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Abstract

Macrophages become polarized by cues in their environment and this polarization causes a
functional change in their behavior. Two main subsets of polarized macrophages have been
described. M1, or “classically activated” macrophages, are pro-inflammatory and M2, or
“alternatively activated” macrophages, are anti-inflammatory. In this study, we investigated the
motility and force generation of primary human macrophages polarized down the M1 and M2
pathways using chemokinesis assays and traction force microscopy on polyacrylamide gels. We
found that M1 macrophages are significantly less motile and M2 macrophages are significantly
more motile than unactivated MO macrophages. We also showed that M1 macrophages generate
significantly less force than MO or M2 macrophages. We further found that MO and M2, but not
M1, macrophage force generation is dependent on ROCK signaling, as identified using the
chemical inhibitor Y27632. Finally, using the chemical inhibitor blebbistatin, we found that
myosin contraction is required for force generation by M0, M1, and M2 macrophages. This study
represents the first investigation of the changes in the mechanical matility mechanisms used by
macrophages after polarization.
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3. INTRODUCTION

Macrophages are a highly heterogeneous and plastic group of cells that reside in most
tissues throughout the body and perform diverse functions. Originating from circulating
monocytes, macrophages differentiate upon entering tissues and can become further
activated by cues in their environment 3. It has been shown that a variety of soluble cues can
drive this activation. In general, macrophages are categorized into two main “activation’
states. Macrophages can be “classically activated” along a pro-inflammatory or M1 pathway
by inflammatory cytokines like interferon-gamma (IFN-y) and by microbial stimuli such as
lipopolysaccharide (LPS) 1. M1 macrophages are found in active inflammation sites and
secrete high amounts of cytokines such as tumor necrosis factor-a (TNFa), interleukin-12
(IL-12), and interleukin-23 (IL-23) that lead to an adaptive immune response 8. In contrast,
macrophages can also be ‘alternatively activated’ along an anti-inflammatory or M2 pathway
by interleukin-4 (1L-4) or interleukin-10 (IL-10) 18, M2 macrophages are active during the
resolution of inflammation and secrete anti-inflammatory cytokines such as CCL17 and
CCL222.

Differentially polarized macrophages have been associated with the progression of certain
disease states. In type Il diabetes, chronic inflammation in adipose tissue is caused by the
enhanced recruitment of pro-inflammatory (M1) macrophages 2°. In contrast, anti-
inflammatory M2 macrophages facilitate tumor progression and invasion by suppressing the
immune response as well as promoting angiogenesis of the tumorigenic tissue 1617,
Macrophages have also been seen migrating with tumor cells away from solid tumors and
into the vasculature ©.

In response to injury, macrophages first exhibit a predominantly M1 phenotype and then
switch to a predominantly M2 phenotype. Changes in the microenvironment can alter
macrophage phenotype to either facilitate or hinder the M1-to-M2 transition and the
resolution of healing. However, how polarization affects the macrophages’ ability to migrate
within different environments is poorly understood. It has been previously shown that the
porosity and structure of a microenvironment can alter the morphology and migration
potential of macrophages ‘. Furthermore, it was shown that the differences in migration
between MO, M1, and M2 macrophages depended on the structure of the matrix. It has also
been previously shown that protein patterning can cause macrophages to adopt an M1 or M2
phenotype by driving specific cell morphologies 18.

McWhorter et al. found that polarization of murine bone marrow derived macrophages
caused rounding of M1 polarized cells and elongation of M2 polarized cells. Furthermore,
forced changes in cell geometry could induce a polarized phenotype. They used
micropatterned surfaces to control cell shape and found that when macrophages were forced
to elongate they adopted an M2 phenotype in the absence of chemical cues and that this
elongation protected macrophages from adopting an M1 phenotype even in the presence of
pro-inflammatory cues 18. The results of this study are in direct contrast to the findings of
Vogel et al. who showed that polarization of primary human macrophages caused an
elongation of M1 macrophages and a rounding of M2 macrophages 27. Clearly there is a
need to evaluate the changes in the cytoskeleton following polarization. Despite their
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contrasting findings, these studies indicate that there is a physical and mechanical basis for
macrophage polarization. We hypothesized that there will be a change in the mechanical
properties of macrophages when they are polarized down M1 and M2 pathways.

Polarization of macrophages has been shown to change the motility of the cells; M1
macrophages have lower overall motility and M2 macrophages have increased random and
chemotactic motility 7- 27. Other laboratories have studied the migration of M1 and M2
polarized macrophages using transwell chambers and three-dimensional gels 7, but M1 and
M2 macrophage migration has not yet been described on two-dimensional gels of controlled
stiffness.

Macrophage polarization has previously been shown to lead to a change in cell morphology;
however, the mechanical changes accompanying macrophage polarization have not been
described. Unactivated primary human macrophages have been shown to generate strong
forces on compliant polyacrylamide gels 12. We therefore hypothesized that macrophage
polarization would lead to a change in the force generation of the cells. In this study, we
used traction force microscopy and a chemokinesis assay to evaluate the motility and force
generation of polarized macrophages on compliant polyacrylamide gels, allowing for the
study of polarized macrophage migration on compliant surfaces without the confounding
factor of matrix degradation. We have shown that macrophage polarization has a significant
effect on the capacity of primary human macrophages to migrate and generate traction
forces.

4. MATERIALS AND METHODS

Reagents

Bovine fibronectin, recombinant human M-CSF (macrophage colony stimulating factor),
and E. Coli LPS (lipopolysaccharide) were obtained from Sigma (St. Louis, MO).
Recombinant human IFN+y (interferon-y) and recombinant human IL-4 were obtained from
Peprotech (Rocky Hill, NJ). We used the ROCK inhibitor Y27632 at 10uM from Millipore
(Billerica, MA) and the myosin inhibitor Blebbistatin at 20 pM from Sigma (St. Louis, MO).

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 four 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 AimV media
overnight. Non-adhered cells were removed and washed with 1x PBS. Adherent monocytes
were then differentiated for seven days in AimV supplemented with 2ng/mL M-CSF (Sigma,
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St. Louis, MO). Cells were used for experimentation 7-12 days following the start of
differentiation.

Polarization of Macrophages

Macrophages were plated at 100 cells/mm? on polyacrylamide gels in AimV media
supplemented with 2ng/mL M-CSF and 1% penicillin-streptomycin and incubated for 1
hour. Non-adherent cells were washed away and attached cells were polarized for 24 hours
in AimV supplemented with 2ng/mL M-CSF, penicillin-streptomycin, and specific
polarization factors. M1 macrophages were polarized with 20ng/mL IFN~y and 100ng/mL
LPS. M2 macrophages were polarized with 20ng/mL IL-4. MO macrophages were plated
without polarization factors and incubated on the gels for the same amount of time as the
polarized cells.

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 21 as described in previous papersl3: 23,

Synthesis of the Bifunctional Linker

N-6-((acryloyl)amino)hexanoic acid (N-6) was synthesized using the method described by
Pless et al 22, The N-6 copolymerizes in the acrylamide to form a reactive polyacrylamide
gel. The N-6 contains an r+succinimidyl ester that is displaced by a primary amine to link
the amine-containing ligand, such as fibronectin, to the polyacrylamide gel.

Gel Synthesis

Acrylamide solutions were prepared containing acrylamide (40% w/v solution), 7,7 -
methylene-bis-acrylamide (2% wi/v solution), 7’ -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 (0.5um Fluorospheres, Molecular
Probes, Eugene, OR). Hydrogels were prepared as previously described!3. 10,400Pa gels
were used for all experiments because previous studies have shown this gel stiffness allows
for both robust macrophage migration and consistent traction force measurements13,

Extraction of RNA and cDNA synthesis

RNA was extracted from the cells adherent to the polyacrylamide gels by incubating the
samples in 1 mL Trizol Reagant (Life Technologies) for 1 minute. The solution was
collected and again incubated at room temperature. After 5 minutes, 200uL of chloroform
was added and the mixture was rigorously shaken for 15 seconds. The solution was then
incubated for 3 minutes at room temperature. The mixture was centrifuged at 12,000 x g for
15 minutes and RNA extraction from the aqueous phase was performed using the RNeasy
Mini Kit (Qiagen) according to the manufacturer’s instructions. The RNA was quantified
using a Nanodrop spectrophotometer (ND1000).
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DNAse treatment of the RNA was performed using the DNAse | Removal kit (Invitrogen)
according to the manufacturers instructions. The High Capacity cDNA Reverse Transciptase
kit (Life Technologies) was used for cDNA synthesis according to the manufacturer’s
instructions.

Analysis of gene expression using RT-PCR

Quantitative RT-PCR for markers of the M1 and M2 phenotypes was performed using the
SYBR Green PCR Master Mix (Life Technologies) and the following primers (all from Life
Technologies) as previously described 1°: CCR7 (forward:
TGAGGTCACGGACGATTACAT, reverse: GTAGGCCCACGAAACAAATGAT), ILIB
(forward: ATGATGGCTTATTACAGTGGCAA, reverse: GTCGGAGATTCGTAGCTGGA),
MMPI (forward: GTACTCGACCTGTACCAGCG, reverse:
TCAGGGCGAGGACCATAGAG), CCL18 (forward: GCTCTCTGCCCGTCTATACC,
reverse: GGGCTGGTTTCAGAATAGTCAACT), CcCL22 (forward:
GCGTGGTGTTGCTAACCTTCA, reverse: AAGGCCACGGTCATCAGAGT), and 7T/MP3
(forward: ACCGAGGCTTCACCAAGATG, reverse: CATCATAGACGCGACCTGTCA).
Gene expression was quantified using the comparative Ct method and gene expression was
normalized to the housekeeping gene GAPDH (forward:
AAGGTGAAGGTCGGAGTCAAC, reverse: GGGGTCATTGATGGCAACAATA).

Chemokinesis Assay

Polyacrylamide gels fabricated on 25mm coverslips were attached to 6-well plates with
vacuum grease. Cells were plated in each well at 140 cells/mm? and incubated for one hour.
After incubation, the cells were washed with AimV to remove any unattached cells. Cells
were polarized for 24 hours in AimV supplemented with polarization factors (Sigma, St.
Louis, MO and Peprotech, Rocky Hill, NJ) and 1% penicillin-streptomycin. Cells were
imaged at 10x magnification on a Nikon Eclipse TE300 (Nikon, Melville, NY) using
custom-built LabView (Texas Instruments, Austin, TX) software that allows for time-lapse
imaging of several positions. Fifteen fields of view per condition were imaged and images
were captured every 10 minutes for 24 hours. Motility parameters were calculated as
previously reported 14. Briefly, cell trajectories were captured using the ImageJ Manual
Tracking plugin. Chemokinesis parameters were calculated using a custom written
MATLAB (Mathworks, Natick, MA) script. The MATLAB script fits the root-mean-squared
speed (S) and persistence time (P) of the tracked cells to the Dunn Equation:10 {c?) = nS?[Pt
- P2(1 - e A using a nonlinear curve fitting algorithm where {?) is the mean squared
displacement, n is the dimensionality of the system, and persistence time is defined as the
time between significant changes in the direction of cell motion. The random motility
coefficient is a relative diffusion coefficient for the cells in a uniform chemokine field. The
random motility coefficient, |, was calculated using the fit parameters in the following

equation: p=152Pp-
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Traction Force Microscopy of Migrating Macrophages

Traction force microscopy has been described previously °. Briefly, traction forces were
determined based on deformations in the polyacrylamide substrate relative to the relaxed
substrate as detected by movements of 0.5-pm beads embedded in the gel.

Primary human macrophages were plated on fibronectin-coated polyacrylamide gels at 100
cells/mm? and incubated for 1 hour at 37°C. Unattached cells were washed away and fresh
AimV with 2ng/mL human M-CSF was added to the gel chamber. The cells were allowed to
polarize for 24 hours. 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
following the 24 hour polarization 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 software8, 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, |A, exerted by the cell on its substrate, is an integral of the traction field

magnitude over the area, |[F'| =/ \/(TE(I» y)+T7 (x,y) dvdy, where T(x, J) = [T:X, ).
T{x W] is the continuous field of traction vectors defined at any spatial position (x,)
within the cell.

Chemical Inhibition of Macrophages

Macrophages were seeded on 10,400Pa gels functionalized with 5pg/mL fibronectin and
allowed to adhere for 1 hour. After incubation, the cells were washed with AimV to remove
any unattached cells. Cells were polarized for 24 hours in AimV supplemented with
polarization factors (Sigma, St. Louis, MO and Peprotech, Rocky Hill, NJ) and 1%
penicillin-streptomycin. After 24 hours of polarization, the ROCK inhibitor Y27632 was
added to the wells at 10 uM or the myosin inhibitor Blebbistatin was added at 20 pM, each
for 1 hr. 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.

Statistical analysis

All data are presented as mean +/- standard error. Significance determined using student’s t-
test, p < 0.05 considered significant. n > 300 cells used for motility experiments and n > 20
cells used for traction force experiments.

5. RESULTS

Characterization of Macrophage Polarization

We first measured the gene expression profiles of macrophages to confirm that they
polarized as expected on the compliant gel surfaces. The expression of known M1 markers

Cell Mol Bioeng. Author manuscript; available in PMC 2017 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hind et al.

Page 7

CCRY7, IL-1B, and MMP9 was significantly higher in macrophages treated with 20ng/mL
IFN-y and 100ng/mL LPS compared to the macrophages treated with 2ng/mL MCSF alone
(MO) or 20 ng/mL IL-4 (M2). The known M2 markers CCL22 and TIMP3 were expressed at
significantly higher levels in macrophages treated with I1L-4, compared to the MO or M1
macrophages (Figure 1). Gene expression of the M2 marker CCL18 was not significantly
different between M1 and M2 macrophages, which has been previously reported 26,

Macrophage Polarization Alters Macrophage Motility on Polyacrylamide Gels

We measured the effect of polarization on macrophage motility on compliant
polyacrylamide gels. Control M0, M1, and M2 macrophages were allowed to migrate
randomly on polyacrylamide gels in the presence of a uniform concentration of the
chemokine CSF-1. The control MO macrophages were able to efficiently migrate on the
polyacrylamide gels (Supplementary Video 1). Motility parameters such as speed and the
random motility coefficient were calculated and used to compare the migration of M0, M1,
and M2 macrophages. The random motility coefficient of M1 polarized macrophages was
significantly reduced when compared to the MO and M2 macrophages (Figure 2A).
Furthermore, the M2 macrophages had a significantly higher random motility coefficient
than control MO macrophages. These differences in motility can be seen in time-lapse videos
of M0, M1, and M2 macrophage migrating on the polyacrylamide gels (Supplementary
Video 1). Plots showing the dispersion of MO, M1, and M2 macrophages migrating on
compliant polyacrylamide gels were created by moving the start point of each cell track to
the origin of the axis (Figure 2C). These plots qualitatively show the differences in the
migration potential of MO, M1, and M2 polarized macrophages. A change in the speed of
the polarized macrophages was also observed. M2 macrophages migrated at a significantly
higher speed than M0 or M1 macrophages and M1 macrophages showed a significantly
reduced speed relative to MO macrophages (Figure 2B).

M1 Macrophages Generate Significantly Less Force than MO or M2 Macrophages

We used traction force microscopy to measure the forces generated by M1 and M2 polarized
macrophages and compared them to the forces generated by control, unactivated MO
macrophages. M1 polarized macrophages were found to generate significantly less traction
force than M0 macrophages or M2 polarized macrophages, but there was no significant
difference between the forces generated by MO and M2 macrophages (Figure 3A). This
reduced force generation by M1 macrophages was accompanied by a significant reduction in
traction stress (Figure 3B); the M1 and M2 polarized macrophages had a significantly
increased average spread area of cells on the gels compared to unpolarized MO macrophages
(Figure 3C); however, no differences in cell morphology were observed qualitatively
(Supplementary Video 1). Traction contour maps of migrating M2 macrophages show a
frontal-towing mechanism of macrophage migration with the highest areas of force at the
leading edge relative to cell migration (Figure 4). This is the same pattern of force
generation we have previously published for unactivated MO macrophages 12. Traction maps
of M1 macrophages have no specific localization of forces as the M1 macrophages do not
translocate.
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Force Generation by MO and M2 but not M1 Macrophages Requires ROCK Activity

It has been shown that myosin contraction through ROCK signaling is necessary for force
generation in many types of cells 1 28, \We therefore hypothesized that ROCK signaling
upstream of myosin contraction would be necessary for traction force generation in
polarized macrophages. We polarized macrophages as described before, and then exposed
the polarized cells to the chemical inhibitor Y27632 to block ROCK activity for one hour.
We then measured the traction forces of the inhibited cells in the continued presence of the
inhibitor. We found that both MO and M2 polarized macrophages produced significantly less
force under ROCK inhibition than they did when uninhibited (Figure 5A). Interestingly, M1
macrophages had no reduction in force generation, indicating that the small forces generated
by M1 macrophages are not dependent on ROCK signaling. The changes in traction force of
the M0 and M2 polarized macrophages were due to a significant reduction in both the
traction stresses (Figure 5B) and the area (Figure 5C). Interestingly the M1 macrophages
also showed a decrease in area but no corresponding change in force generation. There were
no significant differences between the forces generated by M0, M1, or M2 polarized
macrophages under ROCK inhibition.

Macrophage Force Generation Requires Myosin Contraction

Myosin contraction has previously been shown to be necessary for force generation by
unactivated macrophages 12. We therefore hypothesized that myosin contraction would be
necessary for force generation by polarized macrophages. We polarized the macrophages as
before, then we incubated the cells with the chemical inhibitor blebbistatin for one hour to
block myosin contraction. We then measured the traction forces of the inhibited M0, M1,
and M2 cells in the continued presence of blebbistatin. We found that MO, M1, and M2
macrophages all produced significantly less force without myosin contraction than they did
when uninhibited (Figure 6A). Furthermore, there were no significant differences in force
generation between the M0, M1, and M2 macrophages under blebbistatin inhibition. The
decrease in force generation was accompanied by a significant reduction in traction stress
generation by M0 and M2 macrophages and a significant reduction in area for all three
macrophage subsets (Figure 6C). When considered in conjunction with the results from
ROCK inhibition, these results indicate that myosin contraction may be responsible for
much of the difference in force generation between the MO-M1 and M1-M2 macrophages
because inhibition of this pathway by both Y27632 and blebbistatin eliminates any
differences in force generation between the three polarization states. Specifically, the
reduction in M1 force generation indicates that M1 force generation requires myosin
contraction through a ROCK-independent pathway while MO and M2 force generation
requires ROCK signaling as well as myosin contraction.

6. DISCUSSION

We have shown that polarization has a significant effect on the ability of macrophages to
migrate randomly and generate forces on compliant polyacrylamide gels. We found that M1
polarization leads to a significant decrease in motility and force generation and M2
polarization leads to a significant increase in motility but no change in force compared to
unactivated, M0, macrophages.
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Previous studies have shown that macrophages can be activated by cues in their environment
and that this activation alters the behavior of these cells in both healthy immune responses
and in disease 5 20: 27 Fyrthermore, it has been suggested that mechanical signals such as
cell shape can also alter the activation status of macrophages 18. We have shown that on
compliant polyacrylamide gels, M1 polarized macrophages are significantly less motile and
M2 polarized macrophages are significantly more motile than unpolarized macrophages.
This result agrees with a previous study that found reduced motility in M1 macrophages and
increased motility in M2 macrophages in both 3D matrigel and 2D transwell assays ’. It has
also been previously reported that the M2 macrophages migrate and crawl directionally
toward several chemokines more efficiently than M1 macrophages using a TAXIScan

assay 2. In this study we directly quantified the random motility of M0, M1, and M2
polarized macrophages. By using polyacrylamide gels we also removed the confounding
factor of matrix degradation in the analysis of migration as M1 and M2 macrophages have
been previously shown to secrete high levels of MMP9 26, The finding presented by this
study and others that macrophages lose motility with M1 polarization and gain motility with
M2 polarization seems to be in agreement with the physiological roles of polarized
macrophages. M1 macrophages are pro-inflammatory macrophages present at the beginning
stages of an active immune response 17; their primary role is to remain at the site of
infection, clearing away pathogens and activating the adaptive immune response 3. We
therefore propose that upon arriving at the site of inflammation and becoming polarized, M1
macrophages have no immediate need to migrate large distances leading to a decrease in
motility. In contrast, M2 macrophages are present at the resolution of an immune response
and secrete anti-inflammatory cytokines to dampen the adaptive immune response 17. We
therefore propose that it is important for M2 macrophages to migrate away from the site of
infection to resolve the inflammation leading to an increase in motility. In addition to aiding
in the normal function of M2 macrophages in an immune response their increased migration
might provide insight into their role in cancer metastasis. The presence of M2 macrophages
at the site of a tumor is often associated with increased metastatic potential and a poor
patient prognosis 11 16. 17. 25 Fyrthermore, macrophages have been observed co-migrating
with tumor cells away from solid tumors and toward the vasculature suggesting that
macrophages may aid tumor cell entry into blood vessels 24. It is possible that this increased
migration seen in M2 macrophages could assist in metastasis and may be a potential
therapeutic target in the future 4 3.

In addition to increased migration, it has also been shown that macrophage polarization can
lead to changes in cell morphology. Macrophage polarization has been reported to alter the
morphology of human macrophages. Two different studies reported an elongation of either
M2 polarized murine macrophages 18 or elongation of M1 polarized primary human
macrophages 27. The first study showed that cell shape is sufficient to polarize macrophages
in the absence of chemical stimuli, and cell elongation can inhibit M1 polarization by
chemical stimuli 18, This result indicated that macrophage polarization has an effect on the
mechanical machinery of the cells. We found that M1 polarization led to a significant
reduction in force generation and traction stresses by polarized macrophages, but no
significant difference was found between M0 and M2 macrophages. These results together
indicate that macrophage polarization directly alters the mechanical properties of the cells.
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We have previously shown that myosin 1l contraction through ROCK is important for
macrophage force generation, confirming the results of others that myosin 11 is directly
involved in force generation 12: 15, To determine the effect of myosin 11 contraction we used
two distinct inhibitors: Y27632, which blocks myosin contraction through the RhoA kinase
ROCK but not through other pathways such as MLCK, and blebbistatin, which blocks all
myosin 11 contraction. We found that loss of ROCK signaling upstream of myosin 11
contraction through the chemical inhibitor Y27632 led to a significant decrease in the force
generated by MO and M2 macrophages, in agreement with our previous results 12,
Interestingly, the force generated by M1 macrophages was unchanged by ROCK inhibition.
After the inhibition of ROCK, the forces generated by M0, M1, and M2 polarized
macrophages were not significantly different from each other, suggesting that the increased
force generated by MO and M2 macrophages is dependent on myosin Il contraction through
ROCK signaling. This also suggests that a second force generating mechanism, not
dependent on ROCK signaling, is present in all three polarized macrophage subsets and
equally contributes to their force generation. Furthermore, the unchanged force generation
by M1 macrophages indicates that any force produced by these cells occurs through a
ROCK-independent pathway. We were therefore interested in determining the contribution
of the total myosin Il contraction in macrophage force generation. We found that inhibition
of myosin contraction by blebbistatin lead to a significant reduction in force generation by
MO, M1, and M2 macrophages compared to uninhibited cells and the force generation
between all three subsets of macrophages under myosin Il inhibition was not significantly
different. This proves that myosin Il contraction is necessary for force generation in all
macrophages. Interestingly, the force generation by M1 macrophages was significantly
reduced in the presence of blebbistatin even though no change in force was seen under
Y27632 inhibition. Together these results indicate that force generation by M1 macrophages
is dependent on myosin Il contraction in a ROCK-independent manner. This ROCK-
independent pathway is likely used by all three macrophage subsets as inhibition with
Y27632 did not lead to a total loss of force generation. It is possible that another pathway
upstream of myosin I1, such as MLCK also contributes to force generation. Further studies
with a MLCK inhibitor and double inhibition experiments are needed to confirm this
hypothesis.

We have been able to show that polarization changes the ability of macrophages to migrate
and generate forces. Specifically, we showed that M1 macrophages have reduced motility
and M2 macrophages have increased motility compared to unpolarized macrophages.
Furthermore, we found that M1 macrophages generate significantly less force than M0 and
M2 macrophages but M2 macrophages have no significant change in force compared to MO
macrophages. Finally, we showed that ROCK signaling is important for force generation in
MO and M2 macrophages but not M1 macrophages. Myosin 1l mediated contractility is
necessary for force generation by all three macrophage subsets indicating that a second
ROCK-independent myosin Il contraction pathway is responsible for M1 force generation.
Overall, we have shown that polarization not only changes the gene expression profile of
macrophages but can also change their mechanical outputs. The results are consistent with
the physiological roles each type of macrophage plays in inflammation. In the future, the
differential force generation and motility mechanisms between M1 and M2 macrophages
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might serve as therapeutic targets in a number of diseases specifically associated with either

M1 or M2 macrophage migration.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Characterization of polarized macrophages using RT-PCR. Quantitative RT-PCR for markers
of the M1 and M2 phenotypes shown as fold change over GAPDH expression. M1 markers:
(A) CCR7, (B) IL1b, (C) MMP9. M2 markers: (D) CCL18, (E) MDC, (F) TIMP3.
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Figure2.
Motility of polarized macrophages. (A) Random motility coefficient and (B) Speed of MO,

M1, and M2 polarized macrophages migrating on 10,400Pa gels coated with 5 pg/mL
fibronectin. (C) Dispersion of MO, M1, and M2 macrophages migrating on 10,400Pa
polyacrylamide gels. ( n > 300 cells per condition). Error bars are standard error. * indicates
p <0.05.
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Traction force generation by polarized macrophages. (A) Traction force generated by MO,
M1, and M2 macrophages on 10,400Pa polyacrylamide gels. (B) Traction stresses generated
by MO, M1, and M2 macrophages. (C) Area of MO, M1, and M2 macrophages. (nh > 50 per
condition). Error bars are standard error. * indicates p < 0.05 and ** indicates p < 0.002.
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Figure 4.
Traction contour maps of a migrating M2 macrophage. Contour plots show traction stresses

and arrows indicate the direction of motion between the indicated timepoint and the next
timepoint of a representative M2 macrophage on a 10,400Pa gel.
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Figure5.
Traction force generated by polarized macrophages under ROCK inhibition. (A) Traction

forces of control MO, M1, and M2 macrophages and macrophages under ROCK inhibition.
(B) Traction stresses of control and polarized macrophages under ROCK inhibition. (C)
Avrea of control and ROCK inhibited MO, M1, and M2 polarized macrophages. (n > 20 per
condition). Error bars are standard error. * indicates p < 0.05 and ** indicates p < 0.002.
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Traction force generated by polarized macrophages under Blebbistatin inhibition. (A)
Traction forces of control M0, M1, and M2 macrophages and macrophages under
Blebbistatin inhibition. (B) Traction stresses of control and polarized macrophages under
Blebbistatin inhibition. (C) Area of control and Blebbistatin inhibited MO, M1, and M2
polarized macrophages. (n > 20 per condition). Error bars are standard error. * indicates p <
0.05 and ** indicates p < 0.002.
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