of 

traditional cell cultures have had on our conclusions. It is likely that many of the 

observed differences in findings between in vitro and in vivo studies are at least partly 

due to the vastly different physical environmental conditions and subsequent 

mechanosignaling. Advanced techniques in tissue culture that more closely mimic the 

biomechanical properties of tissues are important to bridge this gap. 
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In vivo studies have been vital to our understanding of the complexity of biochemical 

signaling pathways, and it is tempting to look toward these models to study 

biomechanical signaling. At this time, significant challenges exist to using in vivo 

approaches. First, we have only a cursory understanding of the major molecular 

mechanotransduction players in immune cells. Considerable effort must first be made 

to identify candidate proteins and pathways prior to attempting in vivo 

experimentation. An additional consideration is that, given the importance of these 

mechanotransduction pathways during development, generation of full knockout 

models has been hindered by embryonic lethality (FAK, ROCK2)4,121. Attempts to 

change the stiffness of tissue in wild type mice (e.g. bleomycin-induced mouse model 

of pulmonary fibrosis) inevitably alter the biochemical composition of the ECM and 

induce an intense inflammatory response, thus making it impossible to specifically 

isolate the effects of mechanical cues from biochemical cues122.  Inhibition of collagen 

crosslinking by lysyl oxidase with the drug, beta-aminopropionitrile, has offered some 

clues to the role of stiffness in the pathogenesis of disease (e.g. atherosclerosis); 

however, treatment alters tissue stiffness diffusely throughout the body, complicating 

interpretation24. To our knowledge, no in vivo models have been developed that allow 

investigators to reliably and reproducibly isolate stiffness as a single controllable 

variable. Thus, the careful interrogation of potential pathways using a variety of in 

vitro approaches will be critical to developing a comprehensive understanding of the 

major players prior to moving to in vivo work.  
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In conclusion, after decades of careful investigation of the biochemical basis of 

immune cell function, we are now at the precipice of an entirely new avenue of 

discovery as we begin to interrogate the role of mechanical signals in regulating 

immunity. Detailed investigations into mechanotransduction pathways may offer 

novel approaches to target and modulate immune cell function in vivo. These studies 

could have implications in management of auto-immune diseases, infectious disease, 

or chronic diseases such as atherosclerosis or cancer.  
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Abstract  

Macrophages participate in immunity, tissue repair, and tissue homeostasis. Activation 

of toll-like receptors (TLRs) by conserved exogenous or endogenous structures 

initiates signaling cascades that result in the release of cytokines such as tumor 

necrosis factor a (TNFa). Extracellular substrate stiffness is known to regulate 

function of non-immune cells through a process called mechanotransduction, yet less 

is known about how physical cues affect macrophage function or TLR signaling. To 

investigate this question, we cultured murine primary bone marrow-derived 

macrophages (BMMs) and RAW264.7 cells on fibronectin-coated polyacrylamide gels 

of defined stiffnesses (1kilopascal [kPa], 20 kPa, 150 kPa) that approximate the 

physical properties of physiologic tissues. BMMs on all gels were smaller and more 

circular than those on rigid glass. Macrophages on intermediate stiffness 20 kPa 

polyacrylamide gels were slightly larger and less circular than those on either 1 kPa or 

150 kPa. Secretion of the pro-inflammatory cytokine, TNFa, in response to 

stimulation of TLR4 and TLR9 was increased in macrophages grown on soft gels 

versus more rigid gels, particularly for BMMs. Inhibition of the rho-associated coiled-

coil kinase (ROCK1/2), a key mediator in cell contractility and mechanotransduction, 

enhanced release of TNFa in response to stimulation of TLR4. ROCK1/2 inhibition 

enhanced phosphorylation of the TLR downstream signaling molecules, p38, ERK1/2 

and NFkB. Our data indicate that physical cues from the extracellular environment 

regulate macrophage morphology and TLR signaling. These findings have important 
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implications in the regulation of macrophage function in diseased tissues and offer a 

novel pharmacological target for the manipulation of macrophage function in vivo. 

Introduction 

Toll-like receptors (TLRs) detect microbial structures and induce multiple signaling 

pathways, including those that promote the release of pro-inflammatory cytokines (1). 

Inappropriate or excessive release of potent inflammatory cytokines negatively affects 

tissue homeostasis, thus TLR signaling is tightly regulated (2). Surface-associated 

TLRs (e.g. TLR4, TLR2) directly bind extracellular ligand (3); however other TLRs 

(e.g. TLR3, TLR7, TLR8, TLR9) are confined to the endosome and require ligand 

uptake for receptor activation (4-6). Ligand engagement is restricted to specific 

cellular compartments (4-10) through regulation of intracellular trafficking (8,11,12), 

proteolytic cleavage (2,13-23), and post-translational modifications (24-29) of TLRs. 

Regulatory chaperones (e.g. gp96) provide an additional layer of control (11,30-33). 

The extent to which biochemical or biophysical cues from the extracellular 

environment additionally regulate TLR signaling is not well understood.  

 

Substrate stiffness, hydrostatic pressure, and flow velocity are features of the 

extracellular environment that are conveyed to cells by biophysical signaling. Physical 

inputs are translated into biochemical signals by cells via a process known as 

mechanotransduction (34-37). Classic mechanotransduction pathways are activated 

when integrins attach to the extracellular matrix, and initiate the rapid assembly of 

adhesion complexes (38-40). These complexes then, in turn, activate downstream 
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signaling kinases such as rho-associated coiled-coil kinase (ROCK1/2), cdc42, and the 

small GTPase, Rac, that regulate actin cytoskeletal rearrangements, phagocytosis, and 

formation of lamellipodia, respectively (41-43).  

 

Stiffness of a material is measured by Young’s modulus of elasticity, and expressed in 

pascals (Pa). In vivo tissue stiffness ranges from very soft brain (<1 kPa) to very stiff 

bone (1 GPa) (44), which contrasts with traditional plastic and glass cell culture 

surfaces that are >2 GPa (45). The advent of in vitro growth substrates that can be 

“tuned” to specific, physiologically relevant, stiffnesses has been critical to our 

understanding of the importance of biophysical signals and mechanotransduction in 

modulating cellular functions (46). A pivotal study demonstrated that growth substrate 

stiffness regulates the differentiation of mesenchymal stem cells grown under the same 

cytokine and chemokine growth conditions (34). Study of somatic cells and stem cells 

has significantly advanced our understanding of the basic mechanisms and functional 

consequences of mechanotransduction (34,47-49); however, much less is known about 

how mechanotransduction regulates immune cell function.  

 

Here we show that macrophages respond to different growth surface stiffnesses by 

regulating inflammatory potential in response to TLR stimulation. In unstimulated 

cells, macrophage area decreased and circularity increased as growth surface stiffness 

decreased. TLR signaling and release of the pro-inflammatory cytokine, TNFa, 

increased as growth surface stiffness decreased. Inhibition of ROCK1/2 enhanced 

TLR4 signaling. Our data demonstrate that TLR signaling is modulated by physical 
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cues from the extracellular environment and by a key mechanotransduction kinase. 

This novel regulatory mechanism of TLR signaling represents a potential target for the 

pharmacologic regulation of auto- and sepsis- mediated inflammatory pathology.  

Materials and Methods 

Reagents and Antibodies 

CpG DNAs were synthesized by Eurofins MWG Operon, Inc (Louisville, USA) or 

Invivogen (ODN 2395, Class C CpG oligonucleotide) (San Diego, USA). 

Lipopolysaccharide (LPS 0111:B4) and ROCK1/2 inhibitor (Y-27632) were from 

Sigma (St. Louis, USA). Alexa Fluor 488 phalloidin and ProLong Gold Antifade with 

DAPI were from Molecular Probes/ThermoFisher Scientific (Waltham, USA). Rabbit 

monoclonal antibodies against murine p38, ERK1/2, JNK/SAPK, ROCK1 and 

phosphorylated p38 (T180/Y182), ERK1/2 (T202/Y204), and JNK/SAPK 

(T183/Y185), NFkB (S536), were from Cell Signaling Technology (Danvers, USA). 

The antibody against phosphorylated ROCK1 (T455/S456) was from abcam 

(Cambridge, USA), the antibody against p65 NFkB was from Santa Cruz 

Biotechnology (Dallas, USA), and the antibody against a-tubulin (DM1A) was from 

ThermoFisher (Waltham, USA). Cell culture media and additives were from Corning 

CellGro (Tewksbury, USA). 

 

Cell culture 

Murine RAW264.7 macrophages (American Type Culture Collection, Rockville, 

USA) were grown in Dulbecco’s modified Eagle’s medium (DMEM) supplemented 
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with 10% heat-inactivated low endotoxin fetal bovine serum (v/v) (VWR Life Science 

Seradigm, Radnor, USA), sodium pyruvate (1mM), HEPES (10mM), L-glutamine 

(2mM), and penicillin (100 U/mL), and streptomycin (100μg/mL) (complete DMEM). 

As needed, RAW264.7 macrophages were detached with mechanical disruption. 

Murine primary bone marrow-derived macrophages (BMM) were generated from the 

femurs and tibias from 8-12 week old male C57BL/6 mice (Jackson Laboratory, Bar 

Harbor, USA). Bone marrow cells were plated at 0.8 x 106 cells/ml in 10cm non-

treated tissue culture dishes in complete DMEM supplemented with 10% L-cell 

conditioned media (v/v). All cells were cultured at 37°C in a humidified incubator with 

5% CO2. BMMs were detached with 0.25% trypsin (Corning CellGro, Tewksbury 

USA), as needed. Cell viability was >95% (trypan blue exclusion) and cells were 

enumerated with a hemacytometer. All animal experiments were approved by Cornell 

University's Institutional Animal Care and Use Committee (Animal Welfare 

Assurance A3347-01). Cornell University is accredited by the Association for 

Assessment and Accreditation of Laboratory Animal Care International. 

 

Preparation of polyacrylamide gels 

Polyacrylamide (PA) gels of uniform thickness were prepared by polymerizing the 

gels between two differently treated 22mm glass coverslips. To adhere the PA gel to 

the bottom coverslip, this coverslip was pretreated with 1% polyethyleneimine for 10 

minutes, followed by 30 minute incubation in 0.1% glutaraldehyde, and three 5 minute 

washes in 1X phosphate buffered saline (PBS). The second (top) coverslip was lightly 

coated with Rain-X® (Houston, USA) to create a hydrophobic surface. Excess reagent 
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was removed by buffing with a lint-free wipe. PA mixtures were prepared with 

stiffness-specific ratios of bisacrylamide:acrylamide, along with HEPES (14mM), 

tetramethylethylenediamine (0.0054%), and ammonium persulfate (0.05%) as 

previously described (46). Once gels were fully polymerized in a vacuum chamber, 

the top hydrophobic coverslip was removed and newly exposed gel surface was coated 

with sulfa-SANPAH (sulfosuccinimidyl 6-(4'-azido-2'-nitrophenylamino)hexanoate) 

(0.2mg/mL, Sigma), a compound that contains an amine-reactive N-

hydroxysuccinimide (NHS) ester and a photoactivatable nitrophenyl azide, and 

crosslinked with ultraviolet light for 10 minutes. Three washes in 50mM HEPES (pH 

8.0) removed excess reagent, and the gels were incubated in fibronectin (20μg/ml, 

Corning, Bedford, MA) overnight at 4°C. Excess fibronectin was removed with three 

washes in molecular grade water, and the gels were equilibrated in appropriate media 

at 37°C for 1 hour prior to cell attachment. 

 

Attachment kinetics 

BMMs and RAW264.7 cells were detached from traditional tissue culture surfaces, 

and incubated in suspension for 30 minutes prior to being transferred to new tissue 

culture wells. Cells were allowed to adhere undisturbed for 0.5hr, 1hr, 2hr, 4hr, 6hr, or 

18hr, after which the media was replaced with fresh media with or without TLR 

ligand. For the 0hr attachment time point, the TLR ligand was added to the cells as the 

cells were transferred into the new tissue culture well. Supernatant was collected after 

6 hours. 
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Immunofluorescent staining and microscopy 

Cells on fibronectin-coated glass or gel coverslips were rinsed in 1X PBS, fixed in 3% 

paraformaldehyde in PBS, permeabilized in 0.1% Triton-X, and blocked with 1% 

bovine serum albumin (ThermoFisher) in PBS. Filamentous actin was stained with 

Alexa fluor 488-phalloidin (165nM, ThermoFisher) in 1% bovine serum albumin 

(w/v) in PBS. Coverslips and PA gels were mounted onto glass slides with Prolong 

Anti-Fade with DAPI (ThermoFisher). Slides were imaged with an Axio Imager M1 

microscope (Zeiss, Thornwood, USA) and an Axiocam MRm (Zeiss). Confocal 

images were obtained using a Leica TCS SP5 spectral confocal microscope (Buffalo 

Grove, USA).  

 

Morphometric analysis  

Images from a minimum of 100 cells from each condition were collected with the 63x 

objective. Using ImageJ software (open source), cell perimeters were outlined and the 

surface area, circularity, and aspect ratio of each cell were calculated. Circularity is 

mathematically represented by the equation: 4π (area)/ perimeter2, where a perfect 

circle has a value of 1 and an infinitely elongated polygon has a value of 0. To 

calculate the aspect ratio of each cell, the software first determines the fitted ellipse of 

each cell and then calculates the ratio of major to minor axes ([Major axis]/[Minor 

axis]). 
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Measurement of cytokines 

TNFa and IL-10 in the supernatants were measured by ELISA (BioLegend, San 

Diego, USA) according to the manufacturer’s instructions.  

 

RNA purification and quantitative real-time PCR (qPCR) 

Total RNA was isolated and purified with TRIzol reagent (Life Technologies) 

according to the manufacturer’s instructions. RNA was quantified by 

spectrophotometry (Quawell Q3000, Palo Alto, USA). Residual genomic DNA was 

digested DNase I (Invitrogen), and cDNA was synthesized using Invitrogen reverse 

transcription reagents according to manufacturer’s instructions on a thermocycler 

(BioRad My Cycler, Hercules, USA).  

 

Quantitative real-time PCR was performed in triplicate using Power SYBR Green 

master mix reagent (Applied Biosystems by Life Technologies) according to the 

manufacturer’s instructions. Primers for murine TLR9 (forward: 5’-

CCTGGCTAATGGTGTGAAG-3’; reverse: 5’-CAAAGCAGTCCCAAGAGAG-3’) 

and GAPDH (forward: 5’-TCCCACTCTTCCACCTTC-3’; reverse: 5’-

ACCACCCTGTTGCTGTA-3’) were used at a final concentration of 580nM, and 

cDNA was used at 20ng/reaction. Reactions were run on an Applied Biosystems 7500 

Fast Real-Time PCR System (Life Technologies) in standard mode. Cycle parameters 

were: 1 cycle at 50°C for 2 min, followed by 1 cycle at 95°C for 10 min, then 45 

cycles at 95°C for 15 sec and 60°C for 1 min. Expression data were obtained in the 
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form of threshold cycle (Ct) values, and relative gene expression was calculated with 

the DDCt method, using GAPDH as the reference housekeeping gene. 

 

Flow cytometry 

RAW264.7 cells and BMMs were plated on fibronectin-coated gels and glass for 24 

hours. Cells were incubated with or without 1µM Cy3-labeled CpG DNA for 1 hour at 

37°C. Cells were detached and single cell suspensions were prepared in 1% bovine 

serum albumin (w/v) in PBS with 0.1% sodium azide (w/v). Data were acquired with a 

BD FACSCantoTM II Flow Cytometer (BD Biosystems, San Jose, USA) and 

analyzed using FlowJo software (FlowJo, LLC, Ashland, USA). 

 

Cell viability assay 

RAW264.7 cells were treated with the Y-27632 (2.5µM, 5µM, 10µM) for 24 hours. 

Viability was measured with the Cell Signaling kit-8 (Sigma) according to the 

manufacturer’s instructions and absorbance was read using a BioTek PowerWave XS 

microplate reader (Winooksi, USA). 

 

Protein immunoblotting 

Protein lysates were collected into b-mercaptoethanol reduced Laemmli loading dye 

and boiled prior to resolving by SDS-polyacrylamide electrophoresis (SDS-PAGE). 

Proteins were transferred to nitrocellulose, blocked in 4% nonfat milk (w/v) in Tris 

buffered saline with 0.1% Tween 20 (v/v) (TBST), and probed sequentially with 

antibody against phosphorylated and total p38, ERK1/2, SAPK/JNK, NFkB, followed 
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by a-tubulin in 5% BSA in TBST. Films of blots were scanned and densitometry of 

scanned images was performed with ImageJ software. 

 

Statistical analysis  

Data were graphed and analyzed by the statistical tests described in the figure legends 

using GraphPad by Prism (version 7) software (La Jolla, USA). Experimental replicate 

numbers are indicated in the figure legends. 

Results 

Macrophage adhesion and morphology are regulated by substrate surface mechanics 

Macrophage shape has been correlated with functional activity. Macrophages treated 

with LPS and IFNg to induce the classically-activated (M1) phenotype exhibit a 

rounded shape. Induction of the alternatively activated (M2) phenotype by IL-4 and 

IL-13 causes macrophages to become elongated (50). When forced into an elongated 

shape using micropatterned growth surfaces, macrophage expression of arginase is 

increased, suggesting a more M2-like phenotype (50). Growth surface mechanics also 

regulate functions of a number of different cell types, including T cells and B cells 

(34,51-56).  

 

We first compared the morphology of BMMs grown on fibronectin-coated glass to 

BMMs grown on fibronectin-coated 20 kPa PA gels which approximate the stiffness 

of skeletal muscle (57). BMMs on glass had a larger surface area than BMMs on 20 

kPa PA gels (Figure 2.1A). Circularity was lower in BMMs on glass compared to 
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BMMs on 20 kPa PA gels (Figure 2.1B). The marked morphometric differences in 

BMMs grown on glass versus 20 kPa PA gels illustrate the role that the physical 

extracellular environment plays in regulating cytoskeletal arrangement and basic 

morphologic features.  

 

We next asked whether BMMs exhibited morphologic differences when grown on 

fibronectin-coated PA gels that model physiologically- and pathologically-relevant 

differences in tissue stiffness. The softest 1 kPa PA gels approximate the stiffness of 

adipose, the intermediate stiffness 20 kPa PA gels approximate the stiffness of skeletal 

muscle, and the highest stiffness 150 kPa PA gels model fibrotic tissue. (44). We 

observed that unstimulated BMMs grown on 20 kPa gels had a larger surface area and 

were less circular than BMMs grown on either the soft 1 kPa PA gels or stiff 150 kPa 

PA gels (Figure 2.1C and 2.1D). There was no difference in surface area between 

BMMs grown on 1 kPa PA gels or 150 kPa PA gels; however BMMs on 150 kPa PA 

gels were more circular than BMMs on 1 kPa PA gels. The aspect ratio, which is the 

ratio of the largest diameter of the cell to its smallest orthogonal diameter, was slightly 

larger in BMMs on 20 kPa PA gels than those on 1 kPa or 150 kPa PA gels, which 

were not significantly different from each other (Figure 2.2A). We conclude that in 

two-dimensional culture, physiologically-relevant differences in stiffness regulate cell 

morphology of unstimulated BMMs. 
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Figure 2.1. Substrate stiffness regulates macrophage morphology. BMMs were 

plated on fibronectin (fn)-coated glass or 20 kPa gels (A,B) or on fn-coated 1 kPa, 20 

kPa, and 150 kPa gels (C,D) for 24 hours. Cells were fixed and stained with Alexa 

Fluor 488 phalloidin (filamentous actin stain) and DAPI. Epifluorescent images of at 

least 100 cells from each condition were analyzed by ImageJ. Each dot represents 

morphometric data from an individual cell. (A,C) Cell surface area in μm2. (B,D) Cell 

circularity in arbitrary units (A.U.). (E-H) BMM were plated on fn-coated gels of 

indicated stiffnesses for 24 hours and treated with vehicle (-) or 3μM CpG DNA (+). 

Surface area and circularity were quantified as in A and B, respectively. 

Representative fluorescent images from a minimum of three independent experiments 

are shown on the right. Scale bars=10μm. Note that the images of macrophages on 

glass are shown at lower magnification, but that the scale bar is still 10μm. Mean +/- 

standard deviation from two independent experiments is shown. Data were analyzed 

by one-way ANOVA. *p<.05, **p<.01, ***p<.001, ****p<.0001
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Figure 2.2. Substrate stiffness regulates the aspect ratio of BMMs. (A) The aspect 

ratio (A.R.), the ratio of cell size in two dimensions, was calculated using Image J for 

images in Figure 1. >100 cells from each condition in two independent experiments 

(B-E) As in A except cells were stimulated with media (-) or 3μM CpG DNA (+) for 

24hr prior to fixation. (B) 1 kPa, (C) 20 kPa, (D) 150 kPa, (E) glass. Data were 

analyzed by one-way ANOVA.  **p<0.01, ****p<0.0001.
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Stimulation of TLR9 by CpG DNA induces significant changes in macrophage 

morphology (28). We found that CpG DNA-stimulated BMMs on fibronectin-coated 

glass had a larger surface area than unstimulated BMMs; however, they did not have a 

statistically significant difference in circularity (Figure 2.1E). We next asked whether 

macrophages on physiologically-relevant stiffness surfaces also exhibited CpG DNA-

stimulated changes in morphology. In response to CpG DNA, the surface area of 

BMMs on the softest 1 kPa PA gels did not change (Figure 2.1F); however CpG DNA 

did induce an increase in surface area of BMMs on the intermediate (20 kPa, Figure 

2.1G) and high (150 kPa, Figure 2.1H) stiffness PA gels. CpG DNA stimulation 

decreased the circularity of BMMs on gels of each stiffness, but the most pronounced 

effect was seen in BMMs on the 150 kPa PA gels (Figure 2.1E-H). Aspect ratio was 

unchanged by CpG DNA stimulation in BMMs on 1 kPa and 20 kPa PA gels, but 

significantly increased in BMMs on 150 kPa PA gels but decreased on glass (Figure 

2.2B-E). These findings indicate that stimulation of TLR9 signaling by CpG DNA 

induces morphologic changes in BMMs, and that the stiffness of the underlying 

growth substrate regulates the morphology of both unstimulated and stimulated 

BMMs.  

 

Duration of cell attachment regulates spontaneous and TLR-induced TNFa secretion 

In cell culture experiments, cells are routinely detached from and subsequently 

allowed to reattach to growth surfaces. Convention dictates that there should be an 

interval between reattachment and use in any assay to allow the cells to “equilibrate”. 

Since the processes of attachment and reattachment disrupt cellular interactions with 
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the extracellular environment and attachment to stiff surfaces will induce 

mechanotransduction with unknown effects on inflammatory signaling, we next asked 

whether macrophage TLR-mediated inflammatory cytokine release is disrupted by 

detachment and reattachment. BMMs and RAW264.7 cells were detached from 

untreated plastic or standard tissue culture plates, respectively, and then allowed to 

adhere to a new set of standard tissue culture wells for different lengths of time prior 

to stimulation for six hours with TLR ligands (Figure 2.3A). In BMMs, CpG DNA-

induced secretion of TNFa decreased over the first two hours of attachment, and then 

increased at four hours and remained stable up to 18 hours (Figure 2.3B). BMM 

response to LPS, a TLR4 ligand, was very similar except there was little initial 

decrease in LPS-induced secretion of TNFa, with an increase by two hours that 

remained high for six hours prior to reducing slightly at 18 hours (Figure 2.3C). In 

RAW264.7 macrophages, there was very little change in the level of TNFa induced 

by CpG DNA for the first four hours (Figure 2.3D), but responsiveness began to 

increase at six hours of attachment and reached a maximum at 18 hours (Figure 2.3D). 

Maximal response to LPS in RAW264.7 cells also occurred at 18 hours of attachment 

time (Figure 2.3E).  
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Figure 2.3. The magnitude of TLR-induced TNFa secretion is regulated by time 

of attachment to tissue culture substrates. (A) Experimental design schematic. 

Briefly, macrophages were allowed to attach to tissue culture plates for the indicated 

times (white bars), and media was changed (black bars) before cells were stimulated 

for six hours (grey bars). Supernatants were analyzed for TNFa by ELISA. (B) BMMs 

were stimulated with 3μM CpG DNA (+).  (C) BMM were stimulated with 100ng/ml 

LPS (+). (D) RAW264.7 cells were stimulated with 3μM CpG DNA (+).  (E) 

RAW264.7 cells were stimulated with 100ng/ml LPS (+). Data are representative of 

three independent experiments each with a minimum of three biologic replicates. 

Mean +/- standard deviation are shown and results were analyzed by one-way 

ANOVA, * p < 0.05, ** p < 0.01, **** < 0.0001. Selected statistical comparisons are 

shown. Full statistical analysis results are available in Figure 2.4D.
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Strikingly, unstimulated BMMs (and to a lesser extent, RAW264.7 cells) released 

detectable TNFa during the first hour of attachment (Figure 2.3B and expanded in 

Figure 2.4A-C). These data suggest that during the process of detachment and 

reattachment, unstimulated macrophages spontaneously release TNFa. However, the 

spontaneous release rapidly dropped to very low levels within two hours of 

attachment. After two hours, the cells produce TNFa that is at or below the detection 

limit of the ELISA. We conclude that detachment results in the spontaneous release of 

TNFa at low levels that persists during the first hours of attachment, and that 

macrophages require at least four hours of attachment to achieve a “steady state” of 

responsiveness. Detachment and reattachment of macrophages to the underlying 

growth surfaces alters their response to TLR stimulation. Response to both CpG DNA 

and LPS were maximal in RAW264.7 cells at 18 hours, as was BMM response to CpG 

DNA.  Although BMM response to LPS was lower at 18 hours than at four hours, the 

optimal adaptation and response were generally at 18 hours. Thus, we chose to 

perform all subsequent experiments using macrophages that had equilibrated to the 

defined growth surface for 18 hours.  
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Figure 2.4. Unstimulated BMMs release TNF during attachment to tissue culture 

plastic. (A) Experimental design schematic. BMMs and RAW264.7 cells were 

detached from tissue culture dishes, incubated in suspension for 30 minutes and 

allowed to attach to new tissue culture wells for the indicated time (white bar, 

attachment). At the end of the attachment time, the media was replaced with fresh 

media. After 6 hours, supernatant was collected and analyzed by ELISA for secreted 

TNFa.  (B) TNFa levels from unstimulated BMMs attached for the indicated times. 

Mean +/- standard deviation is shown. (C) TNFa levels from RAW264.7 attached for 

the indicated times. Mean +/- standard deviation is shown. (D) Full statistical analysis 

results of one-way ANOVA testing for data presented in Figure 2B (BMM CpG 

DNA), 2C (RAW264.7 CpG DNA), 2D (BMM LPS), and 2E (RAW264.7 LPS).  * p 

< 0.05, ** p < 0.01, *** p < 0.001, **** < 0.0001. Data are representative of three 

independent experiments with three biologic replicates. 
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Cytokine secretion is regulated by growth substrate stiffness 

We next asked whether changing the stiffness of the growth substrate could, by itself, 

affect the ability of macrophages to respond to TLR9 and TLR4 stimulation.  BMMs 

plated on fibronectin-coated 1 kPa PA gels secreted more TNFa in response to CpG 

DNA than BMM plated on either fibronectin-coated 20 kPa or 150 kPa PA gels 

(Figure 2.5A). Similarly, BMM plated on 1 kPa gels secreted more TNFa in response 

to LPS (Figure 2.5B). BMMs on 1 kPa PA gels also secreted more of the anti-

inflammatory cytokine, IL-10, in response to CpG DNA (Figure 2.5C). There was no 

significant difference in TNFa, or IL-10, released from BMMs on either 20 kPa or 

150 kPa PA gels. We conclude that TLR-mediated cytokine responses in BMMs are 

regulated by physiologically relevant differences in extracellular substrate stiffness. 

The absence of a difference in cytokine response by BMMs on 20 kPa and 150 kPa 

PA gels indicates that the mechanoregulation of TLR signaling is not linear, but that 

there is a specific threshold for surface stiffness to regulate macrophage TLR 

response.  
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Figure 2.5. TLR-induced cytokine release by macrophages is regulated by 

substrate stiffness.(A-C) BMM were plated on fibronectin (fn)-coated 1 kPa, 20 kPa, 

and 150 kPa PA gels for 18 hrs. (A) BMM were stimulated for 24 hr with media (-) or 

3μM CpG DNA (+). (B) BMM were stimulated with media (-) or 100ng/ml LPS (+) 

and secreted TNFa was quantified by ELISA. (C) As in A except secreted IL-10 was 

quantified by ELISA. (D-F) as in A-C except RAW264.7 cells were plated on fn-

coated PA gels of the indicated stiffness and the attached cells were mounted in DAPI 

mounting medium and nuclei were quantified by ImageJ to normalize cytokine 

secretion per million cells. Data are representative of a minimum of three independent 

experiments, each with three biologic replicates. Mean +/- standard deviation is 

shown, and results were analyzed by one-way ANOVA. *p<.05, **p<.01,***p<.001, 

****p<.0001   
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Unlike BMMs, which adhered similarly to the different stiffness gels, RAW264.7 

macrophages exhibited lower adhesion on soft gels (Figure 2.6). Differential stiffness-

dependent cell adhesion has been previously been reported in other cell types 

(55,58,59). The differences in adherence between the two cells suggest a difference in 

attachment formation, and we hypothesized that TLR signaling in RAW264.7 

macrophages would be less sensitive to differences in extracellular substrate stiffness 

than BMMs. Cytokine production by the RAW264.7 was normalized to the number of 

cells attached to the gels. Unlike BMMs, RAW264.7 macrophages plated on 1 kPa, 20 

kPa, and 150 kPa PA gels responded similarly to CpG DNA (Figure 2.5D). 

RAW264.7 showed a stiffness-dependent, biphasic LPS-induced TNFa secretion with 

more TNFa released on soft 1 kPa and stiff 150 kPa PA gels and a lower response on 

the intermediate stiffness 20 kPa PA gels (Figure 2.5E). A similar biphasic response 

was observed in release of IL-10 in response to CpG DNA (Figure 2.5F). Together, we 

conclude that TLR4- and TLR9-mediated secretion of pro- and anti-inflammatory 

cytokines in both the RAW264.7 cell line and primary BMM is regulated by the 

physical stiffness of the underlying substrate, but that the two macrophage models 

differ in their responsiveness to the underlying stiffness. 
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Figure 2.6. Adhesion of BMMs and RAW264.7 cells to different stiffness 

polyacrylamide gels. A) BMM average number of nuclei/field (n=10) was calculated 

and then multiplied by the number of fields per 22mm coverslip to estimate the 

number of cells/coverslip for each condition. B) As in (A), but RAW264.7 cells. Data 

combined from three independent experiments. Mean +/- standard deviation is shown 

and data are analyzed by one-way ANOVA. 
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Polyacrylamide gel stiffness does not regulate mRNA expression of TLR9, uptake of 

CpG DNA, or secreted factors 

Regulation of TLR9 signaling is complex, with multiple potential points for 

modulation by stiffness-dependent signals (2). Therefore, we next asked whether 

TLR9 mRNA expression was affected by stiffness. We collected total RNA from 

BMMs plated for 24 hours on fibronectin-coated 1 kPa, 20 kPa, and 150 kPa gels and 

glass and performed quantitative real-time PCR for TLR9 and the housekeeping gene 

GAPDH. TLR9 mRNA expression was decreased in BMMs on 1 kPa PA gels 

compared to glass, but no significant differences in expression were observed in 

BMMs on each of the three stiffness PA gels (Figure 2.7A). It is important to note that 

we observed more cytokine production in response to TLR9 stimulation in BMM on 1 

kPa gels, yet slightly lower TLR9 expression. Thus, the reduced TLR9 expression 

does not account for increased cytokine production observed in BMMs on 1 kPa PA 

gels.  

 

We next asked whether decreased substrate stiffness, which inhibited cytoskeletal 

rearrangements in response to CpG DNA, enhanced the uptake of CpG DNA to drive 

the increased release of TNFa by BMMs on soft 1 kPa gels versus the stiff 20 kPa and 

150 kPa gels. BMMs attached to fibronectin-coated 1 kPa, 20 kPa, and 150 kPa gels 

were incubated with Cy3-labeled CpG DNA, and detached to measure uptake by flow 

cytometry. There was no difference in median fluorescent intensity (MFI) in BMMs 

incubated with Cy3-CpG DNA on any stiffness gel (Figure 2.7B). Although CpG 

DNA induced RAW264.7 macrophages to secrete similar levels of TNFa regardless 
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of whether they were attached to 1, 20, or 150 kPa gels, TNFa secretion by 

macrophages on any of the three stiffness gels was greater than by macrophages on 

glass (Figure 2.7C). The same was true for BMMs (2.7D). Both RAW264.7 and BMM 

took up slightly more CpG DNA on glass than on 20 kPa (Figure 2.7E,F). Thus, 

decreased responsiveness to TLR9 stimulation by macrophages on glass is not due to 

decreased uptake of CpG DNA.  We conclude that the enhanced release of TNFa in 

response to CpG DNA stimulation by BMM on 1 kPa PA gels is not due to an 

increase in TLR9 mRNA expression or increased ligand uptake. 
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Figure 2.7. Regulation of TLR9 signaling by substrate is not due to TLR9 mRNA 

expression or uptake of ligand. (A) BMMs were plated on fibronectin (fn)-coated 1 kPa, 

20 kPa, 150 kPa PA gels or glass for 24 hours. RNA was collected and relative expression 

of TLR9 was measured by quantitative PCR and normalized to GAPDH by the DDCt 

method. The relative expressions of TLR9 by BMMs on different stiffness gels compared 

to glass are shown. (B) BMMs on PA gels of indicated stiffness were incubated with Cy3-

labeled CpG DNA for 1hr at 37°C. Cells were removed and uptake was measured by flow 

cytometry. (C) RAW264.7 cells grown on fn-coated glass and 20 kPa gels were stimulated 

with CpG DNA for 24hrs and TNFa in the supernatant was measured by ELISA. (D) 

BMMs were treated as in C. (E) Uptake of CpG DNA by RAW264.7 on fn-coated glass 

and 20 kPa PA gels was measured as described in B. (F) BMMs were treated as in (E). 

(G) Experimental design. RAW264.7 cells were grown on fn-coated glass or 20 kPa PA 

gels for 24 hours. Cell conditioned media (CM) was transferred to second set of 

RAW264.7 cells attached to fn-coated glass. After a 24 hour incubation with CM, cells on 

glass were stimulated with CpG DNA (3µm) for 24 hours. Supernatants were collected 

and analyzed for TNFa by ELISA. (H) TNFa secreted by RAW264.7 cells treated as 

described in (G). (I) Experimental design. RAW264.7 cells were grown on fn-coated glass 

or 20 kPa PA gels for 24 hours. CM from these cells was transferred to another set of 

RAW264.7 cells attached to fn-coated 20 kPa PA gels. After a 24 hour incubation with the 

CM, cells on 20 kPa gels were stimulated with CpG DNA (3µm) for 24 hours. 

Supernatants were collected and analyzed for TNFa by ELISA. (J) TNFa secreted by 

RAW264.7 cells on fn-coated 20 kPa gels described in (I). 
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We next asked whether TLR9 signaling was indirectly regulated through secretion of 

soluble factors acting in an autocrine or paracrine fashion. RAW264.7 macrophages 

were plated on fibronectin-coated glass or 20 kPa gels for 24 hours. Conditioned 

media from these cells were added to a second set of RAW264.7 macrophages plated 

on glass, and the cells were stimulated with CpG DNA for 24 hours (Figure 2.7G). 

There was no difference in TNFa secretion by macrophages on glass treated with 

either conditioned media (Figure 2.7H). Similarly, RAW 264.7 macrophages on 20 

kPa gels treated with each conditioned media (Figure 2.7I) did not differ in CpG 

DNA-induced TNFa secretion (Figure 2.7J). We conclude that stiffness-dependent 

differences in TLR signaling are not due to production of secreted factors.   

 

ROCK inhibits TLR signaling through inactivation of p38 

In fibroblasts and endothelial cells, increases in extracellular stiffness induce multiple 

mechanotransduction signaling cascades including Rho and its downstream effector 

ROCK(60,61). In RAW264.7 cells plated on fibronectin-coated glass, ROCK1 was 

expressed at significantly higher levels, and was constitutively phosphorylated, 

compared to cells plated on 1 kPa, 20 kPa, or 150 kPa gels (Figure 2.8A).  We 

observed several bands detected by the ROCK1 antibody (Figure 2.9A), and the 

phosphorylated band corresponded to a lower molecular weight fragment and not full-

length ROCK1, which is predicted to be 160kDa. To investigate whether TLR 

signaling was regulated by the Rho/ROCK mechanotransduction pathway, we cultured 

RAW264.7 cells on tissue culture plastic and blocked ROCK1/2 with the small 

inhibitor, Y-27632 (ROCKi). Inhibition of ROCK1/2 did not affect viability (Figure 
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2.9B), but enhanced TNFa secretion induced by various concentrations of LPS. The 

enhancing effect was more pronounced at higher concentrations of LPS (Figure 2.8B). 

ROCK1 was barely detectable in BMM, even when the cells were plated on 

fibronectin-coated glass (Figure 2.9A), and ROCK1/2 inhibitor did not significantly 

change LPS-induced TNFa production by BMM (Figure 2.9C).  Since ROCK1/2 

inhibition augments TLR signaling, we conclude that when ROCK1/2 are normally 

active in cells, these kinases negatively regulate macrophage TLR-induced signaling.  
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Figure 2.8. ROCK enhances TNFa release by RAW264.7 cells 

(A) RAW264.7 cells were plated on fibronectin-coated 1 kPa, 20 kPa, and 150 kPa PA 

gels or glass for 24 hours. Cells were lysed in reduced SDS-PAGE loading dye. 

Lysates were boiled, resolved by SDS-PAGE, and analyzed by sequential 

immunoblotting for phosphorylated ROCK (top), total ROCK1 (middle), and a-

tubulin (a-tub, bottom). (B) RAW264.7 cells were treated with the ROCK1/2 

inhibitor, Y-27632 (10µM), or vehicle control (media) for 1 hour, followed by a 6 

hour incubation with LPS at the indicated concentrations (n=4). TNFa in the 

supernatants was measured by ELISA. Mean +/- standard deviation is shown and 

results were analyzed by one-way ANOVA with Sidak’s multiple comparisons test 

****p<.0001. Data are representative of three independent experiments. 
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Figure 2.9 (A) RAW264.7 or BMMs were plated on fibronectin-coated 1 kPa, 20 kPa, 

and 150 kPa PA gels or glass for 24 hours. Cells were lysed in reduced SDS-PAGE 

loading dye, proteins were resolved by SDS-PAGE and analyzed by sequential 

immunoblotting for total ROCK1 and alpha tubulin (a-tub). (B) Unstimulated 

RAW264.7 cells were incubated with the indicated concentrations of ROCKi for 7hr 

and then CCK8 reagent was added for 4hr prior to reading the absorbance at 450nm to 

determine viability. (C) BMMs were treated with the ROCK1/2 inhibitor, Y-27632 

(10µM), or vehicle control (media) for 1 hour, followed by a 6 hour incubation with 

LPS at the indicated concentrations (n=4). TNFa in the supernatants was measured by 

ELISA. Mean +/- standard deviation is shown and results were analyzed by one-way 

ANOVA with Sidak’s multiple comparisons test. Data are representative of two 

independent experiments.
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TLR signaling requires the activity of many kinases including the MAP kinases: p38, 

ERK1/2, and JNK (2). Therefore, we asked whether inhibition of ROCK1/2 would 

enhance the LPS-induced phosphorylation, and thus activation, of these kinases in 

RAW264.7 cells. LPS induced p38 phosphorylation in untreated RAW264.7 cells at 

15 minutes, which remained high at 30 minutes, and was reduced to near background 

levels by 60 minutes. Pre-treatment with ROCKi also resulted in detectable p38 

phosphorylation at 15 minutes, but phosphorylation continued to increase at 30 

minutes and remained higher than uninhibited cells at 60 minutes (Figure 2.10A, 

Figure 2.11A). Phosphorylated ERK1/2 peaked at 15 minutes, and was reduced to near 

background levels by 60 minutes. Pre-treatment with ROCKi resulted enhanced 

ERK1/2 phosphorylation at 30 minutes and more sustained phosphorylation at 60 

minutes (Figure 2.10A, Figure 2.11B,C). In contrast, phosphorylation of JNK was 

lower overall and equivalent in control and ROCKi-treated cells (Figure 2.10A, Figure 

2.11D,E). The downstream transcription factor NFkB (p65) exhibited basal 

phosphorylation, and phosphorylation increased over 60 minutes following 

stimulation with LPS (Figure 5B). Inhibition of ROCK1/2 augmented p65 NFkB 

phosphorylation (Figure 2.10B).  

 

Primary BMMs cells stimulated with LPS also had detectable phosphorylation of p38 

at 15 minutes and 30 minutes, and remained increased compared to the background 

levels even at 60 minutes. Pre-treatment with ROCKi resulted in earlier p38 

phosphorylation at 5 minutes with a peak at 30 minutes, and sustained higher levels of 

phosphorylation at 60 minutes compared to vehicle control treated cells (Figure 5C, 
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Figure 2.11F). Pre-treatment of BMMs with ROCKi resulted in detectable 

phosphorylated ERK1/2 at 5 minutes (Figure 2.10C, Figure 2.11G,H). ERK1 peaked 

at 15 minutes, but remained increased through 60 minutes. ERK2 continued to 

increase through 60 minutes. Unlike in RAW264.7 cells, phosphorylation of JNK was 

not detected at any time point in either vehicle control or ROCKi BMMs (not shown). 

In BMM, NFkB p65 was phosphorylated with slower kinetics than in RAW264.7 

cells, peaking at 60 minutes (Figure 2.10D). This phosphorylation was slightly 

increased by ROCKi at 5 minutes and 30 minutes (Figure 2.10D). We conclude that 

blocking traditional ROCK-dependent pathways augments TLR signaling by 

enhancing phosphorylation of at least two key kinases, p38 and ERK1/2, and the 

downstream transcription factor NFkB. 
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Figure 2.10. Inhibition of ROCK enhances TLR signaling and prolongs TLR-

induced p38, ERK 1/2, and NFkB phosphorylation. (A) RAW264.7 cells plated on 

tissue culture plastic dishes were treated with ROCKi (10µM) or vehicle control for 

1hr, and then treated with LPS (100ng/ml) for the indicated times. Cells were lysed in 

reduced SDS-PAGE loading dye and boiled. Lysates were resolved by SDS-PAGE 

and analyzed by sequential immunoblotting for phosphorylated-p38 (P-p38) and total 

p38 (p38) or ERK1/2 (P-ERK1/2) and JNK (P-JNK) and a-tubulin. (B) As in (A) 

except immunoblots were probed sequentially for phosphorylated p65 NFkB (P-

NFkB), total NFkB (tot NFkB) and �a-tubulin (a-tub). (C) BMMs plated on tissue 

culture plastic dishes were treated as in A and protein lysates were similarly resolved 

and immunoblotted for P-p38, total p38 (p38), P-ERK1/2, and a-tubulin (a-tub). (D) 

As in (B) except with BMMs. Data are representative of two (A) or three (B-D) 

independent experiments. 

  



 

67 

 

 

Figure 2.11. Densitometry of immunoblots for inhibition of ROCK enhances TLR 

signaling and prolongs TLR-induced p38 and ERK 1/2 phosphorylation. (A-E) In 

RAW264.7 cells treated with and without ROCKi, the relative concentrations of the 

indicated proteins shown in Figure 5A were quantified by densitometry using Image J 

software. (F-H) As in (A-E), except quantifying protein concentrations from BMMs 

shown in Figure 2.10B. 
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Discussion  

In this study, we have demonstrated that primary and immortalized macrophages sense 

and respond to the physical mechanics of their growth environment to regulate 

morphology and TLR signaling. We also demonstrated that the inhibition of 

ROCK1/2, which interrupts mechanotransduction signaling initiated when cells bind 

to the growth surface, augmented TLR signaling. ROCK1/2 inhibition both enhanced 

TNFa production and prolonged activation of TLR downstream kinases p38 and 

ERK1/2. Thus, our data support a model where physical stiffness of growth surfaces 

provides mechanical signals that specifically modulate TLR-mediated inflammatory 

responses.  

 

The most profound differences in morphology were observed between macrophages 

grown on traditional glass surfaces and those grown on PA gels, which are all 

significantly less stiff than glass. The differences in morphology in unstimulated 

BMMs were modest, but notable because they occur within the narrow range of 

physiologically-relevant stiffnesses. The morphologic changes in BMMs that occur in 

response to CpG DNA stimulation were also dependent on stiffness. Stiffness-

dependent changes in cell height, cell area, and adhesion have been reported in rat 

alveolar macrophages when attached to glass (>1 MPa) and 40 kPa PA gels coated 

with collagen type I (62). Human monocyte-derived macrophages have a larger 

surface area and migrate faster on stiff PA gels (280 kPa) compared to soft PA gels (1-

5kPa) (63). Because macrophage polarization to the anti-inflammatory phenotype is 

regulated by increased stiffness (64) or simply by being forced into an elongated 
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morphology (50), the relatively modest differences in morphology observed here 

could have significant consequences on macrophage differentiation within tissues of 

different stiffness.     

 

Our data, and those of others, support a role for mechanoregulation of TLR signaling. 

We did not observe significantly altered levels of TLR mRNA in macrophages 

attached to different stiffness surfaces, and we observed less and not more CpG DNA 

uptake in macrophages on lower stiffness surfaces. Thus, it is unlikely that expression 

level or ligand access explains the augmented response of macrophages on lower 

stiffness surfaces to TLR stimuli. Instead, our data show a role for substrate stiffness 

and the rho/ROCK pathway in regulating TLR signaling. These findings expand upon 

previous work and underscore the importance of physical cues in determining 

macrophage functional fate. The attachment of RAW264.7 cells to tissue culture 

plastic has been shown to activate the cell cycle kinase cdc42, an important mediator 

in the mechanoregulation of phagocytosis (65). Macrophages on stiff substrates also 

display increased lipopolysaccharide (LPS)-induced phagocytosis compared to 

macrophages on soft substrates (65,66). Studies have also shown that LPS-induced 

TNFa production decreased with increased stiffness (65); however those studies used 

supraphysiologic concentrations of LPS (1µg/ml) and did not detect the subtle, and 

more physiologically relevant, differences in morphology and inflammatory activity 

we report here (65). In contrast, studies in the human promonocytic THP-1 cells found 

that stiffness did not regulate the release of TNFa release(58), which is similar to our 

observations in RAW264.7 cells (Figure 3). These discrepancies likely reflect cell-



 

70 

specific differences in the sensitivity to mechanosignals and underscore the need to 

carefully document mechanoregulation in each cell types.  

 

While integrins may be mechanosensory receptors that integrate sensation of surface 

mechanics with regulation of TLR signaling(67-74), several recent studies have 

implicated mechanosensitive members of the transient receptor potential (TRP) 

family, including TRPV4 and TRPM7, in the regulation of TLR4 signaling. For 

example, TRPM7 is critical for LPS-induced Ca++ flux, and TRPM7-deficient mouse 

macrophages exhibit reduced TLR4 endocytosis as well as both interferon regulatory 

transcription factor 3- and NFkB-dependent gene upregulation (75). TRPM7-deficient 

mice were protected from lethality induced by intraperitoneal injection of LPS (75). 

Similarly, macrophages from TRPV4-deficient mice had a significantly lower 

response to LPS than wild-type macrophages (66). In contrast, another group found 

that in the absence of TRPV4, LPS induced greater macrophage and neutrophil 

recruitment, due to increased cytokine and chemokine production by TRPV4-deficient 

airway epithelial cells (76). Thus, additional studies will be required to determine the 

role of various mechanosensory receptors in TLR signaling. 

 

In several experiments, we noted that stiffness induced a biphasic response in 

macrophages. The morphology of BMMs and cytokine production by RAW264.7 cells 

in response to LPS were similar on soft (1 kPa) and stiff (150 kPa) gels, but different 

than that observed on intermediate stiffness (20 kPa) gels (Figure 3). A similar 

biphasic phenomenon has been reported in human THP1 cells treated with phorbol 
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myristate acetate, where maximal release of IL-8 was observed when cells were grown 

on interpenetrating polymer networks with a stiffness of 9.9kPa versus 1 kPa or 

389kPa (58). One possible explanation is that macrophage response to an 

inflammatory stimulus is optimal at “average” tissue stiffness (e.g. 20 kPa PA gels). 

Thus, conditions that either decrease stiffness (e.g. necrosis) or increase stiffness (e.g. 

fibrosis) can modulate macrophage response.  

  

Changes in tissue stiffness via ECM remodeling occur in diseases such as cancer, 

cardiovascular disease, and hepatic disease (35,36,52,77-83). Changes in stiffness are 

not simply a pathologic consequence, but have also been shown to affect disease 

course. For example, increased tissue stiffness drives metastatic potential of cancer 

cells (52,82). Reducing tissue stiffness through the administration of a lysyl oxidase 

inhibitor, β-aminopropionitrile, reduced tumor stiffness and breast tumor progression 

in a mouse model (84). Macrophages play a critical regulatory role in inflammatory 

and fibrotic diseases; thus reprogramming macrophages in vivo is a potential way to 

treat diseases and repair tissue (85). Our studies suggest that interrupting macrophage 

mechanosensing in vivo will enhance TLR-mediated inflammation, and thus may have 

implications for treatment of chronic inflammatory and fibrotic diseases. Targeted 

modulation of tissue stiffness offers a novel approach to directly promote favorable 

macrophage functions and indirectly improve disease outcome via macrophage-

mediated activities. In summary, our studies offer new insight into the role of 

mechanotransduction in regulating macrophage function, and identify specific cellular 

pathways that could be therapeutically targeted to reprogram macrophages.  
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Abstract 

Macrophages are key players in the development of atherosclerosis: they scavenge 

lipid, transform into foam cells, and produce proinflammatory mediators.  At the same 

time, the arterial wall undergoes profound changes in its mechanical properties. We 

recently showed that macrophage morphology and proinflammatory potential are 

regulated by the stiffness of the growth substrate. Here we asked whether substrate 

stiffness also regulates lipid uptake by macrophages. We cultured murine bone 

marrow-derived macrophages (BMMs) on polyacrylamide gels modeling stiffness of 

healthy (1 kPa) and diseased (10-150 kPa) blood vessels. In unprimed BMMs, 

increased substrate stiffness increased uptake of oxidized (oxLDL) and acetylated 

(acLDL) low density lipoproteins and generation of reactive oxygen species, but did 

not alter phagocytosis of bacteria or silica particles. Macrophages adapted to stiff 

growth surfaces had increased mRNA and protein expression of two key lipoprotein 

receptors: CD36 and scavenger receptor b1. Regulation of the lipoprotein receptor, 

lectin-like receptor for ox-LDL, was more complex: mRNA expression decreased but 

surface protein expression increased with increased stiffness. Focal adhesion kinase 

was required for maximal uptake of oxLDL, but not of acLDL. Uptake of oxLDL and 

acLDL was independent of rho-associated coiled coil kinase. Through pharmacologic 

inhibition and genetic deletion, we found that transient receptor potential vanilloid 4 

(TRPV4), a mechanosensitive ion channel, plays an inhibitory role in the uptake of 

acLDL, but not oxLDL. Together, these results implicate mechanical signaling in the 

uptake of acLDL and oxLDL, opening up the possibility of new pharmacologic targets 

to modulate lipid uptake by macrophages in vivo. 
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Introduction 

Atherosclerosis is a major underlying cause of cardiovascular diseases including 

stroke, coronary artery disease, and peripheral artery disease. Now widely understood 

as a chronic inflammatory disease, atherosclerosis develops due to progressive 

accumulation of cholesterol-rich low-density lipoproteins (LDL) and immune cells 

within the arterial wall that eventually form lipid-rich plaques [1].  The arterial wall 

undergoes extensive remodeling of the extracellular matrix (ECM) resulting in the 

characteristic global increase in arterial stiffness and focal regions of decreased  

stiffness [2–4]. 

 

Macrophages are the predominant immune cell type in atherosclerotic plaques, and 

scavenge infiltrating native low-density lipoprotein (LDL), as well as the oxidized 

(oxLDL) and acetylated (acLDL) forms that are cytotoxic and pro-inflammatory [5]. 

Uptake of oxLDL and acLDL occurs via multiple mechanisms, including phagocytosis 

and micropinocytosis; however receptor-mediated endocytosis is the dominant 

mechanism [6,7]. Key receptors include scavenger receptor (SR)A, SRb1, CD36, and 

lectin-like oxidized LDL receptor-1 (LOX-1) [8–13].  Continued internalization of 

LDLs causes the formation of proinflammatory foam cells that secrete cytokines (e.g. 

tumor necrosis factor [TNF]a), generate reactive oxygen species (ROS), and 

eventually undergo necrosis to promote progression of disease [5,14,15]. Foam cells 

are central to plaque development in the ApoE-/- mouse model of atherosclerosis 

[7,16]. Because macrophages have a high degree of functional plasticity in response to 
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microenvironmental cues, modulation of macrophage function has been proposed as a 

therapeutic mechanism to slow or reverse atherosclerosis [17,18]. 

 

Arterial stiffness changes (measured by Young’s modulus of elasticity (pascals; Pa)) 

precede hypertension, and in patients with hypertension, atherosclerosis is associated 

with higher risk of death [19–21].  Regional differences in plaque occur in part due to 

ECM remodeling and result in stiffnesses that vary from soft lipid-rich areas (1-5 kPa) 

to stiff cellular fibrotic areas (10-14 kPa) to very stiff hypocellular fibrous cap regions 

up to 250 kPa [3].  In a mouse model of atherosclerosis, increased arterial stiffness 

also precedes plaque development, and reduction of tissue stiffness reduces the 

accumulation of lipid-laden macrophages in the atherosclerotic plaque and subsequent 

plaque development [19,22]. Global arterial stiffening increases vascular permeability 

and leukocyte transmigration and may increase the risk of cardiovascular disease [23].  

 

In vitro growth substrates, such as polyacrylamide gels, can be adjusted to different 

stiffnesses to interrogate the role of stiffness in regulating cell function [24,25]. We 

recently showed that macrophages on soft 1 kPa polyacrylamide gels were more pro-

inflammatory in response to toll-like receptor (TLR) activation compared to 

macrophages on gels of higher stiffness. Inhibition of rho-associated coiled coil kinase 

(ROCK1/2), a key mechanotransduction kinase that regulates diverse functions 

including cell migration, proliferation, and survival, enhanced TLR signaling and 

release of TNFa [26,27]. Other groups have shown that increased substrate stiffness 

correlates with enhanced lipopolysaccharide (LPS)-induced macrophage phagocytosis 
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[28,29]. Yet, the extent to which the stiffness of the growth substrate regulates 

macrophage uptake of lipid is not well understood.  

 

In this study, we evaluated the role of substrate stiffness in regulating three major 

macrophage functions involved in the pathogenesis of atherosclerosis: phagocytosis, 

uptake of oxLDL and acLDL, and generation of ROS. We show that although 

phagocytosis by unprimed macrophage was unaffected by differences in substrate 

stiffness, accumulation of both acLDL and oxLDL were profoundly affected. 

Stiffness-dependent increases in lipid accumulation correlated with increased surface 

expression of the lipoprotein uptake receptors CD36, SRb1, and LOX-1.  Uptake of 

oxLDL was independent of ROCK1/2, but dependent on the major upstream signaling 

hub, focal adhesion kinase (FAK). In contrast, uptake of acLDL was independent of 

both ROCK1/2 and FAK. The mechanosensitive calcium ion channel, transient 

potential vanilloid-4 (TRPV4), which has been implicated in regulation of oxLDL 

uptake, negatively regulated the uptake of acLDL. Finally, we show ROS production 

is increased in both unstimulated and oxLDL-treated macrophages on stiff surfaces. 

Together, these findings identify mechanoregulatory mechanisms that differentially 

govern the uptake of acLDL and oxLDL. 
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Materials and Methods 

Reagents 

Alexa Fluor 594-conjugated BioParticles® synthesized from killed Escherichia coli 

(K-12 strain), Staphylococcus aureus (Wood strain without protein A), and Zymosan 

A (Saccharomyces cerevisiae) were from ThermoFisher Scientific (Waltham, MA). 

Silica beads were from Kisker Biotech (Moffat Beach, Queensland) and labeled with 

DQ Green BSA (ThermoScientific) as described [31]. Unlabeled oxLDL (lot number 

910G18A), along with 1,1'-dioctadecyl-3,3,3',3'-tetramethyl-indocarbocyanine 

perchlorate (DiI)-labeled acLDL (fl-acLDL; J65597; lot numbers 920C18A, 

902F18A) and oxLDL (fl-oxLDL; J64164; lot numbers 920C18A, 902F18A) were 

from Alfa Aesar (Tewksbury, MA). Inhibitors of ROCK1/2 (Y-27632), FAK (PF-

573228), and TRPV4 (HC-067047 and GSK2193874) were from Sigma-Aldrich (St. 

Louis, MO), and used at the indicated concentrations. Primary antibodies were against 

murine CD36 (monoclonal Armenian hamster; BioLegend; San Diego, CA), SRb1 

(polyclonal rabbit; Novus biologicals; Littleton CO), and LOX-1 (polyclonal rabbit; 

abcam; Cambridge, MA). Dihydroethidium (DHE) was from ThermoFisher Scientific 

(Waltham, MA).  

 

Animals and cell culture 

Murine (Mus musculus ) primary bone marrow-derived macrophages (BMM) were 

generated from the femurs and tibias from 8-12 week old male wild type C57B/6 mice 

(WT; Jackson Laboratory, Bar Harbor, ME) or TRPV4 knockout C57B/6 mice 

(TRPV4-/-; originally generated by Suzuki et al and kindly provided by Dr. David 
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Zhang) [31,32]. Bone marrow cells were plated at 0.8 x 106 cells/ml in 10cm non-

tissue culture-treated petri dishes in DMEM supplemented with 2 mM L-glutamine, 50 

U/ml penicillin, 50 µg/ml streptomycin, 10% L cell conditioned media (v/v), and 10% 

low endotoxin FBS (v/v) (complete media) and cultured at 37°C in a humidified 

incubator with 5% CO2. BMMs were detached with 0.25% trypsin (Corning CellGro, 

Tewksbury, NY, USA), as needed. Cell viability was >95% (trypan blue exclusion) 

and cells were enumerated with a hemacytometer. Recovered cells were routinely 

>99% macrophages, as determined by F4/80 staining. All animal experiments were 

approved by Cornell University's Institutional Animal Care and Use Committee 

(Animal Welfare Assurance A3347-01). Cornell University is accredited by the 

Association for Assessment and Accreditation of Laboratory Animal Care 

International. 

 

Preparation of polyacrylamide gels 

Polyacrylamide gels of uniform thickness were prepared as described [27]. Briefly, 

polyacrylamide mixtures were prepared using stiffness-specific ratios of 

bisacrylamide:acrylamide in HEPES (14mM), and polymerized with 

tetramethylethylenediamine (0.0054%) and ammonium persulfate (0.05%) [25]. After 

polymerization, PA gels were coated with sulfa-SANPAH (sulfosuccinimidyl 6-(4'-

azido-2'-nitrophenylamino)hexanoate) (0.2mg/mL, Sigma), and crosslinked with 

ultraviolet light for 10 minutes. Covalent binding of fibronectin (20μg/ml, Corning, 

Bedford, MA) to the gel surfaces was achieved with overnight incubation at 4°C. 
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Lastly, PA gels were equilibrated in complete media at 37°C for 1 hour prior to cell 

attachment. 

 

Phagocytosis assay and microscopy 

4 x 10^5 BMMs were transferred to fibronectin-coated PA gels (1 kPa, 20 kPa, 150 

kPa) or fibronectin-coated glass for 24 hours. Fluorescently labeled silica beads or 

microbial BioParticles® were opsonized by incubating with mouse serum 30 minutes 

at 37°C on an orbital rotator. Beads and Bioparticles® were washed in sterile 

phosphate buffered saline (PBS), quantified on a hemacytometer, and added to the 

macrophages at a ratio of 3:1 (beads) or 10:1 (Bioparticles®). The assay was 

synchronized with a two-minute centrifugation at 400 x g and cells were incubated at 

37°C for the indicated times. Coverslips were rinsed in PBS, fixed in 3% 

paraformaldehyde (PFA) in PBS, permeabilized in 0.1% Triton-X, and blocked with 

1% bovine serum albumin (BSA; Affymetrix) in PBS. BMMs were incubated with 

Alexa Fluor 488-phalloidin (165nM, ThermoFisher) in 1% BSA (w/v) in PBS for 20 

minutes at 22°C to stain filamentous actin. Coverslips and PA gels were mounted onto 

glass slides with Prolong Anti-Fade with DAPI (ThermoFisher Scientific). Slides were 

imaged with an Axio Imager M1 microscope (Zeiss, Thornwood, USA) and an 

Axiocam MRm (Zeiss). A minimum of 50 phagocytic cells on each surface were 

analyzed; the number of particles per cell was quantified using Cell Counter plugin in 

ImageJ software (open source).   
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RNA purification and quantitative real-time PCR (qPCR) 

Total RNA was isolated and purified with TRIzol according to the manufacturer’s 

instructions (Thermo Fisher Scientific, Waltham, MA). RNA was quantified by 

spectrophotometry (Quawell Q3000, Palo Alto, CA). Residual genomic DNA was 

digested with DNase I (Invitrogen, Carlsbad, CA), and cDNA was synthesized using 

SuperScript III reverse transcriptase reagents (Invitrogen) according to the 

manufacturer’s instructions in a thermocycler (BioRad MyCycler, Hercules, CA).  

 

Quantitative real-time PCR (qPCR) was performed in duplicate using Power SYBR 

Green master mix reagent (Applied Biosystems by Life Technologies) according to 

the manufacturer’s instructions on an Applied Biosystems 7500 Fast Real-Time PCR 

System (Life Technologies) in standard mode. Cycle parameters were: 1 cycle at 50°C 

for 2 min, 1 cycle at 95°C for 10 min, then 40 cycles at 95°C for 15 sec and 60°C for 1 

min. Relative gene expression was calculated with the DDCt method using 18S as the 

reference housekeeping gene. Primer sequences are listed in Table 1. Unless otherwise 

indicated, primers were designed with the Integrated DNA Technologies Realtime 

PCR Tool. All primers were purchased from Integrated DNA Technologies (San 

Diego, CA). 
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Table 3.1. Primer sequences for qPCR 

Gene Forward Reverse 

18S[33] 5’ GTA ACC CGT TGA ACC 

CCA TT 3’ 

5’CCA TCC AAT CGG TAG TAG 

CG 3’ 

LOX-1 5’ GCT ATG GGA GAA TGG 

AAC TC 3’ 

5’ GCT CCG TCT TGA AGG TAT 

G 3’ 

CD36[34] 5’GAT GAC GTG GCA AAG 

AAC AG 3’ 

5’ TCC TCG GGG TCC TGA GTT 

AT 3’ 

SRA 5’ CTC TCT ACC TCC TTG TGT 

TTG 3’ 

5’ TCC ATA GGA CCT TGA GAT 

GT 3’ 

SRB1 5’AGT GGG GGT GGG AGA 

GAA AC 3’ 

5’ CAA GCC TGT GAG CCT GAA 

GC 3’ 

LDL-R 5’ GGC CAT CTA TGA GGA 

CAA AG 3’ 

5’ TCA GCC ACC AAA TTC ACA 

T 3’ 

ABCA1[35] 5’ATA GTG TGG AGC TGC CCC 

ATC A 3’ 

5’ CCA CAT CCT GCA AGT AGG 

CGA A 3’ 

ABCG1 5’ TGT TCT TCT CCA TGC TGT 

TC 3’ 

5’ TCA GGC TGT ACC AGT AGT 

T 3’ 

 

Flow cytometric analysis 

BMMs were equilibrated to fibronectin-coated PA gels or fibronectin-coated glass. To 

measure lipid uptake, after 20 hours, media was replaced with OptiMEM 

supplemented with 1% BSA for 1 hour, and cells were then incubated with or without 
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fl-acLDL (2µg/ml) or fl-oxLDL (2µg/ml) on the gels for 4 hours at 37°C. For 

inhibition studies, BMMs were pretreated with inhibitors (Y-27632, PF-573228, HC-

067047, and GSK2193874) for 1 hour at 37°C prior to incubation with lipid. To 

measure surface protein expression of lipid uptake receptors, cells on PA gels for 24 

hours were detached and nonspecific binding was blocked with unlabeled anti-

CD16/CD32. Cells were incubated with unconjugated antibodies against CD36, SRb1, 

or LOX1 in PBS supplemented with 5% goat serum. After washing in 1% BSA in 

PBS, BMMs were incubated with goat anti-Armenian hamster Alexa Fluor 647(CD36) 

or goat anti-rabbit Alexa Fluor 488 (SRb1, LOX1) secondary antibodies. Negative 

controls were cells incubated with secondary antibody alone. To detect generation of 

reactive oxygen species (ROS), BMMs were equilibrated to gels and glass for 22 

hours. They were then incubated with or without oxLDL (25mg/ml) in OptiMEM with 

1% BSA for 2 or 24h at which time media was replaced with warm (37°C) PBS with 

or without dihydroethidium (DHE; 10µM) for 45 minutes. Cells were then washed and 

detached with 50mM EDTA in PBS. Single cell suspensions were prepared in Hanks’ 

buffered salt solution (HBSS, Corning, NY) with 1% BSA (w/v) and 0.1% sodium 

azide (w/v). Data were acquired with a BD FACSCantoTM II Flow Cytometer (BD 

Biosystems, San Jose), and a minimum of 10,000 events were analyzed using FlowJo 

software (FlowJo, LLC, Ashland, OR). 

 

Statistical analysis 

Data were graphed and analyzed using GraphPad by Prism software (La Jolla, USA). 

Comparisons were made using unpaired t-test, Kruskal-Wallis, or one-way ANOVA 
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with Tukey’s multiple comparisons test, as indicated in the figure legends. p < 0.05 

was considered significant. Experimental replicate numbers are indicated in the figure 

legends. 

Results 

Phagocytosis in unprimed macrophages is not regulated by growth substrate stiffness 

Phagocytosis by plaque macrophages plays an important and complex role in the 

pathogenesis of atherosclerosis [36]. LPS-induced phagocytosis has been reported to 

depend on growth surface stiffness [28,29], but it is unknown whether phagocytosis in 

the absence of LPS-priming is similarly regulated. Thus, we investigated phagocytosis 

of serum opsonized ~2µm silica beads and BioParticles (Gram-negative bacteria 

[E.coli], Gram-positive bacteria [S. aureus], and Zymosan [S. cerevisiae]) by BMMs 

equilibrated to fibronectin-coated 1, 20, 150 kPa gels or fibronectin-coated glass.  

Fibronectin enrichment is one of the earliest changes to the ECM in atherosclerosis-

prone regions [37,38]. Around 60% of macrophages phagocytized at least one silica 

particle, and there was no difference in the percentage of phagocytic cells on any of 

the surfaces at either 5 minutes (Figure 3.1A) or 30 minutes (Figure 3.2A, 

representative microscopy images Figure 3.3).  Although the percentage of BMMs that 

phagocytized at least one particle appeared to be higher for each of the biologic 

particles compared to silica beads, this observation was only significant in BMMs on 

20 kPa PA gels incubated with E. coli (One-way ANOVA, p<0.05) and S. aureus 

(One-way ANOVA, p<0.01). For each of the biologic particles, we found no 
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difference in the percentage of phagocytic cells on any of the surfaces at either 5 

minutes (Figure 3.1C, E, G) or 30 minutes (Figure 3.2 C, E, G). 
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Figure 3.1.	Phagocytosis	after	five	minutes	in	unprimed	macrophages	is	

independent	of	substrate	stiffness.	Primary	bone	marrow-derived	

macrophages	BMMs	were	grown	on	fibronectin-coated	1,	20,	150	kilopascal	

(kPa)	polyacrylamide	gels	or	fibronectin-coated	glass	for	24h.	BMMs	were	

incubated	with	fluorescently-labeled	(A-B)	silica	beads,	(C-D)	E.coli,	(E-F)	

S.aureus,	or	(G-H)	Zymosan	A	for	5min,	fixed	in	3%	paraformaldehyde,	stained	

with	phalloidin	(F-actin),	and	imaged	by	epifluorescence	microscopy.	(A,	C,	E,	G)	

show	the	percentage	of	BMMs	on	each	of	the	substrates	that	phagocytosed	at	

least	one	particle.	Mean	+/-	SD	from	three	independent	experiments	is	shown.	

Data	were	analyzed	by	one-way	ANOVA	with	Tukey’s	multiple	comparisons	test;	

no	significant	differences	were	reported.	(B,	D,	F,	H)	The	number	of	internalized	

particles	per	cell	from	a	minimum	of	50	BMMs	per	condition	in	three	

independent	experiments	were	quantified.	Results	were	analyzed	by	the	Kruskal-

Wallis	test.	
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Figure 3.2. Phagocytosis after 30 minutes in unprimed macrophages is 

independent of substrate stiffness. Primary bone marrow-derived macrophages 

(BMMs) were grown on fibronectin-coated 1, 20, 150kilopascal (kPa) polyacrylamide 

gels or fibronectin-coated glass for 24 hours. BMMs were incubated for 30 min with 

fluorescently-labeled (A-B) silica beads, (C-D) E.coli, (E-F) S.aureus, or (G-H) 

Zymosan A particles for 30min, fixed in 3% paraformaldehyde, stained with 

phalloidin (F-actin), and imaged by epifluorescence microscopy. (A, C, E, G) show 

the percentage of BMMs on each of the surfaces that phagocytized at least one 

particle. Mean +/- standard deviation from three independent experiments is shown. 

Data were analyzed by one-way ANOVA with Tukey’s multiple comparisons test; no 

significant differences were reported. In (B, D, F, H), the number of internalized 

particles per cell from a minimum of 50 BMMs per condition in three independent 

experiments were quantified. Results were analyzed by the Kruskal-Wallis test. 
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Figure 3.3.	Representative	epifluorescent	images	used	to	quantify	

phagocytosis	in	Figures	3.1	and	3.2.	Primary bone marrow-derived macrophages 

BMMs were grown on fibronectin-coated 1, 20, 150 kilopascal (kPa) polyacrylamide 

gels or fibronectin-coated glass for 24h. BMMs were incubated with fluorescently-

labeled (A-D) silica beads, (E-H) E.coli, (I-L) S.aureus, or (M-P) Zymosan A for 

30min, fixed in 3% paraformaldehyde, stained with phalloidin (F-actin), and imaged 

with an Axio Imager M1 microscope. Original objective magnification 63x, scale bar 

= 10 µm.	
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On all surfaces, phagocytosis of a single silica bead was the most common observation 

(Figure 3.2B).  BMMs on 20 kPa gels phagocytized more beads than BMMs on 150 

kPa gels at 5 minutes; however, this difference was transient since there was no 

difference at 30 minutes (Figure 3.1 and Figure 3.2B). At 5 minutes, the distribution of 

the number of E. coli particles per phagocytic BMM was slightly shifted to the right 

(more particles per cell) on 20 kPa gels and glass compared to the other surfaces; this 

difference was gone by 30 minutes (Figure 3.2D and Figure 3.1). These results 

differed from those observed with S. aureus or Zymosan A particles. No differences in 

the number of phagocytized of S. aureus or Zymosan A particles were detected at 5 

minutes; however, at 30 minutes the distribution of the number of phagocytized S. 

aureus and Zymosan A BioParticles per BMM was shifted to the right on glass versus 

1 kPa, 20 kPa, or 150 kPa gels (Figure 3.2F, H and 3.1). Although there were subtle 

differences in the number of particles phagocytized by BMMs on glass compared to 

gels, we conclude that, in general, phagocytosis in unprimed BMMs is independent of 

surface stiffness. 

  

Uptake of acetylated and oxidized LDL by macrophages is regulated by substrate 

stiffness  

BMM accumulation of oxLDL (fl-oxLDL) and acLDL (fl-acLDL) is time- and dose-

dependent (Figure 3.4).  We next asked whether substrate stiffness regulates 

macrophage uptake of fl-oxLDL or fl-acLDL. In BMMs grown on 1, 10, or 20 kPa 

gels prior to incubation with fl-oxLDL, uptake of fl-oxLDL was lowest in BMMs 
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grown on 1 kPa gels and two-fold higher in BMMs grown on 10 kPa and 20 kPa gels 

(Figure 3.5A). Uptake of fl-acLDL in BMMs grown on 1, 10, or 20 kPa gels was also 

lowest on 1 kPa gels; uptake increased in BMMs on 20 kPa gels by approximately 

17% (Figure 3.5B). Thus, uptake of both fl-oxLDL and fl-acLDL was significantly 

increased in BMMs grown on 10 kPa versus 1 kPa gels, with no further increase on 20 

kPa gels. We conclude modified LDL uptake is dependent on growth substrate 

stiffness, and is greater at substrate stiffnesses that approximate atherosclerotic artery 

(10-20 kPa) compared to that of normal blood vessel (1-2kPa) [3]. 
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Figure 3.4. Uptake	of	oxLDL	and	acLDL	is	time-	and	dose-	dependent.	Primary	

bone	marrow-derived	macrophages	(BMMs)	were	grown	on	fibronectin-coated	

glass	for	24	hours,	treated	as	indicated,	and	then	removed	into	a	single	cell	

suspension	for	analysis	by	flow	cytometry.	Treatments	were	as	follows:	A)	

fluorescently	labeled	oxidized	LDL	(fl-oxLDL)	at	final	concentrations	of	0.5,	1,	2,	

4,	8	µg/ml)	for	4	hours;	B)	fluorescently	labeled	acetylated	LDL	(fl-acLDL)	at	final	

concentration	of	0.5,	1,	2,	6,	10	µg/ml)	for	4	hours.	C)	fl-oxLDL	(2µg/ml)	for	0.5,	

1,	2,	4,	6,	24	hours;	or	D)	fl-acLDL	(2µg/ml)	for	0.5,	1,	2,	4,	24	hours.	Darker	

shades	of	red	correspond	to	higher	concentrations	of	fl-oxLDL	(A)	or	fl-acLDL	(B).	

Darker	shades	of	blue	correspond	to	longer	incubation	times	with	fl-oxLDL	(C)	or	

fl-acLDL	(D).	Data	are	representative	of	a	minimum	of	two	independent	

experiments.		
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Figure 3.5. Uptake of oxidized LDL (oxLDL) and acetylated LDL (acLDL) is 

regulated by growth surface stiffness. Primary bone marrow-derived macrophages 

(BMMs) were grown on fibronectin-coated 1, 10, 20kilo pascal (kPa) polyacrylamide 

gels 24 hours prior to incubation with fluorescently labeled (A) oxLDL (fl-oxLDL, 

2µg/ml) or (B) acLDL (fl-acLDL, 2µg/ml) for 4 hours. BMMs were removed into a 

single cell suspension for analysis of lipid uptake by flow cytometry. Graphs are 

representative of a minimum of three independent experiments. Mean +/- standard 

deviation of 3 biological replicates is shown. Data were analyzed with one-way 

ANOVA with Tukey’s multiple comparisons test. * p = 0.05; **** p < 0.001 
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Substrate stiffness regulates expression of LOX-1, CD36, and SRb1  

Receptor-mediated endocytosis is the dominant mechanism for the uptake of oxLDL 

and acLDL; thus, we next asked whether substrate stiffness regulated expression of 

key lipoprotein uptake receptors: CD36, SRA (bind oxLDL and acLDL); SRb1 (binds 

oxLDL,  acLDL, and high density lipoprotein); LOX-1 (binds oxLDL), and LDL 

receptor (LDL-R; binds native LDL)  [10,15,39]. 

 

BMMs on 150 kPa PA gels expressed higher levels of CD36 and SRb1 mRNA than 

BMMs on 1 kPa PA gels (Figure 3.6A, 3.6B). While there was a trend for intermediate 

levels of expression at 20 kPa, the difference was only significant for SRb1 (Figure 

3.6B). Unexpectedly, mRNA expression of LOX-1 was approximately two-fold lower 

in macrophages adapted to PA gels of 20 kPa or 150 kPa stiffness compared to those 

on 1 kPa PA gels (Figure 3.6C). No differences in the mRNA expression of LDL-R or 

SRA were detected (Figure 3.7A, B).  There were also no differences in mRNA 

expression of the cholesterol efflux transporters ATP-binding cassette transporter 

(ABC)A1 or ABCG1 (Figure 3.7 C, D). We conclude that substrate stiffness regulates 

mRNA expression of the CD36, SRB1, and LOX-1 scavenger receptors that recognize 

modified LDLs. 
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Figure 3.6. Growth surface stiffness regulates macrophage expression of CD36, 

SRb1, and LOX1. Primary bone marrow-derived macrophages (BMMs) were grown 

on fibronectin-coated polyacrylamide gels of the indicated stiffness (kPa; kilopascals) 

for 24 hours. A-C) Quantitative real-time PCR was used to measure mRNA expression 

of A) cd36, B) scavenger receptor b1 (srb1), and C) lectin-type oxidized LDL 

receptor-1 (lox-1). Expression was normalized to 18S mRNA. Graphs are a 

compilation from 3 independent experiments. Mean +/- standard deviation is shown, 

and data were analyzed by one-way ANOVA with Tukey’s multiple comparisons test. 

* p < 0.05, ** p < 0.01. D-F) BMMs were removed from the gels and analyzed by 

flow cytometry for surface expression of D) CD36, E) SRb1, and F) LOX-1. Data are 

representative histograms from two independent experiments. Gray shaded = BMMs 

on 1 kPa; black open line = BMMs on 10 kPa.  
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Figure 3.7.	Substrate	stiffness	does	not	regulate	mRNA	expression	of	sra,	ldl-

r,	abca1,	or	abcg1.	Primary	bone	marrow-derived	macrophages	(BMMs)	were	

grown	on	fibronectin-coated	1,	20,	150	kilopascal	(kPa)	polyacrylamide	gels	for	

24	hours.	Relative	gene	expression	was	quantified	by	quantitative	PCR	using	the	

DDCt	method	and	18S	for	normalization.	A)	scavenger	receptor	A	(sra);	B)	LDL	

receptor	(ldl-r);	C)	ATP	binding	cassette	transporter	A1	(abca1);	D)	abcg1.	

Results	were	analyzed	by	one-way	ANOVA	with	Tukey’s	multiple	comparisons	

test.	
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Since uptake of oxLDL differed significantly between BMMs on 1 kPa and 10 kPa 

gels, we used flow cytometry to measure surface expression of CD36, SRb1, and 

LOX-1 on BMMs equilibrated to these two surfaces.  Similar to the mRNA expression 

data, surface expression of CD36 and SRb1 was increased in BMMs on higher 

stiffness 10 kPa gels compared to BMMs on 1 kPa gels (Figure 3.6D, E). Interestingly, 

despite lower mRNA expression on higher stiffness (20 kPa and 150 kPa) gels, surface 

expression of LOX-1 was increased in BMMs equilibrated to 10 kPa gels (Figure 

3.6F) compared to 1 kPa gels. We conclude that increased substrate stiffness (10 kPa 

vs 1 kPa) signals macrophages to upregulate surface expression of the lipid uptake 

receptors CD36, SRb1, and LOX-1, which correlates with increased uptake of oxLDL 

and acLDL. 

 

Macrophage uptake of oxLDL requires functional FAK 

We recently showed that TLR4-induced TNFa secretion is higher in macrophages 

equilibrated to 1 kPa gels compared to stiff gels, and that mechanotransduction via 

ROCK1/2 attenuates TLR signaling and cytokine release [26]. Here, we asked whether 

uptake of either fl-oxLDL or fl-acLDL was also dependent on signaling through 

ROCK1/2. BMMs were plated on fibronectin-coated glass coverslips, an extremely 

high stiffness where mechanotransduction signaling would be expected to be highest. 

At this extreme stiffness, we found that pharmacologic inhibition of ROCK1/2 for had 

no effect on the uptake of either fl-oxLDL or fl-acLDL in BMMs (Figure 3.8A, B). 

When mechanotransduction signaling was more broadly inhibited with an inhibitor of 

FAK, a major signaling hub upstream of ROCK1/2, uptake of fl-oxLDL was 
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decreased (Figure 3.8C). In contrast, inhibition of FAK had no effect on the uptake of 

fl-acLDL (Figure 3.8D). Thus, we conclude that FAK, but not ROCK, regulates 

oxLDL uptake, and that neither kinase is important for acLDL uptake. 
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Figure 3.8. Uptake of oxLDL and acLDL are independent of ROCK1/2; maximal 

uptake of oxLDL requires FAK. Primary bone marrow-derived macrophages 

(BMMs) were grown on fibronectin-coated glass for 18 hours. A) BMMs were treated 

with the rho-associated coiled coil kinase (ROCK)1/2 inhibitor, Y-27632 (10µM, 

ROCKi), or vehicle control for 1 hour, followed by a 4-hour incubation with 

fluorescently labeled oxidized LDL (fl-oxLDL; 2µg/ml). BMMs were removed and 

fluorescence was measured by flow cytometry. B) As in (A), except with fluorescently 

labeled acetylated LDL (fl-acLDL; 2µg/ml). C) As in (A), except BMMs were 

pretreated with the focal adhesion kinase (FAK) inhibitor, PF-573228 (10µM, FAKi), 

or vehicle control and fl-oxLDL. D) As in (C), except with fl-acLDL. Each point is the 

median fluorescent intensity (10,000 events) from one biologic replicate. Mean +/- 

standard deviation is shown, and results were analyzed by the unpaired t-test. Data are 

representative of a minimum of three independent experiments. 
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Inhibition of TRPV4 enhances macrophage uptake of acLDL 

Scheraga et al showed that the mechanosensitive ion channel, TRPV4, was required 

for maximal LPS-induced phagocytosis in alveolar and bone marrow derived 

macrophages [29,40]. The Rahaman group showed genetic deletion and 

pharmacologic inhibition of TRPV4 decreased uptake of oxLDL by peritoneal 

macrophages [41,42]. Given potential functional differences in peritoneal versus bone 

marrow-derived macrophages, we next asked whether uptake of oxLDL or acLDL was 

similarly regulated in bone marrow-derived macrophages. We first measured the 

uptake of oxLDL and acLDL in the presence of two different inhibitors of TRPV4. 

HC-067047 is a small molecule inhibitor of TRPV4, with little to no effect on other 

TRP channels [43]. GSK2193874 is a less selective small molecule inhibitor of 

TRPV4 that also inhibits TRPV1, TRPA1, TRPC3, TRPC6, and TRPM8 [45,46]. In 

contrast to previous studies in peritoneal macrophages, uptake of fl-oxLDL by BMMs 

was not affected by either TRPV4 inhibitor (Figure 3.9A, B). Unexpectedly, both 

TRPV4 inhibitors increased fl-acLDL uptake by 10-40% (Figure 3.9D, E). These data 

support a role for TRPV4 in negatively regulating uptake of acLDL. 
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Figure 3.9. Decreased TRPV4 activity enhances the uptake of acLDL, but not 

oxLDL. Primary bone marrow-derived macrophages (BMMs) were grown on 

fibronectin-coated glass for 18 hours. A) BMMs were treated with the transient 

receptor potential vanilloid (TRPV4) inhibitors: HC-067047 (7.5µM, HC) or vehicle 

control (DMSO) for 1 hour, followed by a 4-hour incubation with fluorescently 

labeled oxidized LDL (fl-oxLDL; 2µg/ml). BMMs were removed and fluorescence 

was measured by flow cytometry. B) As in (A) except with GSK2193874 (5µM, 

GSK219). C) BMMs isolated from wild type C57B/6 (WT) or TRPV4-/- mice were 

incubated with fl-oxLDL (2µg/ml) for 4 hours.  Cells were removed and fluorescence 

was measured by flow cytometry. D-F) As in (A-C, respectively), except with 

fluorescently labeled acetylated LDL (fl-acLDL; 2µg/ml). Each point is the median 

fluorescent intensity (10,000 events) from a single biologic replicate. Mean +/- 

standard deviation is shown, and results were analyzed by the unpaired t-test. Data are 

representative of a minimum of three independent experiments. 
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To confirm these findings, we measured uptake of fl-oxLDL and fl-acLDL by BMMs 

derived from WT and TRPV4-/- mice. Similar to acute pharmacologic inhibition of 

TRPV4, genetic absence of complete TRPV4 had no effect on the uptake of fl-oxLDL 

in BMMs (Figure 3.9C). However, uptake of fl-acLDL was increased in TRPV4-/- 

BMMs compared to WT BMMs (Figure 3.9F). We conclude that TRPV4 activity 

limits uptake of acLDL, but not oxLDL, in BMMs. 

 

TRPV4 mediates lipid uptake independent of stiffness 

TRPV4 activity is regulated, in part, by mechanical stimuli, although the precise 

mechanisms governing this effect are not clear [29,40]. We reasoned that if 

mechanoregulation of acLDL uptake occurred via altered TRPV4 activity, the 

stiffness-dependent differences in macrophage uptake of fl-acLDL, but not fl-oxLDL, 

would be abrogated in TRPV4-/- BMMs. As predicted, absence of full TRPV4 did not 

alter the stiffness-dependent increase in uptake of fl-oxLDL (Figure 3.10A, B), 

supporting the acute inhibition studies and our conclusion that TRPV4 does not 

regulate oxLDL uptake. In contrast, the stiffness-dependent differences in the uptake 

of fl-acLDL were abrogated in TRPV4-/- BMMs compared to WT BMMs (Figure 

3.10C, D). We conclude that signaling through TRPV4, likely along with other as-yet 

unidentified mechanotransducers, regulates the uptake of acLDL.  
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Figure 3.10. TRPV4 regulates acLDL uptake independently of substrate stiffness. 

A) Primary bone marrow-derived macrophages (BMMs) from wild type C57B/6 mice 

(WT) were grown on fibronectin-coated 1, 10, and 20 kilopascal (kPa) polyacrylamide 

gels 24 hours prior to incubation with fluorescently labeled oxidized LDL (fl-oxLDL; 

2µg/ml) for 4 hours. BMMs were removed and fluorescence was analyzed by flow 

cytometry. B) As in (A), except with BMMs from TRPV4-/- mice. C) As in (A), 

except with fluorescently labeled acetylated LDL (fl-acLDL; 2µg/ml). D) As in (C), 

except with fl-acLDL (2µg/ml). Each point is the median fluorescent intensity (10,000 

events) from a one biologic replicate. Mean +/- standard deviation is shown, and 

results were analyzed by one-way ANOVA with Tukey’s multiple comparisons test. 

** p < 0.01, *** p < 0.001, **** p < 0.0001. Graphs are representative of a minimum 

of two independent experiments. 
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Basal ROS production and response to oxLDL are substrate stiffness-dependent 

Reactive oxygen species (ROS) are highly reactive oxygen-containing molecules such 

as superoxide, hydrogen peroxide, hydroxyl radical, and peroxynitrite [46]. ROS 

produced by macrophages in the arterial intima induce tissue damage and contribute to 

the development of atherosclerosis by promoting inflammation and smooth muscle 

cell proliferation [47–49]. Because oxidative stress has been associated with increased 

arterial stiffness [50],  we next asked whether surface stiffness regulates basal ROS 

production in BMMs. 

 

We found that basal ROS levels were significantly higher in unstimulated BMMs 

equilibrated for 24 hours on 10 kPa PA gels compared to 1 kPa PA gels (Figure 

3.11A). After 48 hours, ROS production was increased by BMMs on both stiffnesses, 

but the increased production on 10 kPa was more pronounced (Figure 3.11B). 

Equilibration of BMMs on fibronectin-coated glass coverslips resulted in an even 

higher basal ROS production (Figure 3.12); however, this stiffness is well beyond the 

normal physiological stiffness of tissues [51,52]. 
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Figure 3.11. BMM production of reactive oxygen species is increased on stiff 

versus soft polyacrylamide gels. A, B) Primary bone marrow-derived macrophages 

(BMMs) were grown on fibronectin-coated 1 or 10kilopascal (kPa) polyacrylamide 

gels for 24 hours (A) or 48 hours (B), at which time media was replaced with Hank’s 

buffered saline containing dihydroethidium (DHE, 10µM) for 45 minutes. Cells were 

washed and removed for analysis by flow cytometry. Black line = BMMs on 1 kPa. 

Blue line = BMMs on 10 kPa. C, D) As in (A), except that at 22 hours, media was 

replaced with new media +/- oxidized LDL (oxLDL; 25µg/ml) for 2 hours prior to 

incubation with DHE. E, F) As in (B), except that at 24 hours, media was replaced 

with new media +/- oxLDL (25µg/ml) for 24 hours prior to incubation with DHE. C-

F) BMMs not treated with oxLDL (control) are depicted by the gray shaded plot and 

MFIcon (median fluorescent intensity). BMMs treated with oxLDL are depicted by the 

open black line and MFIox, Data are representative of a minimum of two independent 

experiments. 
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Figure 3.12. Basal production of reactive oxygen species is dependent on 

substrate stiffness.  Primary bone marrow-derived macrophages (BMMs) were grown 

on fibronectin-coated 1 or 10 kilopascal (kPa) polyacrylamide gels or glass for 24 

hours. Media was replaced with Hank’s buffered saline (UT, grey-filled) or 

dihydroethidium (DHE, 10µM) in Hank’s buffered saline for 45 minutes. Cells were 

washed and removed for analysis by flow cytometry. B) As in (A), except that BMMs 

were grown on each surface for 48 hours prior to treatment with and without DHE. 

Gray shaded = BMMs without DHE (UT); Open black line = BMMs on 1 kPa 

incubated with DHE. Open blue line = BMMs on 10 kPa incubated with DHE. Open 

red line = BMMs on glass incubated with DHE. Data are representative of a minimum 

of two independent experiments.
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Because oxLDL is known to induce of ROS production by multiple cell types, 

including macrophages [53–56], we next asked whether oxLDL-induced ROS 

production would be increased in BMMs on 10 kPa compared to 1 kPa PA gels. 

oxLDL did not induce an increase in ROS at 2 hours (Figure 3.11C, D) in BMMs on 

either stiffness. In contrast, after 24 hours, ROS production in oxLDL-treated BMMs 

on both stiffnesses was increased compared to baseline and was higher in BMMs on 

10 kPa than on 1 kPa (Figure 3.11E, F). We conclude that increased stiffness enhances 

basal and oxLDL-induced production of ROS by macrophages. 

Discussion 

In this study, we provide evidence that growth surface stiffness regulates macrophage 

uptake of both oxLDL and acLDL, two lipoproteins critical to the pathogenesis of 

atherosclerosis. Stiffness-dependent increases in lipid uptake correlated with increased 

surface expression of the scavenger receptors CD36, SRb1, and LOX-1. 

Pharmacologic inhibition of a major mechanosignaling hub, FAK, decreased uptake of 

oxLDL, but did not affect uptake of acLDL. Instead, we found that uptake of acLDL is 

negatively regulated by the mechanosensitive ion channel, TRPV4. Additionally, we 

show that ROS generation in both untreated and oxLDL-treated macrophages was 

greater on higher stiffness surfaces. 

 

Previous studies in LPS-primed macrophages reported enhanced phagocytosis in 

macrophages equilibrated to stiff versus soft growth surfaces [28,29]. Here, we found 

that in unprimed macrophages, stiffness did not alter the degree of phagocytosis of 
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silica beads or multiple bioparticles. Since activation of macrophages by LPS and 

other ligands regulates phagocytosis [57–59], and since TLR signaling and cytokine 

release in response to LPS is regulated by mechanical cues [26,28,60,61], we 

speculate that the stiffness-dependent differences in phagocytosis observed in LPS-

primed macrophage may, in fact, reflect mechanoregulation of TLR signaling with 

downstream effects on phagocytosis.   

 

Although phagocytosis in unprimed macrophages did not depend on stiffness cues, 

uptake of oxLDL and acLDL, and the production of ROS were all increased when 

unprimed macrophages were equilibrated to stiff versus soft surfaces. These findings 

complement recent microscopy studies that demonstrated increased internalization of 

oxLDL by murine peritoneal macrophages grown on 8kPa hydrogels compared to 

0.5kPa hydrogels [41,42]. If uptake of lipoproteins is similarly enhanced by stiffness 

in vivo, an important implication of these findings is that early changes in vessel wall 

stiffness that occur prior to overt atherosclerosis may signal macrophages to take up 

more oxLDL and acLDL, thus promoting foam cell formation and driving the 

progression of disease [2]. Foam cell formation promotes inflammation which, in turn, 

drives fibrotic changes and the subsequent increased vessel wall [15,62]. Thus, 

macrophage mechanotransduction signaling may be important to the feed-forward 

phenomenon that drives the progression of atherosclerosis, raising the possibility of a 

potential novel target for intervention. 

 



 

122 

Increased production of ROS also likely contributes to the feed-forward progression of 

atherosclerosis. Oxidative stress and ROS are thought to promote oxidation of oxLDL, 

which in turn, stimulates generation of more ROS [63,64]. Here, we show that both 

basal and oxLDL-induced ROS production were increased in macrophages grown on 

stiff surfaces. Moreover, it appears that the stiffness of the underlying substrate had 

greater impact on ROS production than did the presence of oxLDL. Oxidative stress 

has previously been associated with increased arterial stiffness [50], and our findings 

add to the growing body of evidence implicating mechanical signaling in the 

regulation of ROS production. Analogous studies have demonstrated that cell 

stretching enhances ROS production in endothelial cells, cardiomyocytes, and vascular 

smooth muscle cells [65–67]. Shear stress and altered flow dynamics also stimulate 

ROS production by endothelial cells  [68,69]. For example, porcine aortic endothelial 

cells activated by phorbol 12-myristate 13-acetate (PMA) generated more ROS on stiff 

versus soft polyacrylamide gels [70]. These data raise the idea that increased arterial 

wall stiffness that precedes the development of the plaque alters mechanotransduction 

pathways in macrophages and other cells to favor the production of pro-inflammatory 

ROS that contribute to the oxidation of intimal LDL, thus propelling the progression 

of atherosclerosis [63,64].  

 

Although the mechanoregulatory mechanisms underlying these observations are 

undoubtedly complex, we have begun to tease out several key players. We observed 

stiffness-dependent increases in mRNA and surface expression of two lipid uptake 

receptors: CD36 and SRb1. CD36 is a classic scavenger receptor, with affinity for 
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both acLDL and oxLDL [9]. SRb1 has sequence homology with CD36; however its 

function in lipid handling is more complex since it mediates the uptake of both acLDL 

and oxLDL, as well as the efflux of cholesterol to high density lipoprotein (HDL) for 

subsequent transport to the liver [71]. The precise mechanisms mediating the stiffness-

dependent transcriptional upregulation of CD36 and SRb1 remain to be determined; 

candidate mechanosensitive transcriptional regulators include Yes-associated 

protein/transcriptional coactivator with PDZ-binding motif (YAP/TAZ), myocardin-

related transcription factor–A, nuclear factor κB, and members of the Kruppel-like 

factor family, (KLF2 and KLF4) [72–75].  

 

Mechanoregulation of the surface expression of the oxLDL-specific uptake receptor, 

Lox-1, appears to be more complex than that of CD36 and Srb1. Surface expression of 

LOX-1 protein was higher in macrophages on stiff gels, yet LOX-1 mRNA expression 

was lower. These findings strongly suggest that mechanotransduction signaling 

pathways regulate Lox-1 expression at multiple points, consistent with other studies 

[75–77].  

 

Under conditions of extreme mechanical stiffness (e.g. glass; ~2-4GPa)[52], we found 

that the classic mechanotransduction mediator, FAK, is required for uptake of oxLDL, 

but not of acLDL. The downstream rho/ROCK pathway does not appear to be 

involved in the uptake of either oxLDL or acLDL. Further investigation is needed to 

determine precisely which of multiple FAK downstream signaling cascades regulates 

the uptake of oxLDL. A prime candidate is Rac1, which is activated by stiffness-
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dependent FAK-p130CAS signaling to promote entry into the cell cycle [78]. In 

addition to its role in cellular proliferation, Rac1 is involved in the uptake of particles 

colocalizing with F-actin in the membrane ruffles of cholesterol-loaded macrophages 

[79]. Recent studies have reported decreased uptake of oxLDL in Rac1-/- BMMs, 

although the mechanism underlying this observation was not determined [81, 82]. One 

group reported increased CD36 and decreased COX2 and ABCG1 in Rac-/- compared 

to WT BMMs, and hypothesized that Rac1 may be important in CD36 localization 

[80]. A direct link connecting substrate stiffness, Rac1 signaling, and lipid uptake has 

yet to be established. Another candidate pathway downstream of FAK is the cdc42-

mediated pathway, which is activated in macrophages on stiff surfaces,  and involved 

in both phagocytosis and Akt3-regulated LDL pinocytosis [28,59,82].  

 

We show here for the first time that TRPV4 negatively regulates uptake of acLDL in 

macrophages equilibrated to glass. TRPV4 is a calcium channel and plays a protective 

role during atherosclerosis by regulating monocyte recruitment to the forming plaque. 

Mice treated with a TRPV4 agonist had lower atherosclerotic plaque formation on a 

high fat diet compared to control; however effects of TRPV4 on macrophage uptake of 

LDL were not assessed [83]. Our data now show that uptake of both acLDL and 

oxLDL were augmented when TRPV4 was inhibited. We speculate that signaling 

events, that may be in part dependent on calcium, are responsible for negatively 

regulating LDL uptake, and that treatment with TRPV4 inhibitor reduces those 

negative signals thereby enhancing LDL uptake. Of note, the stiffness-dependent 

differences in acLDL uptake were blunted in TRPV4-/- BMMs, implicating TRPV4 in 
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the mechanoregulation of acLDL uptake. Since acLDL stimulates cytokine expression 

and release by macrophages [84–86], limiting the uptake of acLDL via TRPV4 

signaling has the potential to reduce inflammation in atherosclerotic lesions.   

 

In contrast, we show that neither acute pharmacologic inhibition nor genetic deletion 

of TRPV4 had an effect on the uptake of oxLDL in WT BMMs. These findings differ 

from the Rahaman group, who found that TRPV4 that was critical for the uptake of 

oxLDL by peritoneal macrophages [41,42]. Our data indicate that TRPV4 

differentially regulates the uptake of acLDL and oxLDL, and in light of findings by 

the Rahaman group, we speculate that the role of TRPV4 in regulating lipoprotein 

uptake may be context-dependent. For example, our studies were conducted in 

primary murine BMMs, whereas the Rahaman group used murine peritoneal 

macrophages and RAW264.7 cells. In addition to potential strain differences (primary 

C57B/6 cells versus BALB/c RAW264.7 cells), phenotypic differences and response 

to oxLDL have been documented in BMM and peritoneal macrophages derived from 

the same mouse strain (ApoE-/-),  and there are differences in the functional activity 

peritoneal and bone marrow-derived macrophages [87,88]. Another methodological  

difference, is that our studies were performed using polyacrylamide gels coated with 

fibronectin, an ECM protein that is enriched in atherogenic lesions, whereas the 

previous studies used collagen-coated gels [37,38,42]. Different ECM proteins engage 

different integrin receptor subsets, leading to differential activation of downstream 

signaling pathways [89–98]. Differences in methodology and the degree of oxidation 

of LDL particles (e.g. minimally, moderately, or extensively) could also contribute to 
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differences between the two studies [54,64,99–103]. Given the well-documented role 

for TRPV4 in calcium flux, and the important role that calcium flux plays in numerous 

functions including phagocytosis and pinocytosis [40,104], it is possible that TRPV4 

deficiency alters lipid uptake via altered calcium flux; however, this remains to be 

definitively demonstrated and may involve an as-yet unrecognized alternative 

mechanism. Overall, TRPV4 likely plays a complex and multifaceted role in 

atherosclerosis development and agonism or antagonism with pharmaceutical 

intervention requires additional study before translation for human therapy. 

 

 Atherosclerosis is a complex chronic disease with lesions that are not readily 

sampled in human patients. Studies in large animal models (e.g.pig and nonhuman 

primates) are costly and time-consuming, thus most advances have relied on murine 

models, which require genetic modifications to induce atherosclerotic lesions (e.g. 

ApoE-/-, ldlr-/-) [105]. The studies described herein build on previous murine studies 

modeling human atherosclerosis. Potential ways to study these processes in humans 

include the cell line THP1 derived from monocytic leukemia and primary human 

monocyte-derived macrophages. Both THP1 cells and human monocytes are non-

adherent. THP1 cells require PMA stimulation to induce the adherent macrophage 

phenotype, and human monocytes much be differentiated for seven days in GM-CSF, 

in order to study the effects of extracellular stiffness in our model [106].  PMA 

treatment would make interpretation of these studies challenging since it changes in 

expression of CD36, a receptor we showed in this paper is also regulated by surface 

stiffness [107]. Furthermore, compared to primary monocytes, THP1 cells are 
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deficient in CD14, and are thus hyporesponsive to LPS and may result in decreased 

uptake of minimally oxidized LDL [108–110]. Thus, additional models or ex vivo 

studies will be required to define more detailed mechanisms.   

 

In conclusion, our study provides in vitro data linking increased substrate stiffness 

with two key functions critical to the pathogenesis of atherosclerosis: macrophage 

accumulation of modified LDLs and ROS generation. Well-controlled in vivo studies 

that completely isolate the effects of mechanics from the biochemical milieu are not 

yet possible; thus in vitro studies such those described herein are critical to 

understanding the role of physical cues in the regulation of macrophage function. 

Unraveling the role of mechanotransduction in lipid handling could have ramifications 

in our understanding, management, and prevention of atherosclerosis. 
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Abstract 

Transient receptor potential vanilloid 4 (TRPV4) is a ubiquitously expressed plasma 

membrane–bound ion channel activated by numerous biochemical and biophysical 

stimuli that mediates a numerous physiologic and pathologic functions, including 

osmoregulation and nociception. A role for TRPV4 in lipopolysaccharide-induced 

phagocytosis was recently identified, and we hypothesized that TRPV4 promotes toll-

like receptor (TLR) signaling and cytokine release. Pharmacologic inhibition of 

TRPV4 in murine macrophages reduced TNFa released in response to TLR1/2, TLR3, 

TLR4, and TLR9 stimulation. In contrast, inhibition of TRPV4 substantially increased 

TNFa in response to TLR7 activation by loxoribine. Similarly, bone marrow derived 

macrophages (BMM) from TRPV4-/- mice secreted less TNFa in response to TLR1/2 

and TLR9 stimulation compared to wild type (WT) BMM. In contrast, WT and 

TRPV4-/- BMM did not differ in response to stimulation with TLR3 or TLR7 ligands. 

Intraperitoneal injection of loxoribine and CpG DNA resulted in differential response 

in WT and TRPV4-/- that differed from that observed in cultured BMM. Lastly, we 

provide preliminary data that support the possibility that TRPV4-/- cells express a 

splice variant that is unable to flux calcium, but able to engage with TLR signaling 

pathways. Together, the preliminary data in this chapter demonstrate a novel 

regulatory role for TRPV4 in TLR signaling. With potential dual functions in pain and 

inflammation pathways, TRPV4 may be an important therapeutic target for the 

treatment of chronic inflammatory conditions. 
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Introduction 

Macrophages are critical for numerous immune and homeostatic functions including 

removal of foreign material, integration of innate and adaptive immune responses, and 

coordination of tissue repair and regeneration.1 Macrophages patrol and are recruited 

into tissues that vary greatly in their biochemical and biophysical properties.2–4 

Decades of investigation into how biochemical cues direct macrophage function have 

revealed a myriad of complex signaling pathways and networks, but the role of 

biophysical signals has largely been overlooked until recent bioengineering 

advancements have made these studies possible.5 Mechanoimmunology, the study of 

mechanical forces that modulate and govern immune cell responses, is in its infancy 

but has uncovered roles for a multiple mechansotransducers including integrins, focal 

adhesion complex proteins, YAP/TAZ, and mechanosensitve ion channels including 

PIEZO1/2 and members of the transient receptor potential (TRP) family.5–12 

 

Transient receptor potential vanilloid 4 (TRPV4) is a non-specific ion channel located 

in the plasma membrane that is activated by a multitude of biochemical and 

biophysical signals including temperature, pH, osmolarity, shear stress, alterations in 

matrix stiffness, growth factors, 4α phorbol esters, and other exogenous or endogenous 

chemical stimuli.13,14 TRPV4 was first recognized for its role in osmoregulation and 

nociception, but it is now known to be involved in the pathogenesis of numerous 

conditions including lung injury, atherosclerosis, foreign body response, cancer, and 

inflammation.11,13,15–18 In macrophages, TRPV4 regulates LPS-induced phagocytosis, 
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lipid uptake, generation of reactive oxygen and nitrogen species, and formation of 

multinucleated foreign body type macrophages.17–26   

 

Macrophages and other cells recognize LPS and other conserved molecular patterns by 

toll-like receptors (TLRs).27–31 Ligand binding activates TLRs to initiate signaling 

cascades that rapidly upregulate expression and release of pro-inflammatory cytokines 

including TNFa, IL-6, IL-1, and type I interferons (IFN), promote phagocytosis, and 

activate the adaptive immune response. Previous work from our lab and others has 

shown that TLR signaling is tightly regulated by multiple mechanisms to minimize 

inappropriate activation that could result in dysregulated inflammation and severe 

tissue damage.28,29,40,32–39 Regulatory mechanisms include restricted localization to 

either the plasma membrane (e.g. TLR2, TLR4)27 or endosomal compartment (e.g. 

TLR3, TLR7, TLR9),29,41–43 co-receptors (e.g. TLR4-CD14-MD2, TLR2-TLR6),44–46 

post-translational regulation of protein folding, proteolytic cleavage,28,39,47–50 or 

modifications (e.g. glycosylation, ubiquitination),32,34,40,51–54 and trafficking 

chaperones (UNC93B, gp90).28,37,55–57 We and others have recently reported a role for 

mechanical cues in modulating TLR signaling and other functions in 

macrophages.7,10,58–61 

 

Two studies by Scheraga et al found that TRPV4 synergizes with TLR4 response to 

LPS to promote phagocytosis and resolution of lung injury.17,20 It is not known 

whether TRPV4 regulates signaling induced by other TLRs. We previously showed 

that the mechanosensitive protein, ROCK1/2, negatively regulates TLR signaling to 
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modulate cytokine release by macrophages. We hypothesized that the 

mechanosensitive protein, TRPV4, would serve a similar function. Here we show that 

pharmacologic inhibition of TRPV4 dampens the release of pro-inflammatory 

cytokines (TNFa	and	IL-6)	in response to activation of TLR1/2, TLR3, TLR4, and 

TLR9 activation. In contrast, inhibition of TRPV4 enhances TNFa and IL-6 released 

in response to TLR7 activation by loxoribine. We also compared response of bone 

marrow macrophages (BMM) from WT and TRPV4-/- mice. Similar to pharmacologic 

inhibition, TRPV4-/- BMM secreted less TNFa in response TLR1/2 and TLR9 

stimulation, with no difference in response to TLR3 or TLR7 stimulation. 

Unexpectedly, cytokine secretion by TRPV4-/- macrophages stimulated with TLR1/2, 

TLR3, and TLR9 was further attenuated with pharmacologic inhibition. We provide 

surprising preliminary evidence that this TRPV4-/- mouse model may express spliced 

TRPV4 protein that is unable to flux calcium, but still promotes cytokine release in 

response to TLR signaling. 
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Materials and Methods 

Reagents 

Lipopolysaccharide (LPS 0111:B4), TRPV4 agonist (GSK1016790A), and inhibitors 

of TRPV4 (HC067047 and GSK2193874) and Bruton’s tyrosine kinase (BTK, 

LFMA13) were purchased from Sigma-Aldrich (St. Louis, MO) and used at the 

indicated concentrations. Polyinosinic:polycytidylic acid (poly[I:C]), Pam3CSK4, 

loxoribine, and CpG-C ODN were from Invivogen (San Diego, CA). CpG-P was 

synthesized by Eurofins Genomics (Louisville, KY). The following antibodies were 

used: p38 and ERK1/2 and phosphorylated p38 (T180/Y182), ERK1/2 (T202/Y204) 

from Cell Signaling (Danvers, MA); TRPV4 from Alomone (Jerusalem, Israel); a-

tubulin and secondaries from Invitrogen (Carlsbad, California); PE/Cy5 anti-mouse 

F4/80 (BioLegend, San Diego, CA). Alexa Fluor 488 phalloidin and ProLong Gold 

Antifade with DAPI were from Molecular Probes (Waltham, USA). Cell culture media 

and additives were from Corning CellGro (Tewksbury, MA).  

 

Animals and cell culture 

RAW264.7 macrophages from American Type Culture Collection (ATCC, Rockville, 

MD) were maintained in Dulbecco’s modified Eagle’s medium (DMEM) with 10% 

heat-inactivated low endotoxin FBS (v/v) (Seradigm, Radnor, PA), 2 mM L-

glutamine, 10 mM HEPES, 1 mM sodium pyruvate, 50 U/mL penicillin, and 50 

µg/mL streptomycin. THP-1 cells were from ATCC, and cultured in RPMI 1640 

media supplemented with 10% heat-inactivated low endotoxin FBS (v/v), 0.05mM 2-

mercaptoethanol, 2 mM L-glutamine, 10 mM HEPES, 1 mM sodium pyruvate, 50 
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U/mL penicillin, and 50 µg/mL streptomycin. As needed, THP-1 cells were 

differentiated with phorbol 12-myristate 13-acetate (PMA, 10 ng/mL). Murine primary 

bone marrow-derived macrophages (BMM) were generated from the femurs and tibias 

from 8-12 week old male C57BL/6 mice (Jackson Laboratory, Bar Harbor, ME, USA) 

or TRPV4 knockout (TRPV4-/-) mice generously provided to us by Dr. David 

Zhang.62,63 Briefly, bone marrow was flushed from the bones with cold DMEM, and 

cells were plated at 0.8 x 106 cells/ml in 10 cm non-treated tissue culture dishes in 

DMEM supplemented with 10% heat-inactivated low endotoxin FBS (v/v) (Seradigm, 

Radnor, PA), 10% L cell-conditioned media (v/v), 2 mM L-glutamine, 50 U/mL 

penicillin, and 50 µg/mL streptomycin. Cells were maintained at 37°C in a humidified 

incubator with 5% CO2 for 5-7 days. BMMs were detached with 0.25% trypsin 

(Corning CellGro, Tewksbury, NY, USA), and enumerated and confirmed to be >95% 

viable via hemacytometer and trypan blue exclusion and F4/80-positive by flow 

cytometry. All animal experiments were approved by Cornell University's Institutional 

Animal Care and Use Committee (Animal Welfare Assurance A3347-01). Cornell 

University is accredited by the Association for Assessment and Accreditation of 

Laboratory Animal Care International. 

 

C57BL/6 TRPV4-/- mice were originally generated using a PGK-neomycin cassette 

with flanking homologous sequences to insert the cassette into the Trpv4 gene via 

homologous recombination.62 Genotype was confirmed from ear and tail clips from 

C57BL/6 WT and TRPV4-/- mice. Standard and reverse transcriptase PCR with gel 

electrophoresis and quantitative PCR were performed using primer sequences used to 
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confirm original knockout.64 Sanger Sequencing was conducted by the Cornell 

University Biotechnology Research center sequencing core were used to confirm 

location and orientation of the insert.  

 

Calcium flux assay 

BMMs from WT and TRPV4-/- were resuspended at 1 x 107 cells/mL in HEPES-

buffered Tyrodes solution (119 mM NaCl, 5mM KCl, 25 mM HEPES, 2 mM CaCl2, 2 

mM MgCl2, 6 g/L glucose, pH 7.4) with 1 mg/ml BSA and 0.5 mM Sulfinapyrazone 

(Tyrodes), and aliquoted into individual tubes that were untreated or pretreated with 

TRPV4i (HC067047; 7.5 µM final) or DMSO vehicle control. Cells were labeled with 

Fluo-4 (5 µg/mL), a cell-permeable calcium indicator, for 40 minutes at 37°C, and 

washed with Tyrodes buffer. Cells were stimulated with the TRPV4 agonist, 

GSK1016790A (10µM), positive control ionomycin (1 µM), or DMSO vehicle 

control, and the resultant fluorescence was measured in a spectrofluorometer. 

Maximum cytoplasmic calcium was measured after addition of Triton X-100 (1% 

v/v), and background fluorescence was measured after calcium chelation with EDTA 

(0.5 M). 

 

RNA purification and quantitative PCR (qPCR) 

Total RNA was isolated and purified with TRIzol reagent (Life Technologies) 

according to the manufacturer’s instructions. RNA was quantified by 

spectrophotometry (Quawell Q3000, Palo Alto, USA). Residual genomic DNA was 

digested with DNase I (Invitrogen), and cDNA was synthesized using SuperScript III 
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reverse transcriptase reagents according to the manufacturer’s instructions (Invitrogen) 

in a thermocycler (BioRad My Cycler, Hercules, USA).  

 

Quantitative real-time PCR (qPCR) was performed in duplicate using Power SYBR 

Green master mix reagent (Applied Biosystems by Life Technologies) according to 

the manufacturer’s instructions. Primers are listed in Table 1. Unless indicated, 

primers were designed with IDT primer design tool All primers were used at a final 

concentration of 580 nM, and cDNA was used at 20 ng/reaction. Reactions were run 

on an Applied Biosystems 7500 Fast Real-Time PCR System (Life Technologies) in 

standard mode. Cycle parameters were: 1 cycle at 50°C for 2 min, followed by 1 cycle 

at 95°C for 10 min, then 40 cycles at 95°C for 15 sec and 60°C for 1 min. Expression 

data were obtained in the form of threshold cycle (Ct) values, and relative gene 

expression was calculated with the DDCt method, using GAPDH or 18S as the 

reference housekeeping gene. 
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Table 4.1. Primer sequences  

 
Genotyping:  

Neomycin cassette64 

Forward 

Reverse 

5’- GCT GCA TAC GCT TGA TCC GGC TAC-3’  

5’- TAA AGC ACG AGG AAG CGG TCA GCC-3’ 

Genotyping:  

TRPV464 

Forward 

Reverse 

5’-TGT TCG GGG TGG TTT GGC CAG GAT AT-3’ 

5’- GCT GAA CCA AAG GAC ACT TGC ATA G-3’ 

qPCR  

TRPV4 exon 564 

Forward 

Reverse 

5’-GAT GGA GGA GAA AGG TCG TG -3’ 

5’- GAG AAC TGT CTC CAG GTT GC - 3’ 

qPCR  

TRPV4 (exon 4-6) 

Forward 

Reverse 

5’- GAG GGA GGC TAC TTC TA 

5’- GCT TTC TTG TGA GGG TTC T- 3’C TT - 3’ 

GAPDH Forward 

Reverse 

5’-TCC CAC TCT TCC ACC TTC - 3’ 

5’- ACC ACC CTG TTG CTG TA - 3’ 

18S Forward 

Reverse 

5' - GTA ACC CGT TGA ACC CCA TT - 3' 

5' - CCA TCC AAT CGG TAG TAG CG - 3' 

 

Measurement of cytokines 

TNFa and IL-6 in the supernatants were measured by ELISA according to the 

manufacturer’s instructions (BioLegend, San Diego, CA). 

 

Type I IFN was measured using a luciferase reporter assay as previously described.65 

Briefly, 1x105 L929-ISRE cells incubated with sample supernatant or control 

recombinant mouse type I IFN (BEI resources, Manassas, VA) for 4 hours. Cells were 

lysed in Reporter Lysis Buffer (Promega) and analyzed with luciferase assay reagent 

(20 mm tricine, 2.67 mm MgSO4·7H2O, 33.3 mm dithiothreitol, 100 μm EDTA, 
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530 μm ATP, 270 μm Acetyl CoA, 132 μg/ml luciferin, 5 mm NaOH, 265 μm 

magnesium carbonate hydroxide) on a Veritas luminometer (Turner Biosystems, 

Sunnyvale, CA, USA). 

 

Cell viability assay 

RAW264.7 cells were incubated with the HC067047 at the indicated concentrations 

for 24 hours. Viability was measured with the Cell Counting kit-8 (Sigma) according 

to the manufacturer’s instructions and absorbance was read using a BioTek 

PowerWave XS microplate reader (Winooksi, USA). 

 

CpG DNA uptake 

RAW264.7 were grown on glass coverslips for 18 hr prior to incubation with 

inhibitors for TRPV4 (HC067047) or Bruton's tyrosine kinase, (LFMA13), or DMSO 

vehicle control for 6 hr. Cells were incubated with 1 µM Cy3-labeled CpG DNA for 1 

hr at 37°C, and then detached into a single cell suspension in 1% BSA (w/v) in PBS 

with 0.1% sodium azide (w/v). CpG DNA uptake was quantified by flow cytometry 

using a BD FACSCantoTM II Flow Cytometer (BD Biosystems, San Jose, CA, USA) 

and analyzed using FlowJo software (FlowJo, LLC, Ashland, OR, USA). 

 

Immunofluorescent staining and microscopy 

BMMs on fibronectin-coated coverslips were rinsed in phosphate buffered saline 

(PBS), fixed in 3% paraformaldehyde in PBS, treated in 0.3 M glycine, permeabilized 

in 0.1% Triton-X, and blocked with 1% BSA/2% goat serum in PBS. Cells were 
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incubated with anti-TRPV4 antibody (1:150) in 1% BSA/2 %goat serum in PBS in 

PBS for 20 min at 21°C, washed in 1% BSA in PBS, and incubated with secondary 

goat anti-rabbit-488 in 2% BSA in PBS for 20 min at 21°C. Coverslips were rinsed in 

PBS and mounted onto glass slides with Prolong Anti-Fade with DAPI 

(ThermoFisher). Slides were imaged with an Axio Imager M1 microscope (Zeiss, 

Thornwood, USA) and an Axiocam MRm (Zeiss).  

 

Protein immunoblotting 

Protein lysates were collected into b-mercaptoethanol-reduced Laemmli loading dye 

and boiled prior to resolving by 10% SDS-polyacrylamide electrophoresis (SDS-

PAGE). Proteins were transferred to nitrocellulose, blocked in 4% nonfat milk (w/v) 

in Tris buffered saline with 0.1% Tween 20 (v/v) (TBST), probed with the indicated 

antibodies in 5% BSA in TBST, and detected by chemiluminescence film exposure. 

Densitometry of scanned images was performed using ImageJ software 

(https://imagej.nih.gov/ij/), and images were assembled with Photoshop (Microsoft) 

and Illustrator (Adobe). 

 

Statistical analysis  

Data were graphed and analyzed by the statistical tests as indicated in the figure 

legends using GraphPad by Prism (version 6) software (La Jolla, CA). Experimental 

replicate numbers are indicated in the figure legends. 

  



 

152 

Results 

TRPV4 protein is expressed by human and murine macrophages 

TRPV4 is reported to be ubiquitously expressed in mouse and human cells.13 To 

confirm expression in macrophages, cultured human THP1 cells differentiated into 

macrophages with phorbol 12-myristate 13-acetate (PMA) and murine RAW264.7 

were removed into single cell suspensions, and incubated with an anti-TRPV4 

antibody that recognizes an intracellular epitope on the C-terminus of the protein or 

rabbit IgG isotype control. THP1 and RAW264.7 cells both displayed strong TRPV4 

expression, as measured by flow cytometry (Figure 4.1). 
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Figure 4.1. TRPV4 protein is expressed in human THP1 and murine RAW264.7 

cells. Single cell suspensions of (A) THP1 differentiated with phorbol 12-myristate 

13-acetate (PMA) and (B) RAW264.7 macrophages were incubated with rabbit IgG 

(isotype control, open line) or rabbit anti-TRPV4 (closed gray) primary antibodies, 

followed by incubation with FITC conjugated goat anti-rabbit secondary antibody. 

Fluorescence on 10,000 events was measured by flow cytometry. 
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TRPV4-/- BMMs do not flux calcium in response to TRPV4 agonism 

Multiple functional TRPV4 knockout mouse models that are unable to flux calcium in 

response to TRPV4 agonism (e.g. GSK1016790A or 4alpha-phorbol-12,13-

didecanoate [4alphaPDD]) have been developed.62,66,67 The TRPV4-/- model used in 

our studies was developed by interrupting exon 5 by inserting the PGK neomycin 

cassette.62 We differentiated BMM from male WT and TRPV4-/- mice, and incubated 

cells with Fluo-4, which readily diffuses into the cytoplasm and fluoresces when 

bound to calcium. We measured calcium flux in response to TRPV4 agonism with 

GSK1016790A, DMSO vehicle control, and ionomycin positive control. WT BMMs 

fluxed calcium in response to GSK1016790A, but not DMSO vehicle control. 

TRPV4-/- BMMs did not flux calcium in response to GSK1016790A, but were still 

capable of calcium flux in response to ionophore (Figure 4.2). We conclude that 

BMMs flux calcium in response to TRPV4 agonism. Furthermore, TRPV4-/- BMM 

are unable to flux calcium in response to the TRPV4 agonist, GSK1016790A, 

confirming functional knockout of TRPV4. 
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Figure 4.2.  TRPV4 mediates calcium flux in murine BMMs.  Primary BMMs from 

WT (A-C) and TRPV4-/- (D-F) were pre-treated with Fluo-4 (5 µg/mL) prior to 

incubation with treated with A) 1µM ionomycin, D) 1, 5, and 10µM ionomycin, (B, E) 

TRPV4 agonist GSK1016790A (GSK, 10 µM) or (C, F) DMSO vehicle control. 

Fluorescence corresponding to Fluo-4 bound to intracellular calcium, was measured 

continuously. Arrows with reagent and corresponding downward inflection in 

fluorescence indicate time when spectrofluorometer was opened to add indicated 

reagent. Increased fluorescence corresponds to increased intracellular calcium. Data 

are representative of two independent experiments.  
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TRPV4 is required for maximal cytokine release in response to TLR4 and TLR9 

stimulation in BMMs 

In an LPS-induced mouse model of sepsis, Dalsgaard and colleagues demonstrated 

that pharmacologic inhibition of TRPV4 (with GSK2193874) blunted serum 

concentrations of TNFa, IL-1, IL-6, but not IL-10.24 Since macrophages are a major 

source of cytokines, we hypothesized that this observation could due to the effect of 

TRPV4 on TLR signaling. We tested our hypothesis by pre-treating murine 

RAW264.7 and BMMs with the TRPV4 inhibitor HC067047 (TRPV4i, 7.5 µM), BTK 

inhibitor LFMA13 (BTKi, 25 µM), or DMSO vehicle control, prior to stimulation 

with LPS (100 ng/mL) for 24 hr. Inhibition of TRPV4 significantly decreased 

secretion of TNFa in RAW264.7 cells (Figure 4.3A) and BMMs (Figure 4.3B). 

Inhibition of TRPV4 similarly attenuated secretion of TNFa in response to TLR9 

activation in RAW264.7 and BMM (Figure 4.3C, D). Inhibition of BTK did not alter 

secretion of TNFa in any of the conditions. Inhibition of TRPV4 did not decrease cell 

viability or inhibit uptake of CpG DNA (Figure 4.4).  We conclude that pharmacologic 

inhibition of TRPV4 attenuates TLR4- and TLR9- mediated secretion of the pro-

inflammatory cytokine TNFa.  
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Figure 4.3. Pharmacologic inhibition of TRPV4 decreases TNFa release in 

response to TLR4 and TLR9 activation. RAW264.7 and BMMs were treated with 

the TRPV4 inhibitor HC067047 (TRPV4i), BTK inhibitor LFMA13 (BTKi), or 

DMSO vehicle control. A) RAW264.7 cells were stimulated with LPS (100 ng/mL) 

for 24 hours. B) As in (A), but with BMMs. C) As in (A), but stimulated with CpG 

DNA (0.3 µM). D) As in (C), but with BMMs. TNFa in supernatant was measured by 

ELISA. Graphs are representative of 3 independent experiments. Data analyzed by 

one-way ANOVA. ** p < 0.01, ** p < 0.001, ** p < 0.0001. 
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Figure 4.4. The TRPV4 inhibitor, HC067047, does not decrease viability nor 

decrease uptake of CpG DNA. A) RAW264.7 cells incubated in media, DMSO 

vehicle control, or TRPV4i (HC067047, 7.5 µM) for 24 hours were treated with CCK-

8 reagent, and viability was assessed by measuring absorbance at 450nm on 

spectrophotometer. B) Same as (A), but with BMMs. Experiments were run in 

triplicate. Data are representative of three independent experiments. Data analyzed by 

one-way ANOVA. C) RAW264.7 cells were pre-treated with HC067047 (TRPV4i, 

7.5 µM), LFMA13 (BTKi, 25 µM) or DMSO control for 6 hr, prior to incubation with 

Cy3-labeled CpG DNA (1 µM) for 1 hr. Uptake of CpG DNA was measured by flow 

cytometry, and median fluorescence from 10,000 events is shown. Experiments run in 

triplicate, and analyzed by one-way ANOVA with Sidak's multiple comparisons test. 
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Genetic disruption of TRPV4 differentially regulates TLR-induced cytokines 

We next tested whether TRPV4 inhibition broadly inhibited TNFa secretion in 

response to TLR activation. WT BMMs pre-treated with TRPV4i were stimulated 

with ligands for TLR1/2 (Pam3CSK4), TLR3 (poly[I:C]), TLR7 (loxoribine), and 

TLR9 (CpG DNA) for 24 hours (Figure 4.5). TRPV4 inhibition blunted release of 

TNFa in response to TLR1/2, 3, and 9 activation. Surprisingly, TRPV4 inhibition 

markedly increased TNFa in response to the TLR7 ligand, loxoribine. (Figure 4.5D). 

We conclude that TRPV4i inhibits TNFa secretion in response to TLR signaling, 

except in the case of TLR7 where the opposite effect is observed 

 

To determine whether genetic disruption of the TRPV4 gene resulted in a similar 

phenotype to acute pharmacologic inhibition, we stimulated TLR1/2, TLR3, TLR9, 

and TLR7 in BMMs from WT and TRPV4-/- mice (Figure 4.5). After 24 hours, 

TRPV4-/- BMMs secreted less TNFa in response to activation of TLR1/2 and TLR9 

than WT BMMs. There was no difference in TNFa secretion in response to TLR3 or 

TLR7 stimulation. The HC067047 TRPV4i is considered to be specific for TRPV4, 

and the TRPV4-/- knockout mouse is considered to be a full functional knockout, 

which we confirmed (Figure 4.2). Thus, we were surprised to find that pretreatment of 

TRPV4-/- with HC067047 TPRV4i resulted in further reduction in TNFa secretion in 

response to TLR1/2, TLR3, and TLR9 stimulation. Similar to findings in WT BMMs, 

TRPV4 inhibition enhanced TNFa released in response to TLR activation by 

loxoribine. We conclude that the effect of genetic disruption of TRPV4 decreases 
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TNFa secretion induced by TLR1/2 and TLR9 activation, but has no effect on TNFa 

secretion in response to TLR3 or TLR7 activation. Secretion of another 

proinflammatory cytokine, IL-6, did not differ between WT and TRPV4-/- BMM 

stimulated with CpG DNA or loxoribine. TRPV4 inhibition attenuated secretion of IL-

6 in response to CpG DNA, but enhanced IL-6 secretion in BMMs stimulated with 

loxoribine (Figure 4.5 E, F). Since pharmacologic inhibition of TRPV4 had a similar 

effect on TLR-mediated TNFa secretion by WT and TRPV4-/- BMM, we speculate 

that this could be due to off-target effect of TRPV4i or presence of biologically active 

TRPV4 splice variant. 

 

To further investigate the effect of TRPV4 inhibition on TLR7 signaling, we pre-

treated WT BMM with HC067047, and stimulated TLR7 with four agonists: R848, 

CL264, imiquimod, and loxoribine. Similar to previously observed (Figure 4.5D), pre-

treatment with HC067047 enhanced TNFa secretion in response to stimulation 

CL264. Interestingly HC067047 pre-treatment had the opposite effect on WT BMM 

were stimulated with R848 or imiquimod, and TNFa secretion was decreased (Figure 

4.6A). Pre-treatment of WT BMM with a second TRPV4 inhibitor, GSK2193874, 

enhanced TNFa released in response to all four TLR7 agonists (Figure 4.6B). Results 

from pre-treatment with both inhibitors were nearly identical in WT and TRPV4-/- 

BMM (Figure 4.6 C, D), indicating an effect of these inhibitors in functional TRPV4 

knockout cells. 
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Figure 4.5. Pharmacologic inhibition and genetic deletion of TRPV4 alter TNFa 

release in response to activation of TLRs. A) WT and TPRV4-/- BMMs were 

pretreated with TRPV4i (HC067047) or DMSO vehicle control, and then stimulated 

with the TLR1/2 ligand, PAM3CSK4 (1 µg/mL), for 24 hours. B) As in (A), except 

with TLR3 ligand, poly (I:C) (1 µg/mL). C) As in (A), except with TLR9 ligand, CpG 

DNA (0.3 µM). D) As in (A), except with TLR7 ligand, loxoribine (100 µM). 

Secreted TNFa was measured by ELISA. Data are representative of two independent 

experiments and are analyzed by one-way ANOVA.  
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Figure 4.6. TNFa secretion in response to TLR7 stimulation is WT and TRPV4-/- 

BMM is affected by two pharmacologic inhibitors of TRPV4. A) WT BMMs were 

pretreated with HC067047 (7.5µM, blue) or DMSO vehicle control (black) for 1 hr, 

and then stimulated with the TLR7 ligands, R848 (0.016 µM), CL264 (0.242 µM), 

imiquimod (IMQ, 2.08 µM), or loxoribine (Loxo, 100 µM). TNFa secretion was 

measured by ELISA after 6 hr. B) As in (A), except with GSK2193874 TRPV4 

inhibitor (10 µM, red). C) As in (A) except in TRPV4-/- BMM. D) As in (B) except in 

TRPV4-/- BMM. Data are representative of two independent experiments, and 

analyzed by one-way ANOVA. * p < 0.05, ** p <0.01 , *** p < 0.001, **** p < 

0.0001.
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TRPV4-/- mouse characterization 

We first confirmed presence of the PGK-neo cassette DNA in the TRPV4-/- BMMs by 

PCR (data not shown). We then used Sanger sequencing to sequence exon 5 and 

surrounding DNA (PGK-neomycin cassette in TRPV4-/- and flanking sequence in 

WT). We confirmed insertion of the knockout cassette into the center of exon 5, with 

no deletion of exon 5 and preservation exon-intron junctions (Figure 4.7). We 

suspected the presence of alternatively spliced variants in this “knockout” model. Note 

that due to updates in gene annotation and exon numbering, the original publication 

indicated disruption of exon 4, rather than exon 5.62 A TRPV4 splice variant lacking 

exon 5 is one of five recognized variants in people, although the function has not yet 

been elucidated.68  
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Figure 4.7. Schematic of Trpv4 gene in TRPV4-/- mice. Sanger sequencing of PCR 

products from WT Trpv4 exon 5 and flanking regions, PGK-neomycin cassette, and 

TRPV4 exon 5 into and out of the PGK-neomycin insert were aligned with reference 

sequences from GenBank. The cassette was inserted without any deletions, and exon-

intron junctions flanking exon 5 were intact. Figure generated with SnapGene.
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We next assessed for presence of TRPV4 mRNA transcripts by reverse transcriptase 

PCR (RT-PCR), using the confirmatory primers used to verify lack of transcript in the 

original publication. This primer set amplifies a 734 base pair fragment (including 

exon 5) in WT BMMs. Insertion of the PGK-neo cassette in this region prevents 

amplification by RT-PCR. We confirmed amplification of exon 5 in WT BMMs, but 

not TRPV4-/- BMMs. We repeated RT-PCR using primer sets that span exon 5 to 

exon 6, and amplified and amplicon of the expected size in both WT and TRPV4-/- 

BMMs (not shown). We then quantified relative gene expression of TRPV4 and 

another member of the TRP family, TRPM7, as a control in WT and TRPV4-/- BMMs 

(Figure 4.8). As expected TRPM7 expression did not differ between WT and TRPV4-

/- BMMs. TRPV4 mRNA expression was equivalent to mildly increased in TRPV4-/- 

BMMs, indicating that mRNA transcription has not been disrupted. These data 

indicate stable TRPV4 mRNA in putative TRPV4-/- BMM and support the possibility 

of alternatively spliced variant(s). 
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.  

Figure 4.8. TRPV4-/- express TRPV4 mRNA. RNA from WT and TRPV4-/- BMMs 

was isolated and purified. Relative expression of TRPV4 and TRPM7 in TRPV4-/- 

and WT macrophages was measured by quantitative PCR using the DDCt method and 

18S for normalization. Each point represents relative gene expression in TRPV4-/- 

BMMs compared to WT BMMs. Each point is biological replicate, with mean +/- 

standard deviation depicted. Graphs are a composite of two independent experiments. 
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TRPV4 protein is expressed by BMMs from WT and putative TRPV4-/- mice 

We next evaluated TRPV4 expression in WT and TRPV4-/- BMMs by 

immunofluorescence microscopy. As expected, BMMs displayed strong membranous 

expression of TRPV4 (Figure 4.9A, C). We also observed strong membranous TRPV4 

immunoreactivity and rare small focal puncta in TRPV4-/- BMMs (Figure 4.9B, D). 

These data support the hypothesis that TRPV4-/- BMMs contain a splice variant, but 

we cannot rule out off-target binding of the TRPV4 antibody. 

 

To further investigate TRPV4 expression, we probed protein lysates from WT and 

TRPV4-/- BMMs separated by SDS-PAGE. As previously reported in mouse and 

human samples probed with the same TRPV4 antibody, we detected multiple distinct 

bands (Figure 4.9E). A strong distinct band of the predicted full length size (98 kDa)69 

and a larger band (~130 kDa) were present in lysates from WT BMMs, but not from 

TRPV4-/- BMMs. Post-translational modifications such as glycosylation have been 

postulated to explain larger bands, although these are typically smaller than the ~130 

kDa band we observed in our samples.70–72 We identified an additional band (~95 

kDa) in lysates from both WT and TRVP4-/- mice, and postulate that this smaller band 

may correspond to an alternatively spliced variant. We conclude that TRPV4 antibody 

detects protein target in both WT and TRPV4-/- BMMs, but additional experiments 

with a second antibody against a different TRPV4 epitope are warranted to investigate 

the possibility of non-specific antibody binding.  
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Figure 4.9. WT and TRPV4-/- display immunoreactivity using anti-TRPV4 

antibody. BMMs from WT and TRPV4-/- mice were incubated with (A, B) anti-

TRPV4 antibody or (C, D) rabbit IgG (isotype control), followed by goat anti-rabbit 

FITC secondary antibody and imaged with an Axio Imager M1 microscope. Original 

objective magnification 63x, scale. Original magnification 6300x. E) Protein lysates 

from BMMs derived from WT (n=3) or TRPV4-/- (n=3) mice were run on SDS-

PAGE and probed with TRPV4 and a-tubulin antibodies. 
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Pharmacologic inhibition of TRPV4 does not affect phosphorylation of p38 or ERK1/2 

in response to LPS stimulation 

TLRs activation initiates kinase signaling, ultimately resulting in upregulation of 

transcription of cytokines. We previously showed that ROCK1/2 inhibition increased 

phosphorylation (activation) of ERK and p38, with a corresponding increase in TNFa 

secretion. Therefore, we asked whether the effect of TRPV4 was similar mediated via 

ERK and/or p38 activation. We found that TRPV4 inhibition with HC067047 did not 

result in appreciable differences in activation of either kinase, and conclude that the 

effect of TRPV4 on TLR signaling is most likely downstream of these two key kinases 

(Figure 4.10). It is possible that TRPV4 could regulate the activation and/or 

translocation of the transcription factor NF-kB from the cytoplasm to the nucleus; 

however Naert et al. recently reported that TRPV4 was not required for LPS-induced 

translocation of NF-kB in GM-CSF differentiated CD11c+ dendritic cells. 23 Although 

we have not tested activation of NF-kB activation, preliminary findings indicate that 

TRPV4 inhibition does not affect upregulation of TNFa or IL-1b mRNA in response 

to another TLR ligand, CpG DNA (Figure 4.11). In contrast, upregulation of IL-6 

mRNA is markedly attenuated in TRPV4-/- BMM. Additional replicates are needed to 

confirm the TNFa expression data, and it is not yet known whether this effect is 

conserved across other TLR signaling pathways. However, these data do suggest that 

TRPV4 is modulating TNFa secretion by a post-transcriptional mechanism, such as 

translation, post-translational modifications, and/or trafficking.  
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Figure 4.10. Inhibition of TRPV4 does not inhibit activation of p38 or ERK1/2 in 

response to LPS stimulation. Murine RAW264.7 were pretreated with TRPV4 

inhibitor (HC067047) or DMSO vehicle control for 1 hr. Cells were incubated with 

LPS for 5, 15, 30, or 60 min, or untreated (UT), and lysed in b-mercaptoethanol-

reduced Laemmli loading dye. A) Lysates were run by SDS-PAGE and probed for 

phosphorylated and total p38 and ERK, and a-tubulin loading control. B) Relative 

expression of phosphorylated p38 (P-p38) was quantified by densitometry. C) As in 

(B), but for phosphorylated ERK (P-ERK). Data are representative of two independent 

experiments.  
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Figure 4.11. Upregulation of TNFa and IL-1b mRNA. WT and TRPV4-/- BMM 

were stimulated with CpG DNA (1 µM) for 24 hours and relative gene expression was 

measured by quantitative PCR by the DDCt method normalized to GAPDH. Each 

point represents one biological replicate, and data were analyzed by student’s t test. 

(A) is representative of two independent experiments. (B) and (C) are representative of 

three independent experiments. 
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TRPV4-/- inhibits serum IFN concentrations in mice injected with loxoribine, but not 

CpG DNA 

Dalsgaard et al reported that pharmacologic inhibition of TRPV4 (with GSK2193874) 

blunted serum concentrations of TNFa, IL-1, IL-6, but not IL-10 in a response 

intraperitoneal LPS.24 To determine whether this was specific to LPS/TLR4 signaling, 

we injected WT and TRPV4-/- mice intraperitoneal CpG-P DNA (300µg/mouse) or 

loxoribine (120 µg/mouse). Baseline (0 hr) serum concentrations of TNFa and Type I 

IFN did not differ between WT and TRPV4-/- mice. Three hours after injection with 

CpG-P DNA, serum concentrations of TNFa and Type I IFN in WT and TRPV4-/- 

mice were increased, but type IFN was significantly higher in TRPV4-/- mice 

compared to WT controls (Figure 4.12 B). Serum concentrations returned to near-

baseline by 24 hours post-injection. Three hours after injection with loxoribine, serum 

concentrations of TNFa and Type I IFN in WT and TRPV4-/- mice were also 

increased (Figure 4.12 C, D).  However, TRPV4-/- mice had significantly lower 

concentrations of Type I IFN. Serum concentrations of TNFa and Type I IFN returned 

to baseline or near-baseline by 24 hours. We conclude that the effect of TRPV4 

absence affects systemic response to TLR9 and TLR7, but differently than observed in 

cultured BMMs. Additional work will be required to determine whether this is due to 

differences in the macrophages population (e.g. peritoneal macrophages vs bone 

marrow-derived macrophages), or effect on other cells, especially plasmacytoid 

dendritic cells, a major source of Type IFN.73  
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Figure 4.12. TRPV4-/- mice have altered response to systemic stimulation of 

TLR7 and TLR9. WT C57Bl/6 and TRPV4-/- male mice were injected with 300 µg 

CpG DNA (A, B) or 120 µg loxoribine (C, D). Serum concentrations of TNFa (A, C) 

and Type I IFN (B, D) were measured by ELISA or luceriferase reporter assay 0 hr, 3 

hr, and 24 hr. 3-8 mice per group. Data were analyzed by student’s t test with 

Bonferroni correction. *  p < 0.0167.



 

175 

TLR4 and TLR9 activation negatively regulate TRPV4 expression 

TRPV4 is responsive to a diverse array of stimuli, and it has been proposed that 

TRPV4 may be a master signal integrator.13 Altered TRPV4 expression could 

contribute to signal dysregulation diseased tissues. Therefore, we measured relative 

gene expression of TRPV4 in BMM treated with or without LPS or CpG DNA, and 

found that stimulation with both TLR ligands significantly decreased expression of 

TRPV4 by approximately by approximately 5-fold (Figure 4.13). Although TRPV4 is 

considered to be ubiquitously expressed, the transcriptional data suggest that TLR 

signaling negatively regulates TRPV4. Additional experiments are necessary to 

determine whether TRPV4 protein expression and/or localization to the plasma 

membrane are similarly negatively regulated. If true, TRPV4 expression is more 

nuanced and context-dependent than currently recognized.   
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Figure 4.13. LPS and CpG DNA downregulate TRPV4 expression in BMMs. 

Primary bone marrow-derived macrophages (BMMs) were either untreated (UT) or 

treated with LPS (A) or CpG DNA (B) for 24 hr. Quantitative real-time PCR was used 

to measure mRNA expression of TRPV4, normalized to GAPDH. Each data point 

represents one biologic replicate, and data were analyzed by student’s t test. * p < 

0.05, ** p < 0.01. Graphs are representative of two independent experiments.
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Discussion 

TRPV4 has recently been shown to modulate reactive oxygen species generation, lipid 

uptake, FcR-mediated phagocytosis, and formation of foreign body type 

macrophages.11,17,26,74,75 Macrophages stimulated with LPS, which activates 

macrophages by binding TLR4 released less IL-10, prompting us to ask whether 

TRPV4 regulates TLR signaling more broadly.17,20 In this chapter, we provide data 

that TRPV4 is necessary for maximal TLR signaling initiated by multiple ligands, 

with one notable exception, TLR7. We also provide data that widely used TRPV4 

knockout mouse model may, in fact, express a functional splice variant that 

participates in regulation of TLR signaling. 

 

Pharmacologic inhibition of TRPV4 with HC067047 blunted cytokine release in 

response to activation of TLR1/2, TLR3, TLR5, and TLR9 pathways. The effect in 

TRPV4-/- BMM was more variable, and only TLR1/2 and TLR9 signaling was 

attenuated in TRPV4-/- BMM. Potential explanations for this discrepancy include off-

target effect of the TRPV4 inhibitor, compensatory upregulation of other TRP 

channels in TRPV4-/- BMM, or incomplete knockout of TRPV4. HC0467047 is a 

TRPV4-specific antagonist at the concentration used in our studies, although may 

inhibit TRPV1, TRPV2, TRPV3, and TRPM8 at higher concentrations (10-100fold).76 

HC0467047 had no effect on ion flux in TRPV4-/- tissues stimulated with the TRPV4 

agonist, 4α-PDD, but it is possible that this compound interacts with non-TRP proteins 

that do not participate in cellular currents, which would not be detected in these 
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experiments. Repeating key experiments (e.g. Figure 4.3, 4.5, 4.10) with a second 

TRPV4-specific inhibitor with a different mechanism of action (e.g. GSK2193874), 

would provide additional support that effects on TLR signaling are not due to an 

uncharacterized off-target effect of HC067047.77 We did not observe a difference in 

TRPM7 mRNA expression in TRPV4-/- BMM, but a more comprehensive evaluation 

of TRP channel mRNA and protein expression will be required before we can rule out 

compensatory upregulation of TRP channels. 

 

We explored the possibility of an incomplete TRPV4 knockout using several 

approaches. DNA sequencing revealed that TRPV4-/- knockout was created by 

insertion of PGK neomycin cassette into exon 5, with no disruption of exon-intron 

junctions, which are necessary for alternative splicing. The potential significance of 

this finding is bolstered by evidence of a TRPV4 splice variant lacking exon 5 

(TRPV4-C) in people.68 Although the function of TRPV4-C is not yet known, we 

speculate it may function independently of calcium or ion flux. This is supported by 

the observation that disease and phenotype in people with Trpv4 point mutations differ 

depending on where the mutations are located.78 We assessed the presence of TRPV4 

in TRPV4-/- BMM using a validated anti-TRPV4 antibody. Immunofluorescent 

microscopy revealed membranous distribution, similar to that observed in WT BMM. 

Immunoblotting of TRPV4-/- BMM protein lysates revealed loss of two prominent 

bands present in WT BMMs, but persistence of a smaller 95 kDa band that we 

speculate could correspond to the suspected splice variant. Similar multiple bands are 

evident in other publications, but other than identification of a glycosylated form, have 
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largely not been addressed by investigators.20,66,69,79–81 Repeating these experiments 

with a second antibody that recognizes a different TRPV4 epitope would bolster the 

findings. Overexpression of full-length and CRISPR-cas knockout of exon 5 in 

Hek293 cells, followed by immunoblotting would further confirm these findings.  

 

Our hypothesis that a splice variant of TRPV4 lacking exon 5 has an effect 

independent of its role in ion currents has some support in the literature. Spice variants 

of TRPM4, have been identified, but their functions are unknown.68,82,83 Post-

translational glycosylation of TRPM4 does not affect trafficking, but appears to 

regulate function.84 Other post-translational modifications, including phosphorylation 

and SUMOylation regulate TRPM4 density at the plasma membrane, and may play 

parallel roles in regulation of TRPV4. 85–88 In addition to TRPV4, spice variants of 

TRPM4, have been identified, but again their functions are unknown.68,82,83 Other TRP 

channels have additional functions including enzymatic activity in the C-terminal 

cytosolic domains of TRPM2, TRPM6 and TRPM7, or G-protein-coupled receptor 

activity of TRPM8.78,89 Finally, multiple TRPV4-/- mouse strains have been 

generated, which differ method of targeting TRPV4.62,66,90–92 Interestingly, findings 

from similar experiments differ somewhat between models, and the presence of 

functional splice variants in some of the TRPV4 “knockouts” may help explain some 

of these discrepancies.13 

 

TLR activation induces kinase cascades that activate MAPKs (p38, ERK1/2, JNK) and 

NFkB to upregulate transcription of cytokines. Scheraga et al reported that LPS-
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induced activation of p38 and ERK were diminished in human monocyte-derived 

macrophages treated with the HC067047 inhibitor.93 In the same study, the 

investigator report that LPS-induced activation of p38 and ERK were diminished and 

activation of JNK was enhanced in TRPV4-/- BMMs.93 Cytokine secretion (e.g. 

TNFa, IL-6, IL-10) in response to LPS stimulation was not reported. Another TRPV4 

inhibitor, ginkgetin, decreased activation of JNK2 in response to stimulation with 

oxidized low density lipoprotein (oxLDL).79 oxLDL stimulates TLR4 signaling,94,95 

but it is not clear whether TLR4 was the mechanism in this study, since JNK can be 

activated by multiple pathways.96 We did not evaluate activation of the MAPKs in 

TRPV4-/- compared to WT BMMs; however we did observe that the TRPV4 

inhibitor, HC067047, had no effect on phosphorylation of ERK1/2 and p38. In 

response to CpG DNA stimulation of TLR9, WT and TRPV4-/- BMMs displayed 

equivalent upregulation of TNFa and IL-1b mRNA (Figure 4.10A, C), suggesting a 

post-transcriptional role for TRPV4 in regulation of TNFa secretion.  

 

Our data demonstrate that TRPV4 regulation of TLR signaling depends on the specific 

TLR activated. Proper receptor localization to the plasma membrane versus the 

endosome is an important regulatory mechanism for TLR activation. Although TLR7 

and TLR9 are both endosomal receptors regulated by similar mechanisms, we found 

differential effect of TRPV4 inhibition on these two pathways. One potential 

explanation is that that HC067047 binds to and activates TLR7 itself or 

binds/synergizes with loxoribine, resulting in the enhanced response.  
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In contrast to the in vitro studies with BMM, we observed that serum concentrations of 

TNFa in TRPV4-/- mice injected with loxoribine i.p., but not CpG DNA i.p., were 

significantly lower than WT (Figure 4.12C). We did not measure local cytokine 

concentrations (e.g. abdominal fluid), which could differ from serum concentration. 

Collection of abdominal fluid by ultrafiltration probe would be useful to evaluate local 

cytokine production.97 It is likely that the differences between in vitro BMM 

experiments and in vivo experiments reflect added complexity from stimulation of 

multiple cell types and subsequent cross-talk. Scheraga et al reported that 

concentrations of IL-6, CXCL1, and CCL2 in bronchoalveolar lavages from TRPV4-/- 

mice infected with Pseudomonas aeruginosa were increased compared to WT 

control.20 This is similar to what we observed for Type 1 IFN in response to CpG 

DNA stimulation of TLR9. Considerable work remains to determine whether TRPV4 

effect on cytokine secretion and/or TLR signaling can be generalized or is specific to 

each TLR and cytokine response.  

 

In conclusion, we show that TRPV4 activation regulates cytokine secretion in 

response to stimulation of multiple TLR pathways, suggesting a broad role for TRPV4 

in cytokine production and initiation of pro-inflammatory functions. Since TRPV4 

inhibitor treatment has a similar effect in WT and TRPV4-/- BMM that have evidence 

of residual protein, we speculate that this effect is due to an alternatively spliced 

TRPV4 variant that lacks calcium fluxing function. Identification of a role for TRPV4 

in TLR signaling and cytokine release could position TRPV4 inhibitors as novel 

inhibitors of inflammatory macrophage functions, with relevance to treatment of 
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inflammatory diseases including foreign body response, sepsis, atherosclerosis, 

gastrointestinal disease, and pain. 
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Chapter 5: 

Summary of findings, biomechanical signaling in emerging therapeutics, and 

future directions 

 

Summary of findings 

Macrophages are critical for numerous immune and homeostatic functions including 

removal of foreign material, integration of innate and adaptive immune responses, and 

coordination of tissue repair and regeneration. Dysregulated macrophage function and 

chronic inflammation underlie chronic diseases including cancer, cardiovascular 

disease, autoimmune disease, and fibrotic diseases, as well as foreign body response.1 

Decades of research have unraveled a myriad of complex regulatory biochemical 

signaling pathways and networks that control macrophage function, but until recently, 

the role biomechanical signaling in regulating macrophage function was largely 

overlooked. Since macrophages patrol and are recruited into normal and diseased 

tissues that vary greatly in biomechanical properties, there was critical need when I 

began my dissertation work to determine whether mechanical cues, such as substrate 

elasticity, regulate macrophage function. I found that substrate elasticity attenuates 

TLR signaling and cytokine release, and promotes lipid uptake and generation of 

reactive oxygen species, but has no effect on phagocytosis in unstimulated 

macrophages (Figure 5.1) 
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Figure 5.1. Graphical abstract of dissertation findings. Known molecular players 

and pathways are in black. Dissertation findings are noted in blue. Unknown or 

hypothesized players/pathways are in gray.
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In Chapter 2, I reported that macrophages sense and respond to the physical mechanics 

of their growth environment to regulate morphology and inflammatory potential in 

response to TLR stimulation.2 Similar to non-motile cells, macrophages adopt a 

greater surface area on stiff substrates, demonstrating that macrophages can sense and 

respond to differences in substrate elasticity.3–6 Macrophages stimulated with the TLR 

ligands, LPS and CpG DNA, detected by TLR4 and TLR9, respectively, secreted less 

pro-inflammatory TNFa when on stiff (20 kPa, 150 kPa) polyacrylamide (PA) gels 

than macrophages on softer (1 kPa) PA gels. Moreover, pharmacologic inhibition of a 

key mechanotransduction kinase, ROCK1/2, increased activating phosphorylation of 

p38, ERK1/2, and NFkB, downstream TLR signaling effectors, which correlated with 

increased secretion of TNFa. I concluded that substrate stiffness inhibits TLR 

signaling and subsequent cytokine release, and that the mechanotransducer, ROCK1/2, 

inhibits TLR signaling. These findings add clarity to a body of contradictory results. 

Several groups have concluded that increased stiffness increases inflammatory 

potential;7–9 however a smaller, but growing number of studies reached conclusions 

similar to our own.10–12 It is likely that the lack of consensus reflects technical 

differences in experimentation, such as substrate used, quantification of stiffness, 

range of stiffnesses evaluated, protein coating (e.g. fibronectin vs collagen), 

macrophage origin, differentiation protocols, and cell number/concentration. To 

minimize variability in my thesis, all BMM were differentiated for exactly 5 days and 

phenotype was confirmed by flow cytometry. I determined that macrophages required 

18 hours to equilibrate after detachment/reattachment to a growth substrate; therefore 

all experiments were performed after macrophages were on the new surface for a 
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minimum of 18 hours. RAW264.7 cells showed stiffness-dependent differences in 

adhesion, as observed in other cell types.4,6,13,14 Therefore, cytokine data from these 

cells were normalized to number of attached cells, an important step that to my 

knowledge has only been reported by one other group.6 Given the complexity inherent 

to mechanical signaling and the incredible functional plasticity of macrophages, 

apparently small differences in experimental design could significantly affect 

conclusions.  

 

In Chapter 3, I investigated the role of substrate stiffness in the regulation of three 

more macrophage functions: lipid uptake, phagocytosis, and generation of reactive 

oxygen species. These macrophage functions each play critical roles in the 

pathogenesis of atherosclerosis, a chronic inflammatory disease that forms an complex 

plaque lesion consisting of a wide spectrum of biomechanical, biochemical, and 

cellular components. My studies revealed that substrate elasticity (range 1-20 kPa) 

negatively regulates uptake of both oxidized LDL (oxLDL) and acetylated LDL 

(acLDL). Though both oxLDL and acLDL are found in atherosclerotic plaques, 

oxLDL is considered to be the more pathologically relevant form. Interestingly, we 

found that uptake of oxLDL and acLDL are differentially regulated by 

mechanotransduction. Whereas uptake of oxLDL is at least partially dependent on the 

major mechanotransduction kinase, focal adhesion kinase (FAK), uptake of acLDL 

does not require FAK. Instead, acLDL uptake is negatively regulated by activation of 

transient receptor potential vanilloid 4 (TRPV4), best known as a mechanosensitive 

ion channel. The potential implication of this finding is that it may be possible to 
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differentially tune macrophages via these, or other pathways, to either promote or 

inhibit uptake of specific lipid or lipoprotein subsets. Further work is required to 

determine the effect of TRPV4 on uptake of native LDL, triglycerides, and other 

lipids. The ability to fine-tune lipid uptake could be revolutionary for the prevention 

and/or treatment of atherosclerosis, or other diseases involving dysregulated lipids 

such as obesity, non-alcoholic fatty liver disease, or cancer.15–18 

 

Unlike uptake of oxLDL or acLDL, which primarily occurs by receptor-mediated 

endocytosis,19,20 we found that phagocytosis in naïve macrophages is not regulated by 

substrate stiffness. This conclusion differs from two studies using LPS-primed 

macrophages concluded that extracellular substrate stiffness enhances phagocytosis, 

3,11 but is in line with a another study that also evaluated unstimulated (naïve) human 

monocyte-derived macrophages.12 Since TLR activation promotes phagocytosis, I 

speculate that the discrepancy in results is due the effect of mechanically-regulated 

TLR signaling on phagocytosis, rather than mechanoregulation of the phagocytic 

machinery itself. Far from a purely academic question, the observation that 

unstimulated (naïve) macrophages are equally capable of phagocytizing foreign 

particles, regardless of stiffness cues from the extracellular microenvironment, could 

have implications for the design and use of biomaterials. For example, whereas the 

material stiffness of an implant and its effect on phagocytosis may be important to 

consider for the stabilization and treatment of infected wounds, this function may be a 

less important consideration in management of sterile surgical sites.  
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In Chapter 4, I showed that the mechanosensitive ion channel, transient receptor 

potential vanilloid 4 (TRPV4), is necessary for maximal TLR-mediated cytokine 

secretion. Together with a study from another group that found that TRPV4 modulated 

LPS-induced phagocytosis and cytokine release,11 these studies support further 

exploration of TRPV4 as a promising therapeutic target to treat inflammatory diseases. 

A surprising finding that emerged from the experiments in this chapter was the 

observation that pharmacologic inhibition of TRPV4 in TRPV4-/- BMM further 

attenuated cytokine release in response to TLR activation. Functional TRPV4 

knockout phenotype was confirmed by demonstrating that TRPV4-/- BMM do not 

flux calcium in response to TRPV4 agonist. DNA sequencing confirmed that the 

knockout was generated by an insertion of the PGK-neomycin cassette into exon 5 of 

the Trpv4 gene. No Trpv4 nucleotides were deleted, nor were the exon-intron 

junctions disrupted by the insertion, opening up the possibility that the entire disrupted 

part of the gene could be removed by alternative splicing. Bolstering this hypothesis, 

as well as its potential relevance, is the fact that one of the five TRPV4 splice variants 

identified in people lacks exon 5 (TRPV4-C).21 We detected TRPV4 mRNA and 

TRPV4 protein TRPV4-/- macrophages. We hypothesize that this commonly used 

“knockout” actually expresses a splice variant of TRPV4 that lacks exons 5, and that 

this variant is both sensitive to pharmacologic inhibition and is involved in TLR 

signaling. Although additional work is needed to definitively confirm the presence of a 

functional splice variant, these preliminary data raise important new questions about 

the functions of TRPV4 splice variants in WT and TRPV4 “knockout” mice, and may 
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help explain discrepant results obtained in similar experiments using different TRPV4 

knockout mice.22–27 

 

Biomechanical signaling in emerging therapeutics 

Mechanical cues are altered during the development and progression of many 

pathological conditions in which macrophages play a role, including cardiovascular 

diseases, cancer, fibrosis, and diabetes.7,28,29 Immunotherapeutic approaches to 

modulate macrophage and other immune cell behavior have largely focused on 

biochemical pathways. Mechanotransduction pathways and effectors represent a rich, 

and largely untapped, source of potential targets that could be exploited for novel 

implants and therapeutics. Modulation of biomechanical signaling could be achieved 

by one of two approaches: 1) tune the mechanical properties of the microenvironment 

or implant material to alter immune cell proliferation or function, or 2) interfere with 

the biochemical cellular response to the mechanical cues.30 The former potentially 

allows for greater local control of immune response; whereas approaches in the latter 

category will require careful consideration to minimize systemic side effects. 

 

Implants 

Medical implants vary widely by in composition, macro- and microstructure, and 

physical properties. Implanted materials can include anything from traditional sutures, 

orthopedic hardware, stents, and artificial valves, to newer engineered materials that 

can be mechanically tuned to elicit the desired response.31–33 Newer materials include 
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decellularized tissues, tissue-derived hydrogels, alginate hydrogels, hyaluronic acid 

hydrogels and meshes, and poly(lactic-co-glycolic acid) (PLGA) implants.34,35 A 

common problem with implanted materials is development of a foreign body response 

(FBR), which is driven by macrophages. FBR can result in excessive fibrosis, 

inflammation, and/or oxidative response that can damage the implant, impair its 

function, or cause patient pain or discomfort. Controlling macrophage response to 

implanted material to minimize FBR is of considerable interest to the wound healing 

and regenerative medicine communities.36 For example, local time-released 

biochemicals near implanted material may diminish unwanted or excessive 

macrophage-mediated fibrosis.35 While largely considered for wound healing and 

tissue regeneration purposes, carefully engineered implants could conceivably offer 

novel approaches for the treatment of local disease, such as solid tumors. For example, 

could the “right” combination of stiffness and biochemical components (e.g. 

cytokines, growth factors, inhibitors) be combined into a single depot that could 

implanted into solid tumors to reprogram tumor-associated macrophages (TAMs) to 

an anti-tumor phenotype? 

 

Systemic therapeutics targeting tissue stiffness 

Diffuse diseases such as idiopathic pulmonary fibrosis or hepatic fibrosis increase 

tissue stiffness via dysregulated extracellular matrix (ECM) synthesis and/or 

remodeling. Systemic pharmacologic approaches to broadly change stiffness have 

been explored, but  have largely been unsuccessful due to undesirable side effects. For 

example, the compound, alagebrium, breaks the crosslinks caused by advanced 
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glycation products that cause age-associated arterial thickening, muscle stiffening, and 

impaired organ function. Despite early promise in improving vascular compliance in 

diabetic rodent models and treating systolic hypertension, minimal efficacy against 

human-specific glycation products and risk of off-target effects precluded further 

development in people.37,38 

 

Collagen crosslinking contributes to tensile strength, and increased collagen 

crosslinking has been associated with increased tissue stiffness in fibrosis and 

tumors.39–42 β-aminopropionitrile (BAPN), inhibits lysyl oxidase, which prevents 

collagen crosslinking, thereby reducing tissue stiffness. In rodents, BAPN reduces 

obesity-induced fibrosis, hepatic fibrosis, aortic stiffness in an ApoE-/- atherosclerosis 

model, and decreases tumor incidence in mice injected with tumor cells.41,43–47  

However, BAPN treatment also causes catastrophic thoracic aortic dissection in mice, 

and is toxic in people.48,49 Thus, while useful as an experimental agent, BAPN is not 

viable as a therapeutic agent. LOX inhibition via monoclonal antibodies, small 

molecule inhibitors, inhibition of upstream transcriptional regulators have met with 

limited success.30 Chelation of copper, a necessary cofactor for LOX activity, with 

tetrathiomolybdate, has shown promise in treatment of biliary cirrhosis and non-small 

cell lung cancer.50 Another collagen cross-linker, tissue transglutaminase, has been 

considered as a therapeutic target; however is ubiquitously expressed with multiple 

roles in cell function (e.g. cell cycle and transcription regulation), making it 

challenging to inhibit without systemic effects.30,51  
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Rather than targeting collagen crosslinking, an alternative approach that has achieved 

some success is to target the growth factor mediators that promote fibrosis. 

Transforming growth factor-b (TGFb) is powerful driver of ECM remodeling and 

fibrosis, and multiple approaches to block TGFb are in development. The anti-

TGFb drug, pirfenidone, inhibits fibrosis, has been approved for treatment of 

idiopathic pulmonary fibrosis, and is currently being investigated for use in other 

fibrotic diseases.30 Another recently approved drug, nintedanib, inhibits the pro-

fibrotic growth factors, vascular endothelial growth factor, platelet derived growth 

factor, and fibroblast growth factors. Early studies in macrophages recently showed 

that both pirfenidone and nintedanib alter macrophage behavior independent of their 

effects on tissue stiffness. 52–54 The extent to which the changes in macrophage 

phenotype are driving the clinical effect of these anti-fibrotic drugs has not yet been 

established.  

 

Systemic therapeutics interrupting cellular response to increased stiffness 

An alternative approach to changing the mechanical properties of the tissue or implant 

is to interrupt the resulting biochemical signaling pathways and cellular response. A 

multitude of mechanosensitive players have been identified, many of which are being 

investigated as potential therapeutic targets. Among these are integrins, focal adhesion 

complex proteins (e.g. focal adhesion kinase [FAK], paxillin), downstream effectors 

(e.g. RhoA, ROCK1/2, Rac1, cdc42 GTPases), ion channels (e.g TRP channels, 

PIEZO1), and transcriptional regulators (Yap/Taz).30 Each of these has been 

investigated to some extent in macrophages; however the paucity of literature prevents 
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the development of a comprehensive model of mechanotransduction in 

macrophages.55 

 

Inhibitors of specific integrins (e.g. av) are being explored, but their therapeutic 

potential has not been established.30 FAK is a major mechanotransduction signaling 

hub and an attractive therapeutic target, especially for the prevention of cancer 

invasion and metastasis. A challenge with kinase inhibitors is off-target effects, but 

several novel drugs that minimize these effects are under active investigation.30 

Interestingly, there is emerging evidence that FAK inhibitors may be more effective 

when used as in combination with immunotherapeutics. FAK inhibition both 

decreased the number of tumor-associated macrophages and reduced macrophage 

polarization to the alternatively activated (M2) phenotype generally considered 

favorable to tumor growth and survival.56,57 Rho is another potent mechanotransducer, 

but its complex three-dimensional structure has hindered development of an effective 

small molecule inhibitor, and its cytoplasmic location precludes use of inhibitory 

monoclonal antibodies. The molecular structure of Rho’s primary effector, ROCK, 

makes it an easier target than Rho itself. ROCK inhibition appears to be 

atheroprotective; however the mechanism is not known, since the ROCK inhibitors 

fasudil and Y27632 appear to interact with other kinases.58 My data do not support the 

development of ROCK inhibitors for anti-inflammatory effects, since inhibition of 

ROCK1/2 promoted TLR signaling and cytokine response. Agents targeting transient 

receptor potential (TRP) and Piezo families are under investigation for the treatment 

and management of osteoarthritis. Loss of TRPV4 accelerates osteoarthritis in rodent 
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models, thus TRPV4 activators are being investigated to prevent the development or 

progression of osteoarthritis.59 I found that in vitro pharmacologic inhibition of 

TRPV4 in cultured murine macrophages attenuated cytokine release in response to 

TLR stimulation, supporting further investigation of TRPV4 as a novel anti-

inflammatory target. 

 

Mechanoregulation of Toll-like receptors (TLRs) 

Macrophages play a role in wide variety of pathologies that involve altered ECM 

mechanics including cancer, atherosclerosis, idiopathic pulmonary fibrosis, and 

delayed wound healing. TLRs recognize conserved molecular motifs to initiate 

signaling cascades that promote release of pro-inflammatory cytokines, phagocytosis, 

and activation of the adaptive immune response. Dysregulated TLR signaling has been 

associated with autoimmune disease, impaired wound response, cancer, and fibrotic 

responses.60–64 Only a handful of studies have investigated intersections between 

mechanotransduction pathways and TLR signaling. For example, pharmacologic 

inhibition of actin reorganization enhances TLR4-mediated TNFa secretion.3 

Inhibition of Rho enhanced TLR2, TLR3-, and TLR4-mediated upregulation of IL-1b, 

IL-6, and TNFa.65 TLR2-, TLR3-, TLR4-, and TLR9- induced motility is attenuated 

with knockdown of FAK.66 More recent work has implicated mechanosensitive 

channels such as TRPV4, TRPM7, and PIEZO1/2 in TLR4 signaling.67–71 My 

dissertation studies demonstrate that TLR signaling in macrophages is attenuated by 

increased extracellular substrate stiffness. I further demonstrated that the 

mechanotransducer ROCK1/2 attenuates TLR signaling and cytokine secretion, 
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providing critical mechanistic data linking mechanotransduction pathways to TLR 

signaling pathways. 

 

Future Directions  

Since the field of mechanoimmunology is still in its infancy, a considerable amount of 

work must be completed to understand the extent to which our understanding of 

mechanotransduction in sessile cells types can be applied to motile, highly specialized 

immune cells.72 The effort of this task is magnified when one considers the diversity 

and specificity of functions across immune cell types and subsets.  

 

A broad question that I and others have begun to unravel is: “Which macrophage 

functions are regulated by stiffness?” Thus far, the field lacks consensus on the role of 

stiffness in regulating key macrophage functions: phagocytosis and cytokine release. 

This is very likely due to the variability in experimental designs noted above. My data 

indicate that TLR signaling in bone marrow-derived murine macrophages is 

negatively regulated by stiffness and ROCK1/2, but similarly rigorous studies will 

need to be completed in primary human macrophages. Macrophage phenotypes exist 

as a spectrum, the extremes of which are pro-inflammatory or anti-inflammatory/tissue 

regenerative.1 This raises the question as to whether macrophage phenotype dictate its 

responsiveness (or lack thereof) to stiffness cues? What effects do different 

biochemical signaling (e.g. pro- versus anti-inflammatory cytokines) have on 

perception and response to biomechanical signals? What is the minimum amount of 
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time that macrophages must be exposed to a physiologically-relevant difference in 

mechanical stiffness to induce a perceptible phenotypic change? Are the stiffness-

mediated modulations of macrophage phenotype permanent, or can they be reversed? 

When immune cells are moving within and between tissues that vary in biomechanical 

properties, how long do the effects of increased (or decreased) stiffness last? 

 

Mechanosensitive players including integrins, focal adhesion complex proteins and 

effectors (e.g. RhoA, ROCK1/2, Rac1, cdc42 GTPases), ion channels (e.g TRP 

channels, PIEZO1), and transcriptional regulators (Yap/Taz) have been investigated in 

macrophages, but the relatively small body of literature coupled with the diversity of 

pathways and functions evaluated precludes generalization of mechanotransduction in 

macrophages.55 Adding to this complexity, is that many of these mechanosensitive 

proteins may be activated and/or inhibited by biochemical pathways (e.g. 

phosphorylation, glycosylation, growth factor activation), making it difficult to 

determine whether mechanoregulation via specific pathways is direct or indirect 

through activation of other mechanosensitive pathways. We know even less about how 

mechanosensitive pathways and/or proteins interact with one another. For example, 

integrin activation has been linked to activation of TRPV4.73 Two recent studies 

reported that TRPV4 was required for cytokine-induced Rac1 activation and for 

nuclear translocation of TAZ in response to matrix stiffness.74,75 Possible synergistic 

actions between TRPV4 and PIEZO channels to mediate chondrocyte response to 

mechanical load have been proposed.76 PIEZO1 was recently shown to regulate 
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mechanosensing and macrophage polarization; however interactions with TRPV4 

have not been investigated in macrophages.77  

 

As noted earlier, the mechanoimmunology literature is rife with a host of experimental 

and technical differences including macrophage origin, differentiation protocols, 

substrate composition, method of stiffness measurement, range of stiffnesses 

investigated, and ECM protein coating, which significantly complicates interpretation 

and generalization of these studies.78 There are a multitude of methods to measure 

substrate stiffness or elasticity (e.g. dynamic mechanical analysis, atomic force 

microscopy, traction force microscopy, optical tweezers, micropipette aspiration) that 

do not always results in the same numerical readout.79 Until there is a gold standard 

for measuring stiffness, there will continue to be variability in results, making it 

difficult to directly compare studies.80 Even then, in vitro, ex vivo, and in vivo 

stiffnesses measurements may still not be directly comparable, given the considerable 

constraints inherent to in vivo sampling. 

 

To our knowledge, we were the first to report a biphasic response in TLR-induced 

cytokine secretion by macrophages on stiffnesses PA gels between 1 and 150 kPa.2 

Sridharan et al recently reported that LPS-induced phagocytosis by macrophages on a 

similar range of stiffnesses also exhibited biphasic response in phagocytosis by 

macrophages over a similar range of stiffnesses.81 We hypothesized that macrophage 

behavior may be optimal at an “intermediate” tissue stiffness, while conditions that 

increase (fibrosis) or decrease (necrosis) would modulate response. If this 
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phenomenon is true of other macrophage functions, it could help explain discrepant 

results and lack of consensus on the role of stiffness on regulation of macrophage 

functions. Since most studies report findings from 2-3 different stiffnesses, a biphasic 

response could easily be missed. Therefore, there is a critical need for a large study 

that evaluates key macrophage functions over a broad range of stiffnesses.  

 

My dissertation focused on the role of substrate stiffness in regulating macrophage 

behavior; however cells experience a host of other biomechanical cues that regulate 

function including stretch, tension, compression, topography, dynamic flow are 

mechanical properties that regulate cell function. Rather than substrate stiffness, 

viscoelasticity may better reflect the biomechanical properties of tissues. Historically, 

viscoelasticity has been more difficult to model in vitro, but recent advances make 

these studies possible.82–84 Another important consideration is that most in vitro assays 

are conducted in dimensional (2D) cell cultures, but tissues are 3 dimensional 

structures. Emerging evidence indicates that findings established in 2D cultures do not 

necessarily hold up 3D culture conditions. For example, whereas macrophages on stiff 

2D substrates tend to spread more than on softer substrates,2,3,6,12,85 macrophages 

embedded in stiff 3D matrices are smaller than those in softer 3D matrices.86 The 

singular importance of the transcriptional regulator, YAP, considered a universal 

mechanotransducer in 2D cultures, is now up for debate, as YAP-independent 

mechanotransduction was recently reported in 3D cultures of breast cancer cells.87  
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I found a role for TRPV4 in the regulation of lipid uptake and TLR-induced cytokine 

secretion. TRPV4, other members of the TRP family, and PIEZO channels have 

recently been the subjects of intense investigation. Despite this, a basic unsettled 

question regarding TRPV4 remains. It is not known whether stiffness activates 

TRPV4 directly or indirectly, hence its designation as a mechanosensitive protein. 

Micropipette suction experiments in kinase-inhibited cells suggest plasma membrane 

deformation directly activates TRPV4 function.88 However, other studies concluded 

that TRPV4 activation requires via integrin-mediated signaling.73,89 Although it has 

been assumed that increased stiffness increases TRPV4 activation, a recent publication 

challenged this notion, finding increased stiffness downregulated expression and 

function of TRPV4.90  It is known that TRPV4 is activated by numerous biochemical 

and mechanical stimuli, but it is not clear the extent to which TRPV4 integrates 

multiple signals. Might TRPV4 channels be more sensitive to biophysical cues under 

certain biochemical contexts, or vice versa? With competing stimuli, do some signals 

“win”? Another large outstanding question particularly relevant to this dissertation is: 

Does TRPV4 function outside of its role as an ion channel? Alternative 

uncharacterized functions have been hypothesized, but have not yet been established. 

Our data in Chapter 4 suggest the possibility of alternative functions, but definitive 

identification of additional functions would open the door for more nuanced studies on 

role of TRPV4 in health and disease. If additional functions are identified, it would be 

very interesting to determine whether different TRPV4 functions are differentially 

regulated by biomechanical and/or biochemical cues.  
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Finally, I observed a differential role for TRPV4 in regulation of uptake oxLDL and 

acLDL, which both occur primarily via receptor mediated-endocytosis. oxLDL and 

acLDL are recognized by overlapping, but different receptor subsets. acLDL is 

primarily recognized by SR-AI/II, which stimulates by clathrin-mediated endocytosis, 

whereas oxLDL (CD36, LOX1) is primarily taken up by clathrin-independent 

mechanisms.91–94 The different endocytic mechanisms may respond differentially to 

mechanical signals, which may help explain the differences we observed in the role of 

TRPV4 in uptake.95 Further studies to determine the mechanism underlying TRPV4-

mediated regulation of lipid uptake are warranted. 

Conclusion 

Over the last 10-15 years, an explosion of technological and conceptual breakthroughs 

has ushered in the new field of mechanoimmunology. My dissertation contributes new 

insights into the mechanoregulation of TLR signaling and macrophage functions: 

cytokine release, lipid uptake, generation of reactive oxygen species, and 

phagocytosis. Substrate stiffness and ROCK1/2 inhibit TLR signaling and cytokine 

release, but functional TRPV4 protein is necessary for maximal cytokine response to 

TLR activation, indicating that mechanoregulation of TLR signaling is mediated by 

multiple, sometimes competing, mechanotransduction pathways. Although substrate 

stiffness does not regulate phagocytosis in naïve macrophages, lipid uptake and 

generation of reactive oxygen species are both stiffness-dependent. Together with 

other emerging studies, the impact of these findings will be on the rational 
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development of new local and/or systemic therapeutics that can modulate macrophage 

functions to improve treatment of chronic diseases and injury. 
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