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Abstract 

 The ability of macrophages to properly migrate is crucial to their success as early 

responders during the innate immune response.  Furthermore, improper regulation of 

macrophage migration is known to contribute to several pathologies.  The signaling mechanisms 

underlying macrophage migration have been previously studied but to date the mechanical 

mechanism of macrophage migration has not been determined.  In this study, we have created 

the first traction maps of motile primary human macrophages by observing their migration on 

compliant polyacrylamide gels.  We find that the force generated by migrating macrophages is 

concentrated in the leading edge of the cell – so-called frontal towing - and that the magnitude of 

this force is dependent on the stiffness of the underlying matrix.  With the aid of chemical 

inhibitors, we show that signaling through the RhoA kinase ROCK, myosin II, and PI3K is 

essential for proper macrophage force generation.  Finally, we show that Rac activation by its 

GEF Vav1 is crucial for macrophage force generation while activation through its GEF Tiam1 is 

unnecessary.  
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Introduction  

 Macrophages play an important role in the innate immune response by clearing pathogens 

through phagocytosis and activating the adaptive immune response through cytokine production 

and antigen-presentation.  In order to perform these functions, macrophages must be able to 

efficiently migrate to sites of infection.  Improper regulation of macrophage function has been 

linked to several diseases including atherosclerosis, rheumatoid arthritis, and cancer [1]; 

therefore, it is crucial that we develop a better understanding of the mechanisms underlying 

macrophage migration.  Previous work on macrophage migration has investigated the role of 

signaling molecules on chemokinesis and chemotaxis[2], but to our knowledge no group has 

studied the spatio-temporal regulation of forces during macrophage migration. 

 Cellular traction forces have been shown to be important for cell adhesion [3, 4], 

spreading [5], motility [3, 6], and extra-cellular matrix remodeling [7].  To effectively migrate on 

and through tissues anchorage-dependent cells must attach to their underlying substrate and 

generate traction against that substrate.  In the towing model of cell motility the cell extends a 

lamellipodia and attaches to the underlying substrate through integrin binding to the extra 

cellular matrix.  The cell then contracts which exerts traction on its underlying substrate and 

generates strong cellular forces at the leading edge of the cell.  This contraction is ultimately 

followed by the release of the cell’s uropod and the forward motility of the cell [8].  The towing 

model has been shown to broadly apply to large contractile cells such as endothelial cells and 

fibroblasts [6].  The spatial distribution of forces of mesenchymal cells migrating on compliant 

surfaces has been studied in depth [3, 5, 6]; but despite the importance of immune cell motility 

relatively little work has been done to characterize the mechanical mechanisms behind the 

motility of immune cells. 

 Leukocyte motility differs from mesenchymal cell motility in several ways.  Leukocytes 

are fast moving cells that migrate with low persistence.  In order to achieve their high speed, 

leukocytes form weak, short-lived adhesions to their substratum. They do not form focal 

adhesions. This is in contrast to mesenchymal cells which form strong focal adhesions to their 

surface and contain stress fibers that allow for large cellular contractions [8].  Our laboratory has 

embarked on an effort to categorize the spatio-temporal distribution of forces exhibited by all the 

motile cells of the immune system.  Previously, we showed that neutrophils achieve motility not 

through frontal towing but rather by tail-contraction or rearward-squeezing [9, 10].  In this mode 
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of motility, the traction forces are concentrated in the cell’s uropod and the cell is pushed 

forward through a “squeezing” mechanism that is dependent on myosin activity.  The traction 

stresses generated by neutrophils were found to be small compared to those generated by 

mesenchymal cells, which is consistent with their need to move quickly toward targets.  Further 

work by our lab went on to show that this mode of motility is not shared by all leukocytes.  

Dendritic cells, which are of the monocytic lineage, display maximal stresses at the leading edge 

of cell indicating they use the towing model of migration. The forces displayed during dendritic 

cell migration were even weaker than those generated by neutrophils [11].  The contrast among 

the behaviors of leukocytes has thus far illustrated the importance of studying the force 

generation of each individual cell type individually since no one mode of motility is shared by all 

leukocytes. 

 The use of polyacrylamide gels coupled with embedded marker beads has proven a 

powerful method for traction force microscopy [3, 6].  Polyacrylamide hydrogels are optically 

clear and non-toxic which allows for effective cell culture and imaging.  Furthermore, they are 

elastic and can be easily tuned to a variety of stiffnesses, allowing an understanding of how 

stiffness affects force generation. During cell migration images are taken of the cell and the 

embedded beads. After the experiment, cells are then removed from the gel and an image is 

taken of the unstressed bead locations.  The tractions applied on the gel can then be calculated 

from the displacement of the beads from the unstressed position using elasticity theory.  Our lab 

has used this technology to measure the traction stresses of cells undergoing adhesion and 

spreading as well as leukocyte migration [5, 9, 10, 12, 13]. 

 In this study we have used traction force microscopy (TFM) to determine the force 

generation profile of macrophages migrating on compliant surfaces.  To our knowledge, this is 

the first measurement of force generation for motile macrophages.  We sought to determine the 

type of motility employed by macrophages and which signaling molecules are most important 

for macrophage force generation.  Our results indicate that macrophages use a towing mode of 

motility with the strongest forces concentrated at the leading edge.  We have also shown that the 

magnitude of force generation is dependent on the stiffness of the underlying substrate.  

Furthermore, we have determined using a range of chemical inhibitors that like other leukocytes, 

macrophage force generation is dependent on signaling through PI3K, RhoA, and myosin II.  

Finally, we have shown that Rac signaling is critical for force generation when Rac is activated 
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by Vav1 but not when Rac is activated by Tiam1; these results illustrate the complexity of 

signaling that occurs upstream of force generation. 

 

Materials and Methods 

Reagents 

Bovine fibronectin and recombinant human M-CSF were obtained from Sigma (St. 

Louis, MO).  We used the inhibitors Y27632[14] at 10µM from Millipore (Billerica, MA), 

Blebbistatin[15] at 20 µM from Sigma (St. Louis, MO), LY294002[16] at 50 µM from Cell 

Signaling (Boston, MA), NSC23766[17] at 50 µM from Millipore (San Diego, CA), 6-thio-

GTP[18] at 10 µM from Jena Bioscience (Jena, Germany). 

 

Isolation of Monocytes 

Whole blood was obtained from healthy human donors by venipuncture and collected in 

BD Vacutainer tubes containing sodium heparin as an anticoagulant (BD Biosciences, San Jose, 

CA).  Samples were collected with University of Pennsylvania Institutional Review Board 

approval from consenting adult volunteers.  Blood samples were layered in a 1:1 ratio of whole 

blood to the density gradient 1-Step Polymorphprep (Axis-Shield, Oslo, Norway).  Vials were 

centrifuged at 1500 rpm for 40 minutes and the mononuclear band was collected into a fresh vial.   

 

Differentiation and Cell Culture of Macrophages 

Cells were allowed to adhere to sterile non-tissue culture treated dishes in RPMI-1640 

supplemented with 10% heat-inactivated FBS overnight.  Non-adhered cells were removed and 

washed with PBS.  Adherent monocytes were then differentiated for seven days in RMPI-1640 

supplemented with 10% heat-inactivated FBS and 2ng/mL M-CSF (Sigma, St. Louis, MO).  

Cells were used for experimentation 7-12 days following the start of differentiation. 

 

Surface Preparation 

Coverslips (No 1, 45 x 50 mm, Fisher Scientific, Pittsburgh, PA) were chemically 

activated in preparation for covalent attachment of polyacrylamide gels using a method adapted 

from the protocol by Pelham and Wang.  Briefly, coverslips were washed for 4 hours in 0.2 M 

hydrogen chloride then rinsed several times with distilled water.  They were then neutralized 
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with 0.1 M sodium hydroxide for 30 minutes and rinsed with distilled water.  Coverslips were 

incubated on an orbital shaker in 3-aminopropyl trimethoxysilane 0.5% for 30 minutes and 

rinsed with distilled water.  They were then activated with 0.5% glutaraldehyde for at least 1 

hour.  The coverslips were then air dried overnight. 

 

Synthesis of the Bifunctional Linker 

N-6-((acryloyl)amino)hexanoic acid (N-6) was synthesized using the method described 

by Pless et al.  The N-6 copolymerizes in the acrylamide to form a reactive polyacrylamide gel.  

The N-6 contains an n-succinimidyl ester that is displaced by a primary amine to link the amine-

containing ligand, such as fibronectin, to the polyacylamide gel. 

 

Gel Synthesis 

Acrylamide solutions were prepared containing acrylamide (40% w/v solution), n,n’-

methylene-bis-acrylamide (2% w/v solution), n’-tetramethylethylene di-amine, and ammonium 

persulfate from Bio-Rad Laboratories (Hercules, CA). Additionally, the gels contained 0.25M 

HEPES, buffered to pH 8, 5.6mg of N6 dissolved in ethanol, distilled water, and carboxylate-

modified fluorescent latex beads (0.5µm Fluorospheres, Molecular Probes, Eugene, OR).  The 

concentrations of acrylamide and bis were varied to control the mechanical properties of the 

hydrogel. 

 

A drop of gel solution was dispensed onto a Rainex-coated 18mm glass coverslip.  A 

second, activated rectangular coverslip was placed on top of the gel droplet to flatten the 

solution; the assembly was polymerized in an inverted position to allow beads to settle to the top 

surface of the gel.  The gels were polymerized under nitrogen for 45 minutes.  The top coverslip 

was gently peeled away leaving a thin gel immobilized on the activated coverslip.  Gels were 

rinsed with distilled water and incubated with 5µg/mL fibronectin in 50mM HEPES buffer 

overnight.  Unreacted N-6 was blocked with 1:100 ethanolamine in 50mM HEPES for 30 

minutes and stored in 1 x PBS at 4°C for up to two weeks. 

 

Traction Force Microscopy of Migrating Macrophages 
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Traction force microscopy has been described previously [6]. Briefly, traction forces 

were determined based on deformations in the polyacrylamide substrate relative to the relaxed 

substrate as detected by movements of 0.5-µm beads embedded in the gel.   

Primary human macrophages were plated on fibronectin-coated polyacrylamide gels at 

1x10
4 
cells/mL and incubated for 1 hour at 37°C.  Unattached cells were washed away and fresh 

RPMI with 20ng/mL human M-CSF was added to the gel chamber to promote migration [19].  

Phase contrast images of the cell were taken every 10 minutes during cell migration.  Directly 

after a phase image was taken, a corresponding fluorescent image of the beads embedded 

beneath the cell was taken.  Images were taken over a 4 hour period.  At the end of migration the 

cells were removed using 0.5% SDS and an image of the beads in their unstressed state was 

taken.  Using custom-written LIBTRC software, the bead displacements within the gel were 

calculated, the cell and nucleus were drawn, and a mesh that fits within the outline of the cell 

was created.  Using the bead displacements and the material properties of the gel, the most likely 

surface traction vectors were calculated using the technique described by Dembo and Wang. 

 

The overall force, |F|, exerted by the cell on its substrate, is an integral of the traction 

field magnitude over the area, |�| = � ��(��	(
, �
 + ��	(
, �
 �
��, where �(
, �
 =

[��(
, �
, ��(
, �
] is the continuous field of traction vectors defined at any spatial position (x,y) 

within the cell. 

 

Use of Pharmaceutical Inhibitors of Macrophage Motility 

 In experiments in which macrophages were treated with a chemical inhibitor, 

macrophages were seeded on 10,400 Pa gels functionalized with 5 µg/mL fibronectin and 

allowed to adhere for one hour.  The cells were then washed and fresh media containing the 

correct concentration of inhibitor was applied.  The macrophages were incubated for one hour to 

allow complete inhibition.  M-CSF was then added directly prior to taking traction force 

measurements.  All traction force measurements were taken in the continued presence of the 

chemical inhibitor.  The forces exerted by inhibited macrophages were compared to the 

previously measured forces of uninhibited macrophages on 10,400Pa gels. 

 

Results 

Page 8 of 21Integrative Biology

In
te

gr
at

iv
e

B
io

lo
gy

A
cc

ep
te

d
M

an
us

cr
ip

t



Macrophage Force Generation is Concentrated at the Leading Edge of Migrating Cells and is 

Dependent on Substrate Stiffness 

Substrate stiffness has been shown to affect a variety of cellular behaviors including 

differentiation, adhesion, and migration.  We therefore hypothesized that changing the substrate 

elasticity would cause changes in macrophage force generation.  Traction force microscopy was 

used to determine force generated by macrophages on substrates of increasing stiffness.  

Polyacrylamide gels were fabricated over a range of elastic moduli from 2.5 kPa to 15.6 kPa.  

This range of moduli encompasses the physiological range of tissue stiffnesses macrophages are 

exposed to in vivo including both healthy and diseased tissue [20, 21].  We used M-CSF to 

stimulate polarization and motility in our experiments; however macrophages require the 

chemokine M-CSF to differentiate and proliferate.  Therefore, macrophages were differentiated 

and maintained in M-CSF but the M-CSF was removed for 18 hours prior to experimentation. 

The cells were then stimulated with 20 ng/mL M-CSF immediately before force measurements 

began.  The force generated by macrophages was measured on polyacrylamide hydrogels of 

different stiffness.  We found that the force exerted by macrophages increases with increasing 

substrate stiffness (Figure 1A).  The contact area of the macrophages was also measured and 

found to be biphasic with respect to substrate stiffness (Figure 1B).  This result indicates that the 

increasing force seen on substrates of increasing stiffness is directly correlated to the stiffness of 

the substrate and not an artifact of increased spreading of the macrophage. 

Different patterns of force organization have been seen in various motile leukocytes.  Our 

lab has previously shows that neutrophils have high forces in the rear of the cells relative to 

motion indicating a rearward squeezing mode of motility [9, 10].  Conversely, dendritic cells 

show high forces at the front of the cells relative to motion indicating a forward towing 

mechanism [11].  Therefore, we measured the spatial distribution of forces in a motile 

macrophage to better understand the type of motility macrophages employ.  A representative 

macrophage is shown migrating on a 10,400Pa gel in Supplementary Video 1.  This video 

illustrates the large amount of lamellipodial ruffling associated with macrophage migration.  

Using traction maps of highly motile cells we found that macrophages generate the strongest 

forces in the front of the cell relative to motion.  An illustrative cell is shown in Figure 2A and 

additional cell traction maps are included in Supplementary Figures 1 and 2.  These figures 

illustrate cell tractions using heat maps to show the areas of greatest traction and arrows to 
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indicate the direction of cell motion between the current position and the next frame.  An 

illustration of the cell migration track for the representative cell is shown in Figure 2B.  This type 

of force pattern suggests that macrophages use a towing mechanism of motility in which cells 

extend a pseudopod and attach to the substrate, generate cellular contraction through their 

actomyosin cytoskeleton which exerts tension on the substrate, and then release the uropod.   

 

Macrophage Force Generation Requires Myosin Contraction through ROCK Signaling 

 Actomyosin activity within the cell is important for cellular contraction and tail retraction 

during motility.  This contractility depends on RhoA signaling to myosin II through its kinase 

ROCK.  To determine the contribution of RhoA signaling on macrophage force generation we 

used two chemical inhibitors: Y27632 to block ROCK signaling and blebbistatin to block 

myosin II signaling.  Both inhibitions were performed separately following the protocol 

described in the Materials and Methods section.  We found that treatment of the cells with either 

Y27632 or blebbistatin lead to a significant reduction in force generation (Figure 3A).  As has 

been previously seen, cells inhibited with Y27632 displayed long, unretracted tails and little 

force generation (Figure 3B) [9].  Cells treated with blebbistatin showed no polarization or 

significant force generation (Figure 3C). 

 

Macrophage Force Generation is Dependent on PI3K Signaling and Rac Signaling Downstream 

of Vav1 but not Tiam1 

Phosphoinostitide 3-kinase (PI3K) is a membrane bound signaling protein that interacts 

with both integrin receptors as well as the M-CSF receptor [22].  Upon stimulation, PI3K signals 

downstream to several pathways inducing membrane ruffling, cell polarization, and motility [23-

25].  We investigated the role of PI3K activity in macrophage force generation by inhibiting cells 

with 50µM LY294002.  Cells were inhibited using the same protocol outlined in Materials and 

Methods section.  We found that inhibition of PI3K caused a significant decrease in macrophage 

force generation (Figure 4A); a representative traction map of an LY294002 inhibited cell is 

shown in Figure 4B. 

 Rac, a GTPase downstream of PI3K signaling, is known to be involved in lamellipodial 

protrusion at the leading edge of migrating macrophages [26].  We hypothesized that Rac would 

be important for macrophage force generation because of its role in motility  at the leading edge 
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of cells and our previous finding that macrophage forces during motility are the strongest at the 

front of the cell. We first inhibited cells with 50µM NSC23766, a chemical inhibitor that 

primarily prevents activation of Rac by blocking the interaction of Rac and Tiam1, a Rac GEF.  

We found that this inhibition caused no significant change in the ability of macrophages to 

generate force (Figure 4 C and D).  However, others have previously found that the specific GEF 

involved in Rac activation can determine Rac’s downstream function [27].  We therefore sought 

to inhibit Rac through a GEF known to be important in cell motility.  Macrophages were treated 

with 10µM 6-thio-GTP which prevents Rac binding to its GEF Vav1.  Contrary to our results 

with NSC23766, this inhibition of Rac lead to a significant reduction in the force produced 

(Figure 4 C and E).  This result suggests that the activation of Rac for force generation is, at least 

to some degree, GEF-specific. 

 

Discussion 

Previous work has shown that matrix stiffness has a significant effect on force-mediated 

cell behaviors including cell adhesion [3, 4], spreading [5], and migration [3, 6].  We have shown 

that in primary human macrophages force generation is a stiffness-dependent process with 

increasing stiffness of the underlying matrix resulting in increased force generation.  This trend 

has been seen in other cell types including leukocytes [9].  This result is important 

physiologically because macrophages must migrate through tissues of different densities in the 

body.  In addition, many of the disease associated with macrophage migration are accompanied 

by changes in the stiffness of native tissues such as hardening of the arteries in atherosclerosis 

and development of solid tumors in cancer [1, 21, 28, 29].  We have shown that macrophages are 

able to sense the stiffness of the underlying tissue and modulate their mechanobehavior 

accordingly.  They are able to generate very large traction stresses in response to stiff substrates 

which may be necessary for migration through tissues in the body. 

We were also able to show that the increase in force seen on substrates of increasing 

stiffness was not solely due to an increase in cell area because cell spread area was found to be 

biphasic with increasing matrix stiffness.  Although many cells increase their cell area as a 

function of matrix stiffness [5] others have found a similar biphasic relationship of area with 

increasing stiffness [30].  This could be explained by the recent result indicating that an increase 

Page 11 of 21 Integrative Biology

In
te

gr
at

iv
e

B
io

lo
gy

A
cc

ep
te

d
M

an
us

cr
ip

t



in substrate stiffness leads to an increase in integrin clustering [31].  This clustering could 

prevent the cells from spreading over a large area on stiff substrates. 

We have created the first traction maps of migrating macrophages and have shown that 

the highest areas of traction stress at the leading edge of a migrating macrophage.  This result 

indicates that macrophages utilize a forward towing mechanism of motility.  Our lab has 

previously shown that this type of force distribution is seen in dendritic cells, another monocytic 

cell lineage [11].  However, even though they share a frontal towing mechanism, there are 

substantial differences. Although a direct comparison of the magnitude of the forces is 

impossible because these forces were measured using a micropost array, the forces exerted by 

dendritic cells are much smaller than those exerted by macrophages and associated with the tips 

of filopodia that extend from the front of the cell.  In contrast, macrophages have a clear 

lamellipodia. However, the frontal towing mechanism exhibited among leukocytes of monocytic 

lineage is in contrast to the rearward squeezing seen in neutrophils [9], suggesting that leukocyte 

motility is diverse and the mechanisms used by cells undergoing ameboid motility are not 

uniform. 

We next sought to investigate the signaling involved in the generation of traction force by 

macrophages.  We have previously shown that inhibition of the RhoA kinase ROCK in a 

macrophage cell line does not significantly decrease the cell’s motility but it has a strong effect 

on cell morphology.  Others have also shown that ROCK is important for the generation of 

cellular traction forces [9].  Therefore, we used the chemical inhibitor Y27632 to investigate the 

effect of ROCK signaling on macrophage force generation.  We found that cells inhibited with 

Y27632 show long unretracted tails due to a defect in myosin contraction.  These cells also 

exhibited little to no force (Figure 3 A and B).  Therefore, RhoA signaling through ROCK is 

clearly necessary for macrophage force generation.  These results support previous findings that 

ROCK activity is strongly correlated with the stabilization of the actin cytoskeleton and integrin 

activation in monocytic cells [32, 33].  We also found that the myosin II inhibitor, blebbistatin, 

lead to a significant reduction in traction force (Figure 3 A and C).  As expected, this result 

indicated that myosin II is necessary for proper cytoskeletal contraction and force generation.   

Several signaling pathways localized in the front of migrating cells have been shown to 

be important for macrophage migration.  Phosphoinostitide 3-kinase (PI3K) is activated at the 

cell membrane and has been shown to be upstream of many signaling pathways involved in 
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macrophage migration [23-25].  We found that in addition to macrophage migration, PI3K 

signaling is also important for macrophage force generation.  Inhibition of macrophages with the 

chemical inhibitor LY294002 lead to a significant decrease in force generation (Figure 4 A and 

B).   

One GTPase known to be activated downstream of PI3K is Rac.  Rac has been previously 

shown to be important for macrophage ruffling and motility.  Like other GTPases, Rac is 

activated by several guanine nucleotide exchange factors or GEFs.  These GEFs exchange a 

GDP bound to the GTPase for a GTP, thereby activating the GTPase.  We have shown that 

inhibition of Rac through NSC23766, which blocks Rac binding to the GEF Tiam1, leads to no 

change in force generation but inhibition of Rac through 6-thio-GTP, which blocking binding 

between Rac and Vav1, leads to a significant reduction in force.  This result indicates that Rac’s 

downstream activity is affected by which GEF activated it.  Others have previously shown that in 

chronic lymphocytic leukemia cells Rac activated through Tiam1 was not necessary for cell 

motility but was important for proliferation [34].  Furthermore, it has been shown that in 

neutrophils Vav1 is essential for motility and the mechanosensing under flow[35].  Vav1 has 

also been shown to be important in F-actin reorganization in macrophages [36].  These previous 

results along with the results presented in this study indicate that Rac activation by Vav1 is 

crucial for macrophage force generation, potentially due to Vav1’s role in mediating signals from 

integrins to Rac and its ability to reorganize the cytoskeleton.  Rac activation by Tiam1, 

however, leads to signaling events that are not necessary for macrophage force generation. 

We have shown that macrophages are mechanoresponsive cells capable of exerting large 

forces on their underlying substrate.  This ability may offer an advantage to macrophages which 

spend large amounts of time navigating through tissues of different densities.  We have also 

shown that macrophages concentrate their forces at the leading edge of migrating cells and that 

signaling events that occur at the front of migrating cells are critical for macrophage force 

generation.  PI3K is known to translocate to the leading edge of polarized cells [25] and it has 

been shown that Vav1 is a PI3K-dependent activator for Rac1 in macrophages stimulated with 

CSF-1 [37].  Therefore, it is significant that inhibition of either PI3K activity or the Vav1-Rac1 

interaction leads to a significant reduction in force generation by macrophages.  It is plausible 

that the signaling activity through PI3K and Rac1 has a significant influence on the frontal-

towing mechanism of migrating macrophages. 
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Conclusions 

 We have been able to show that macrophages produce large forces during migration on 

compliant surfaces.  These traction maps indicate that macrophages use a pulling mechanism of 

motility with large forces in the front of migrating cells.  We have found some of the molecules 

responsible for this force and have shown that the activation path for GTPases is important when 

considering their downstream effecter functions.  To our knowledge, this is the first 

demonstration of force generation during macrophage migration.  In the future, studies like this 

will be crucial in understanding the role of mechanosensing in macrophage migration and the 

signaling events involved in motility. 
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Figure Legends 

 

Figure 1.  Primary Human Macrophages on Polyacrylamide Gels of Increasing Stiffness (A) 

Root-mean-squared force of primary human macrophages increases as a function of gel stiffness.  

(B) Spread area of primary human macrophages is biphasic with gel stiffness. (n > 46 cells per 

condition).  Error bars are standard error, * indicates p < 0.05. 

 

Figure 2.  Traction Contour Maps of Migrating Macrophage.  (A) Contour plots shows traction 

stresses and arrows indicate the direction of motion between the indicated time-point and the 

next time-point of a representative macrophage on a 10,400Pa gel.  (B) Outlines of cell position 

every 20 minutes to illustrate cell migration. 

 

 

Figure 3.  Macrophage Force Generation with Rear Contraction Inhibition.  (A)  Root-mean-

squared forces of uninhibited macrophages, macrophages inhibited with 10µM Y27632 to reduce 

ROCK signaling, and macrophages inhibited with 20µM Blebbistatin to reduce myosin II 

activity.  (B) Traction contour plot of a representative cell inhibited with Y27632 imaged at 10 

minutes.  (C)  Traction contour plot of a representative cell inhibited with Blebbistatin imaged at 

340 minutes.  The traction contours are plotted using the same force scale as in Figure 2A.  All 

results from macrophages plated on 10,400Pa gels with 5µg/mL fibronectin.  (n > 44 for each 

condition).  Error bars are standard error.  * indicates p < 0.05. 

 

 

Figure 4.  Macrophage force generation with leading edge inhibition.  (A) Root-mean-squared 

force of uninhibited macrophages and macrophages inhibited with 50µM LY294002 to reduce 

PI3K signaling.  (B) Traction contour plot of a representative cell inhibited with LY294002 

imaged at 230 minutes.  (C) Root-mean-squared force of uninhibited macrophages, macrophages 

inhibited with 50µM NSC23766 to reduce Rac-Tiam1 binding, and macrophages inhibited with 

10µM 6-thio-GTP to block Rac-Vav1 binding.  (D) Traction contour plot of a representative cell 

inhibited with NSC23766 imaged at 320 minutes.  (E) Traction contour plot of a representative 

cell inhibited with 6-thio-GTP imaged at 240 minutes.  The traction contours are plotted using 

the same force scale as in Figure 2A.  All results from macrophages plated on 10,400Pa gels with 

5µg/mL fibronectin.  (n > 58 for each condition).  Error bars are standard error.  * indicates p < 

0.05. 

 

Supplemental Figure 1.  Traction Contour Maps of Migrating Macrophage on a 10,400Pa gel.  

Contour plots shows traction stresses and arrows indicate the direction of motion between the 

indicated timepoint and the next timepoint. 

 

Supplemental Figure 2.  Traction Contour Maps of Migrating Macrophage on a 15,600Pa gel.  

Contour plots shows traction stresses and arrows indicate the direction of motion between the 

indicated timepoint and the next timepoint. 
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Primary Human Macrophages on Polyacrylamide Gels of Increasing Stiffness (A) Root-mean-squared force of 
primary human macrophages increases as a function of gel stiffness.  (B) Spread area of primary human 
macrophages is biphasic with gel stiffness. (n > 46 cells per condition).  Error bars are standard error, * 

indicates p < 0.05.  
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Traction Contour Maps of Migrating Macrophage.  (A) Contour plots shows traction stresses and arrows 
indicate the direction of motion between the indicated time-point and the next time-point of a representative 
macrophage on a 10,400Pa gel.  (B) Outlines of cell position every 20 minutes to illustrate cell migration.  

215x215mm (300 x 300 DPI)  
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.  Macrophage Force Generation with Rear Contraction Inhibition.  (A)  Root-mean-squared forces of 
uninhibited macrophages, macrophages inhibited with 10µM Y27632 to reduce ROCK signaling, and 

macrophages inhibited with 20µM Blebbistatin to reduce myosin II activity.  (B) Traction contour plot of a 
representative cell inhibited with Y27632 imaged at 10 minutes.  (C)  Traction contour plot of a 

representative cell inhibited with Blebbistatin imaged at 340 minutes.  The traction contours are plotted 
using the same force scale as in Figure 2A.  All results from macrophages plated on 10,400Pa gels with 
5µg/mL fibronectin.  (n > 44 for each condition).  Error bars are standard error.  * indicates p < 0.05.  

214x81mm (300 x 300 DPI)  
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Macrophage force generation with leading edge inhibition.  (A) Root-mean-squared force of uninhibited 
macrophages and macrophages inhibited with 50µM LY294002 to reduce PI3K signaling.  (B) Traction 
contour plot of a representative cell inhibited with LY294002 imaged at 230 minutes.  (C) Root-mean-

squared force of uninhibited macrophages, macrophages inhibited with 50µM NSC23766 to reduce Rac-
Tiam1 binding, and macrophages inhibited with 10µM 6-thio-GTP to block Rac-Vav1 binding.  (D) Traction 
contour plot of a representative cell inhibited with NSC23766 imaged at 320 minutes.  (E) Traction contour 

plot of a representative cell inhibited with 6-thio-GTP imaged at 240 minutes.  The traction contours are 
plotted using the same force scale as in Figure 2A.  All results from macrophages plated on 10,400Pa gels 

with 5µg/mL fibronectin.  (n > 58 for each condition).  Error bars are standard error.  * indicates p < 0.05.  
195x164mm (300 x 300 DPI)  
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