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SPECIAL ISSUE: MODULATION OF THE IMMUNE SYSTEM

Macrophage Mechano-Responsiveness
Within Three-Dimensional Tissue Matrix upon
Mechanotherapy-Associated Strains

Parto Babaniamansour, MSc,' Diego Jacho, MSc,' Ashley Teow, MSc, Agustin Rabino, BSc?
Rafael Garcia-Mata, PhD? and Eda Yildirim-Ayan, PhD'

Mechano-rehabilitation, also known as mechanotherapy, represents the forefront of noninvasive treatment for
musculoskeletal (MSK) tissue disorders, encompassing conditions affecting tendons, cartilage, ligaments, and
muscles. Recent emphasis has underscored the significance of macrophage presence in the healing of MSK tissues.
However, a considerable gap still exists in comprehending how mechanical strains associated with mechanotherapy
impact both the naive and pro-inflammatory macrophage phenotypes within the three-dimensional (3D) tissue
matrix, as well as whether the shift in macrophage phenotype is contingent on the mechanical strains inherent to
mechanotherapy. In this study, we delineated alterations in mechano-adaptation and polarization of both naive and
M1 macrophages within 3D matrices, elucidating their response to varying degrees of mechanical strain exposure
(3%, 6%, and 12%). To evaluate macrophage mechano-adaptation and mechano-sensitivity within 3D collagen
matrices under mechanical loading, we employed structural techniques (scanning electron microscopy, histology),
quantitative morphological measures for phenotypic assessment, and genotypic methods such as quantitative real-
time polymerase chain reaction. Our data reveal that the response of macrophages to mechanical loading is not only
contingent on their specific sub-phenotype but also varies with the amplitude of mechanical strain. Notably,
although supra-mechanical loading (12% strain) was requisite to induce a phenotypic shift in naive (M0) macro-
phages, as little as 3% mechanical strain proved sufficient to prompt phenotypic alterations in pro-inflammatory
(MT1) macrophages. These findings pave the way for leveraging the macrophage mechanome in customized and
targeted applications of mechanical strain within the mechano-therapeutic framework. Considering the prevalence
of MSK tissue injuries and their profound societal and economic implications, the development of well-informed
and effective clinical mechanotherapy modalities for MSK tissue healing becomes an imperative endeavor.

Keywords: cytoskeleton, inflammation, immunomodulation, macrophage polarization, macrophage-laden 3D
matrix, mechanotherapy, mechanotransduction, musculoskeletal tissue regeneration

Impact Statement

Mechanotherapy is a primary noninvasive treatment for musculoskeletal (MSK) tissue injuries, but the effect of mechanical
strain on macrophage phenotypes is not fully understood. A recent study found that macrophage response to mechanical
loading is both sub-phenotype specific and amplitude-dependent, with even small strains enough to induce phenotypic
changes in pro-inflammatory macrophages. These findings could pave the way for using macrophage mechanome in
targeted mechanotherapy applications for better MSK tissue healing.

Departments of 'Bioengineering and “Biological Sciences, University of Toledo, Toledo, Ohio, USA.
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Introduction

NEARLY 35 MILLION MUSCULOSKELETAL (MSK) injuries
are reported each year only in the United States, with
an annual cost of around $30 billion.'™ A convincing body
of clinical evidence state that innate immune cells, including
macrophages, are critical regulators in MSK tissue regen-
eration.* On injury, the circulating blood monocytes ex-
travasate into the tissue and differentiate into naive
macrophages (M0), which concomitantly differentiate into
classically activated macrophages (M1) to stimulate the
precursor cell proliferation through the secretion of pro-
inflammatory molecules, including tumor necrosis factor
(TNF)-a, interleukin (IL)-6, and IL-1p in the gene expres-
sion section and phagocyte the tissue debris.

Following the initial inflammatory phase, macrophages
can alter their metabolic functions and polarize from a pro-
inflammatory phenotype to a healing/growth-promoting
phenotype (M2).”'!! These sequential and also transient
phenotypic changes in macrophages either contribute to or
hinder MSK tissue regeneration dependm§ on the micro-
environment circulating the macrophages.'

The nonsteroidal anti-inflammatory drugs (NSAIDs) are
commonly used with MSK injuries because of their immu-
nomodulatory effects on activated macrophages and, subse-
quent, therapeutic effect against inflammatory symptoms.'>~!”
Despite this, the recent in vivo and clinical data indicate that
NSAIDs can impair MSK tissue healing,'®2° weaken MSK
tissue mechanical stability,”'~* and lead to spontaneous post-
injection ruptures in connective MSK tissues.>*

Thus, mechanotherapy exercises (physical therapy), which
are already frequently employed in clinical settings, become
prominent noninvasive treatment strategies for MSK tissue
healing. The MSK tlssues require mechamcal 10ad1 § for
hemostasis and recovery.'” In vitro, ** in vivo, and
silico models*®* demonstrated that in the absence of me-
chanical loading, the strength of MSK tissue decrease while
inflammatory response increases.”**

For instance, the recent in vivo mechanotherapy studies
highlight the importance of early mobilization and me-
chanical loading in tendon tissue healing.*® The 15min of
mechanical loading from as early as 3 days after injury were
sufficient to increase callus thickness and strength of the
healing tendon.””’ These studies demonstrate the impor-
tance of mechanical loading on MSK tissue regeneration;
however, the macrophage mechanome governing the in-
flammation still remains unknown.

It is often thought that mechanical loading during me-
chanotherapy exercises mainly affects the extracellular
matrix (ECM) formation and remodeling,'” yet it was re-
cently reported that mechanical loading first affects the early
inflammatory phase of healing by modulating the macro-
phage polarization and then subsequently affects MSK tis-
sue regeneration. The recent in vivo mechanotherapy studies
demonstrated the interaction of mechanical loading and in-
flammation around the injured MSK tissue.

On mechanotherapy exercises as short as 30 min/day for 5
days, the pro-inflammatory gene (IL-1B, TNF-a, interferon-
gamma [IFN-y]) expressions were significantly down-
regulated on the mechanically loaded MSK tissue (tendon)
compared with immobihzed counterparts using botulinum
toxin A (Botox) lI’l_]eCthl’l 8 Thus, it is important to under-
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stand how mechanical loadings associated with mechan-
otherapy exercises modulate the macrophage phenotype
toward pro-inflammatory lineages, which is a crucial step
toward tissue regeneration.

Yet, the adaptive phenotypic response of macrophages to
mechanical loading, unloading, and overloading is not fully
understood. Toward this end, the objective of this study is
two-fold: (a) to understand how various mechanical loading
amplitudes utilized in mechanotherapy exercises affect na-
ive (MO) and pro-inflammatory macrophage (M1) polari-
zation on their extravasation within the three-dimensional
(3D) tissue; (b) to understand the mechano-responsiveness
of macrophage sub-phenotypes to the same mechanical
loading condition and whether the macrophage mechano-
responsiveness is phenotype-specific.

Materials and Methods
Macrophage cultivation

The human pro-monocytic cell line U937 (ATCC, VA,
USA) was cultured in Roswell Park Memorial Institute
(RPMI) 1640 medium (ATCC), supplemented with 10%
(v/v) heat-inactivated fetal bovine serum (ThermoFisher,
USA), 2mM L-glutamine, 10 mM HEPES, 1 mM sodium
pyruvate, 4500 mg/L glucose, and 1500 mg/L. sodium bi-
carbonate and kept in the incubator (37°C, 5% carbon di-
oxide) for expansion.

After changing the medium every 2-3 days and on
reaching confluency, the U937 monocyte cells were treated
with 100 ng/mL of phorbol 12-myristate 13-acetate (PMA;
Sigma-Aldrich, USA) for 24 h to be differentiated into naive
macrophages (MO0). Different PMA concentrations and in-
cubation times were tested based on cell viability (data not
shown). As a result, 24h incubation with 100ng/mL of
PMA was selected to differentiate blood-derived monocytes
to naive macrophages.

To polarize MO macrophages to pro-inflammatory (M1)
phenotype, the cells were further cultured within the media
supplemented with 20 ng/mL IFN-y (Peprotech, Cranbury,
NJ) and 100 ng/mL lipopolysaccharide (LPS; Sigma, USA)
for 24 h. Moreover, to polarize MO macrophages to anti-
inflammatory (M2) phenotype, the cells were further cul-
tured within the media supplemented with 100 ng/mL IL-4
(Peprotech) for 24 h.

Macrophage phenotype assessment before
macrophage-laden 3D tissue matrix synthesis

Before encapsulating macrophages within the 3D tissue
matrix and applying mechanical stimulation, the pheno-
type of monocyte-derived naive macrophages (MO) and
classically activated macrophages (M1) was confirmed
using immunofluorescence staining. Briefly, 24h after
PMA treatment, cells were fixed in 4% paraformalde-
hyde and then quenched with ammonium chloride for
15min each. Then, cells were permeabilized with Triton
X-100 for 15min and washed in phosphate-buffered sa-
line (PBS).

Subsequently, cells were incubated for 20 min with 2.5%
(v/v) goat serum (Invitrogen) and 0.2% Tween Solution in
PBS to block non-specific antibody binding. After blocking,
cells were incubated overnight at 4°C in mouse CDS80
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Computer-Controlled Mechanical Loading
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antibody (1:100; TA501575; Invitrogen) and rabbit CD206
antibody (1:100; MA1-35936; ThermoFisher).

The following day, cells were washed three times with
PBS and 0.2% Tween solution and blocked in 0.4% bovine
serum albumin and 0.2% Tween solution for 20 min at room
temperature. Subsequently, samples were incubated with
goat anti-rabbit IgG (H + L) Secondary Antibody Alexa
Fluor 596 (1:1000; A32740; ThermoFisher), goat anti-
mouse IgG (H + L) Secondary Antibody Alexa Fluor 647
(1:1000; A32828; ThermoFisher), and Alexa Fluor 488
Phalloidin (1:50; A12379; ThermoFisher) for 3 h.

Finally, cells were incubated with 4’,6-Diamidino-2-
Phenylindole (DAPI; Life Technologies, USA) dye (1:1000)
in PBS for 30 min, washed with 0.2% tween, and mounted
on glass slides. Samples were imaged using a 63 xoil or
20 x airy objective with a Leica Stellaris 5 confocal system
equipped with HyD detectors and the LASX software.

Confocal images from at least three independent studies
were processed to visualize each cell’s nuclei, filamentous
actin (F-actin), and M1 and M2 phenotypic expression
(n=3). To quantify F-actin density, the confocal images of
MO and M1 macrophages stained with Alexa Fluor 488
Phalloidin were post-processed, analyzed, and normalized
using Imagel. In total, 30 cells from each image with 5 dif-
ferent fields of view were processed for each group. Each cell
was segmented using both signals (DAPI and F-actin).

For normalization, all image stacks of each field of view
were merged into a single composite image and subse-
quently normalized by subtracting the background noise
from the composite image. The integrated density of each
cell was obtained and then divided by the cell area to report
F-actin per unit area for each cell. The quantified data were
plotted using the individual data point plot.

Similarly, the expression of the pro-inflammatory marker
(CD80) and the anti-inflammatory marker (CD206) was
quantified to determine the integrated density values,
which were subsequently adjusted by subtracting the
background signal. The resultant integrated density value
was then normalized by the cell’s surface area to ascertain
the signal intensity attributed to the CD80 and CD206
markers, respectively.

This article showcased the expression of CD80 and
CD206 in M1 macrophages as discrete data points, high-

lighting the prevalence of pro-inflammatory markers over
anti-inflammatory markers. In addition, the presentation of
CD206 expression in both M1 and M2 macrophages served
as individual data points, emphasizing the prevalence of
anti-inflammatory markers in M2 macrophages in contrast
to M1 macrophages.

Synthesizing macrophage-laden 3D tissue matrix
and applying mechanical loading

After confirming monocyte-derived naive macrophage
(MO) and pro-inflammatory macrophage (M1) phenotypes,
the M1 or MO macrophages were encapsulated with the
neutralized 3 mg/mL collagen type-1 (Corning, USA) with
1x10° cells/mL seeding density using our established pro-
tocols.>**” Collagen type-I was chosen as a tissue matrix
material since most MSK tissue ECM comprises collagen
type-I.4'

Then, macrophage-laden 3D tissue matrices were depos-
ited into the mechanical loading apparatus and incubated for
2 h for collagen polymerization. Following a 2-h incubation,
the complete RPMI-1640 media was added to the
macrophage-laden 3D tissue matrices and incubated for 24 h
for acclamation before mechanical loading. Figure 1 dem-
onstrates the significant steps for cell cultivation and
macrophage-laden tissue matrix synthesis.

Following a 24-h incubation, the various mechanical
strains with 3%, 6%, or 12% amplitudes and 0.1 Hz fre-
quency were applied to the 3D tissue matrix with macro-
phages using our well-established and computer-controlled
mechanical loading platform called EQUicycler (Fig. 1).
The EQUicycler can culture ex vivo intervertebral disk
(IVDs) and 3D cell-laden MSK tissue scaffolds under var-
ious mechanical strain amplitudes up to 15% at different
frequencies (up to 2 Hz) without creating damage in cell-
laden tissue constructs or the ex vivo IVDs.***%%

The EQUicycler generates cyclic or static vertical dis-
placements in the moving plate against the 3D scaffolds
hosted in the fixed plate. A precise moving plate displace-
ment corresponding to a predefined strain was calculated
using finite element analysis and was input as a number of
steps to the stepper motor. The stepper motor and the motion
frequency were controlled by a controller (Lin Engineering,
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USA) using a custom-built LabVIEW-based coding to de-
fine various mechanical strains and frequencies based on the
application area.**

The mechanical strain amplitudes and frequency were
chosen to mimic the physiological strain applied on the
MSK tissue.?®*> Based on the normal physiological range
that MSK tissues can undergo, the experiment was devised
to subject the tissues to 3%, 6%, and 12% strains, re-
presenting low, moderate, and high strain levels, respec-
tively, to establish a physiologically relevant model.

The mechanical loading was conducted for 2 h a day for 7
days. The 0% mechanical strain group was used as a control.
On completion of mechanical loading, the 3D tissue matrix
encapsulating macrophages was harvested for structural,
cellular, and molecular characterizations.

Structural changes in 3D macrophage-laden tissue
matrix on mechanical loading

Structural changes in naive- and pro-inflammatory
macrophage-laden tissue matrix were assessed on mechan-
ical loadings using scanning electron microscopy (SEM)
and histology images analyses. For SEM analysis, after 7
days of mechanical loading, the macrophage-laden tissue
matrices were removed from the mechanical loading plat-
form and fixed overnight with 4% paraformaldehyde.

Subsequently, the matrices were dehydrated within a se-
ries of ethanol/water incubation ranging from 30% to 100%.
The matrices were then soaked into a series of hexam-
ethyldisilane (ThermoFisher)/ethanol gradients ranging
from 30% to 100% for image clarity. Before SEM imaging,
the matrices were air-dried overnight under the chemical
hood and gold sputter coated. The SEM images were then
analyzed using ImageJ (NIH, USA) and Nearest distance
plugging to understand the changes in collagen fiber orga-
nization, fiber diameters, and matrix porosity for MO- and
MIl-laden tissue matrices exposed to various mechanical
strain amplitudes.

Four images from each mechanical strain group were
used in fiber diameter and porosity calculations. The ratio
between the total area and the area of pores in the matrix
calculated the percent porosity. After completing 7 days of
mechanical loading for histology analysis, the MO- and M1-
laden tissue matrices were first washed with 1xPBS and
then submerged in 10% formalin.

Then, they were dehydrated via an ethanol gradient and
cleared with xylene to be ready for paraffin embedding. The
tissue matrices were sliced at a thickness of 5pum using a
microtome (GMI-Reichert Jung 820 II) and mounted on a
glass microscopic slide to be stained with Masson’s Tri-
chrome for collagen fibers.

Viability of macrophages within 3D tissue matrix
on mechanical loading

Following 7 days of mechanical loading with different
amplitudes, the viability of naive and pro-inflammatory
macrophages was evaluated using a Live-Dead Assay kit
(Life Technologies). On characterization day, the cell-
laden 3D tissue matrices were incubated with Dulbecco’s
modified Eagle medium supplemented with 4 uM calcein
AM and 8 pM ethidium homodimer-1 dyes (1:4 ratio) for
2h at 37°C.
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The 3D tissue matrices were then fixed with 4% parafor-
maldehyde (Sigma) for another 30 min at room temperature
and washed thoroughly with dPBS. Then, the 3D constructs
were transferred to an 8-well pi-slide glass bottom (Ibidi, USA)
and covered with 200 pL of mounting media (Permount,
USA). Slides were imaged with a 63 X oil, 1.4 NA or 20 x dry,
0.75 NA objective with an Andor Dragonfly 200 spinning disk
confocal microscope mounted to a Leica DMi8 microscope
and Fusion software as described in our previous protocol.*

The live cells were green at 490/525nm excitation/
emission wavelengths, whereas the dead cells were red at
557/576 nm excitation/emission wavelengths. The confocal
images were then analyzed using Image J (NIH) to assess
how mechanical loading affected the cell viability within the
3D tissue matrix. For quantitative analysis, the 50 pm
z-stacks were analyzed for background removal, and particle
analysis was carried out in each channel.

Then, the number of live cells in each z-stack was
counted. At least three fields of view from each sample were
analyzed, and 150 cells per group were analyzed. The total
number of cells in each z-stack was used to extrapolate the
number of cells in sample. Cell proliferation was assessed
by comparing the initial (day 0) number of live cells with
the number of live cells on the day of characterization.

Phenotypic changes in macrophage within 3D tissue
matrix on mechanical loading

Following 7 days of mechanical loading, the quantitative
real-time polymerase chain reaction (QRT-PCR) was per-
formed to assess the changes in the expression of pro-and
anti-inflammatory genes expressed by M0 and M1 macro-
phages. Briefly, on characterization day, the MO- and M1-
laden matrices were retrieved from EQUicycler chambers.
Then, RNA was extracted using TRIzol reagent (Thermo-
Fisher Scientific).

The isolated RNA was reverse transcribed using the
Omniscript RT kit (Qiagen, USA) per the manufacturer’s
instructions. The qRT-PCR was performed using the SYBR
Green PCR master mix (ThermoFisher Scientific) to detect
the expression of pro- and anti-inflammation hallmark
markers. The relative fold changes between control (0%
mechanical loading) and 3%, 6%, and 12% mechanical
strain applied macrophage-laden matrices were obtained
using the AACt method.

The AACt method used glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) as the housekeeping normalizing
gene. The qRT-PCR was performed in iCycler iQ detection
system (Bio-Rad, USA), with thermocycling performed for
35 cycles. The primer sequences were obtained from pub-
lished literature, as listed in Table 1, and purchased from
Integrated DNA Technologies (USA).

Based on fold change values of pro- and anti-inflammatory
genes, the heatmaps were generated using open-source soft-
ware (http://www.heatmapper.ca) to facilitate the pattern
discovery in each strain group by visual inspection. Each
heatmap was created based on the average linking method
combined with the Spearman Rank Correlation method.

Statistical analysis

Six samples (n=6) were used for all assays, and the
statistical analysis was done through RStudio. Statistical
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TABLE 1. FORWARD AND REVERSE PRIMERS FOR QUANTITATIVE REAL-TIME POLYMERASE CHAIN REACTION

Gene Forward primer Reverse primer Reference
c-Fos 5’-CTTTGCAGACCGAGATTGCC-3’ 5’-CTTTGCAGACCGAGATTGCC-3’ 47
MMP3 CAGCCAACTGTGATCCTGCT CTTCATATGCGGCATCCACG 41
TNF-o.  5-AGAGGGAAGAGTTCCCCAGGGAC-3" 5-TGAGTCGGTCACCCTTCTCCAG-3’ 48
IL-1f 5’-CCAGCTACGAATCTCGGACCACC-3" 5'TTAGGAAGACACAAATTGCATGGTGAAGTCAGT-3’ 49
CDI163 5-TCTGTTGGCCATTTTCGTCG-3’ 5 TGGTGGACTAAGTTCTCTCCTCTTGA-3’ 48
CCL18 5-AAGAGCTCTGCTGCCTCGTCTA-3’ 5’-CCCTCAGGCATTCAGCTTAC-3’ 50
IL-10 5-CCTGTGAAAACAAGAGCAAGGC-3" 5-TCACTCATGGCTTTGTAGATGCC-3’ 48
GAPDH 5-AGAAGGCTGGGGCTCATTTG-3’ 5’-AGGGGCCATCCACAGTCTTC-3’ 50

significance was conducted using one-way analysis of var-
iance and post hoc analysis (Tukey test) or Student’s z-test
where appropriate. (*) represents a significant difference in
all groups compared with the control, (#) represents a sig-
nificant difference between 3% and 6% strain groups, (§)
represents a significant difference between 6% and 12%
strain groups, and (f) represents a significant difference
between 3% and 12% strain groups, each with a 0.05
p-value. Double symbol (**, ##, §§ and 1) shows that the
significance level in statistical analysis between the groups
is p<0.005 instead of p<0.05. In graphs, the error bars
represent the standard deviations unless otherwise specified.

Results

Confirming phenotypic changes in naive
and pro-infammatory macrophages

Before conducting extensive cellular and structural anal-
ysis with MO- and M1-laden 3D collagen tissue matrices on
mechanical loading, the phenotypic characterization was
conducted for monocyte-derived naive macrophages (MO)
and classically activated macrophages (M1) using immu-
nofluorescence staining.

Figure 2 demonstrates the immunofluorescence images of
MO and M1 cells tagged with CD80 and CD206 antibodies,
phalloidin, and DAPI staining. In addition, M2 macrophages
were tagged with CD206 as a positive control for anti-
inflammatory phenotypic assessment.

Following PMA treatment, the non-adherent monocytes
became MO macrophages and adhered to the surface. The
phalloidin staining of MO macrophages demonstrated fila-
mentous actin (F-actin) formation, which is essential for
adhesion. For naive (M0) macrophages, CD206 and CD80
surface proteins were not observed in immunofluorescence
images (Fig. 2, first row).

MO macrophages were then differentiated into M1 mac-
rophages through incubating them with 100 ng/mL LPS and
20ng/mL IFN-y for another 24h. The M1 differentiation
was confirmed with the robust expression of CD80 surface
protein, which is a prominent classically activated macro-
phage indicator.*®*” Individual data points plot in Figure 2A
shows that the average signal intensity of CDS80
(62.52+27.06) is significantly higher (p<0.005) than the
average signal intensity of CD206 (47.34+£22.44).

For CD206, the Mannose receptor and an important anti-
inflammatory marker, the fluorescence signal was negligible
in M1 macrophages compared with their counterparts in M2
(anti-inflammatory) macrophages. Individual data points

plot in Figure 2B shows that the average signal intensity of
CD206 in M1 macrophages (47.34+22.44) is significantly
lower (p <0.005) than the average signal intensity of CD206
in M2 macrophages (82.48 £58.12).

Cell viability of MO and M1 macrophages within 3D
tissue matrix on mechanical loading

The effect of mechanical loading with different ampli-
tudes (0%, 3%, 6%, and 12% strain) on the viability of MO
and M1 macrophages within the 3D matrix was assessed by
live/dead double staining (Fig. 3).

For MO-laden matrices, the number of MO macrophages
increased significantly (p <0.05) with the increased mechani-
cal strain compared with the control (0%) group (Fig. 3C).
Even the supra-mechanical loading (12%) applied on M0-laden
matrices did not create cell death for MO macrophages residing
within the 3D matrix. In fact, the MO-laden matrices that were
subjected to 12% mechanical strain demonstrated an almost
4.8-fold increase in the number of live cells over 7 days of
stimulation compared with the non-loaded samples (0% strain).

The effect of mechanical loading was different on M1
macrophages than the MO macrophages. For M1 macro-
phages, although no significant cell death was observed with
the increased mechanical loading (Fig. 3B), the total number
of M1 macrophages were significantly less compared with
MO cells for all mechanically loaded groups (Fig. 3C).
Figure 3C shows that on 7 days of mechanical stimulation,
the number of MO macrophages increased around 4-fold, 11-
fold, 8-fold, and 18-fold in 0%, 3%, 6%, and 12% me-
chanical stimulation groups, respectively.

However, the number of M1 macrophages increased
around 5-fold, 4-fold, 6-fold, and 4-fold in 0%, 3%, 6%, and
12% mechanical stimulation groups, respectively. Therefore,
M1 macrophages did not proliferate as much as MO macro-
phages during the culture period. This can be attributed to the
additional LPS and IFN-y treatment of M1 macrophages,
which might affect the proliferation capacity of the M1 cells.

Structural changes in macrophage-laden 3D collagen
tissue matrix on mechanical loading

The structural changes of M0O- and M1-laden 3D tissue
matrix on 0%, 3%, 6%, and 12% mechanical strain were
visualized and assessed using SEM and histology images
(Fig. 4). Figure 4A and 4B demonstrate the SEM images of
MO- and Ml-laden tissue matrices, whereas Figure 4C
shows the changes in matrix fiber diameter with the in-
creased mechanical strains.
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FIG. 2. Immunofluorescence staining of MO and M1 macrophages with CD206 (green) as an M2 marker, CD80 (red) as

an M1 marker, Alexa Fluor 488 Phalloidin ( purple) as an F-actin staining, and DAPI (blue) for the cell nucleus. The M2
macrophages were stained with CD206 as a control. In all images, the scale bar is 10 um. (A) represents the individual data
point plot comparing the expression of CD80 and CD206 in M1 macrophages. (B) represents the individual data point plot
comparing the expression of CD206 in M1 and M2 macrophages. **indicates significant difference between M0 and M1

macrophages, with a p<0.005. DAPI, 4’,6-diamidino-2-phenylindole.

Figure 4D shows Masson’s trichrome staining of M1-
laden matrix on 0%, 3%, 6%, and 12% mechanical strain
exposure. For MO-laden tissue matrix, the SEM images
(Fig. 4A) and fiber diameter analysis (Fig. 4C) revealed that
there was no statistical (p <0.05) difference in fiber diam-
eter with the increased mechanical strain. The average fiber
diameter of MO-laden tissue matrix was 0.27 £0.1 pm in the
control group (0%), whereas the collagen fiber diameter was
0.22£0.06 , 0.24£0.1, and 0.22£0.07 pm for 3%, 6%, and
12% mechanical strain groups, respectively.

However, the fiber diameters of all strain groups of MO-
laden tissue matrices are in the same range as it is shown in
the box plots of Figure 4C. The 25th percentile of fiber
diameters in MO-laden tissue matrices falls within the range

of 0.17£0.01 pm for all strain groups. Also, the 75th per-
centile of fiber diameters in MO-laden tissue matrices falls
within the range of 0.28 £0.02 um for all strain groups.

On the other hand, the mechanical loading had a profound
effect on structural features of the M1-laden tissue matrices.
The SEM images (Fig. 4B) displayed a loose fiber config-
uration for 3% mechanical strained M1-laden tissue matri-
ces compared with control, 6%, and 12% mechanical
strained matrices. The fiber diameter analysis was conducted
using SEM images (Fig. 4C).

On 3% mechanical loading, the diameter of collagen fi-
bers in Ml-laden tissue matrices decreased significantly
(p<0.05) compared with 0%, 6%, and 12% mechanical
strained matrices. The average fiber diameters were
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FIG. 3. (A, B) Double
staining of live (green) and
dead (red) MO and M1 mac-
rophages on mechanical load-
ing, respectively. Scale bar
represents 10 um (C) The
number of live MO and M1
cells within the 3D tissue ma-
trix following the mechanical
loading. *Indicates a signifi-
cant difference with respect to
the 0% strain group (control).
*Represents a significant dif-
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0.2+0.07, 0.19+0.08, and 0.21 £0.06 pm, for 0%, 6%, and
12% mechanical strained matrices, respectively, whereas the
fiber diameter was 0.16+0.06 pum for 3% mechanical
strained matrices.

Similarly, the box plots of Figure 4C show that the in-
terquartile range of fiber diameters in M1-laden tissue ex-
posed to 3% mechanical strain is significantly lower than the
control and 6% strain groups. There was a statistically sig-
nificant change in M1-laden tissue matrix on 3% mechanical
loading, and the collagen fibers were further assessed using
histology slides. Masson’s trichrome-stained collagen fibers
in histology images provided tissue-scale information
compared with micron-scale very zoomed SEM images.

The histology images (Fig. 4D) further confirmed the
fact that when M1-laden collagen matrix is exposed to 3%
mechanical strain, it has a loose fibrillary structure com-
pared with the control and other mechanical loading
groups. The data overall demonstrated that the effect of
mechanical loading on 3D collagen matrices was cell-
specific and most likely affected by the phenotypes of the
macrophages.

The sub-phenotype specific mechano-responsiveness
of macrophages

Before conducting an extensive gene expression analysis
on MO and M1 cells on mechanical loading, we studied
whether the mechanical strain applied on macrophage-laden
3D matrix would be translated into a cellular response
through assessing the c-Fos expression. c-Fos is an imme-
diate early mechanoresponsive gene that is upregulated if
any mechanical perturbation is exerted on the tissue.**
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Figure 5 demonstrates the changes in c-Fos expression, with
the increased mechanical strain applied to M0O- and M1-
laden 3D tissue matrices.

Following a 7-day mechanical loading, for MO macro-
phages, there was no statistical difference in c-Fos expres-
sion between 0% (control) and 3 and 6% mechanical
strained groups. Yet, between the 3% and 6% mechanical
strained groups, the c-Fos expression was significantly
(p<0.005) lower in 3% mechanically strained MO macro-
phages compared with 6% of their strained counterparts.

The c-Fos expression of MO cells only upregulated
statistically significant (p <0.005) for the 12% mechani-
cally strained group with almost 15-fold compared with
the control group (0%). For M1 macrophages, M1 c-Fos
expression was significantly increased in all mechanically
loaded M1 macrophages compared with the control
group (0%).

The c-Fos expression upregulation was 2.7 £0.49-fold,
18.47 £0.65-fold, and 22.19 £+ 0.4-fold for 3%, 6%, and 12%
mechanically strained samples, respectively, compared with
control groups. However, between the mechanically loaded
M1 macrophages, the c-Fos expression was statistically
significantly (p <0.005) lower for 3% mechanically strained
groups compared with 6% and 12% of their strained coun-
terparts; there was no statistical difference between the 6%
and 12% groups.

Overall, the c-Fos expression data (Fig. 5) demonstrated
that mechanical loading applied to the 3D matrix translated
into the macrophages within the 3D matrix but the mechano-
responsiveness of macrophages was sub-phenotype specific.
The M1 macrophages were more susceptible to mechanical
loading compared with MO macrophages. M1 macrophages
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(A, B) Representative SEM images of the MO-laden and M1-laden tissue matrices, respectively, on 0%, 3%, 6%,

and 12% mechanically strained applications. Scale bar represents 10 pm. (C) Three fields of view from each sample were
analyzed by Imagel, and the box plots represent the changes in median fiber diameter of MO-laden and M1-laden tissue
matrices on 0%, 3%, 6%, and 12% mechanical strains. The black box and red box show interquartile range (25-75%) of the
fiber diameters in M0O-laden matrices and M1-laden matrices, respectively. The small square inside the interquartile range
shows the mean of each strain group. *Indicates a significant difference with respect to the 0% strain group (control).
#Represent a significant difference between 3% and 6% mechanically strained groups, and ‘represents a significant dif-
ference between 3% and 12% each with p <0.05. (D) Representative optical images of Masson’s trichrome-stained M1-
laden tissue matrix on mechanical loadings. The collagen fibers stained in blue, whereas the cell nucleus stained with purple

color. The scale bar represents 5 um. SEM, scanning electron microscopy.

effectively converted even relatively low (3%) mechanical
strain to the early cellular response compared with naive
macrophages.

To understand the possible reason for observing differ-
ences in mechano-responsiveness between MO and M1
macrophages, the intracellular filamentous actin (F-actin)
structures and intensity were assessed for MO and M1
macrophages. When macrophages polarize from naive
state (MO) to pro-inflammatory state (M1), the macro-
phage cytoskeletal deforms,'™*® which further alters
chromatin structure and thus modulates gene transcrip-
tional activity.>

Considering the role of the cell cytoskeleton in mechano-
sensitivity of the mammalian cells, F-actin structure was

studied through immunofluorescence imaging and compar-
ing fluorescence intensity of the labeled F-actin between MO
and M1 macrophages. Figure 6 demonstrates the striking
differences in the density and structure of actin filaments (F-
actin) in MO and M1 macrophages.

MO macrophages within the 3D collagen matrices dem-
onstrated elongated, flattened, and more spread-out mor-
phology with lower intensity of brightness of staining,
which shows lower F-actin content. Moreover, F-actin was
not homogenously distributed, and some more intense
staining appeared around the cell membrane. By contrast, in
M1 macrophages, the intensity of brightness of F-actin was
higher and F-actin appeared predominantly in highly dense
deposits at the cell center and in a closely packed structure.
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FIG. 5. Effect of various mechanically strained amplitudes on the expression of early mechano-responsive gene, c-Fos,
for MO and MI residing within the 3D tissue matrix. *Indicate a significant difference with respect to the 0% strain group
(control). *Represent a significant difference between 3% and 6% mechanically strained groups, §represent a significant
difference between 6% and 12% mechanically strained groups, and jrepresent a significant difference between 3% and 12%
strained groups, each with a 0.05 p-value. **shows that the statistical difference with respect to the 0% strain group

(control) has a significance level of p <0.005.
strained group has a significance level of p<0.005.

shows that the statistical difference between the 3% and 6% mechanically
Tfshows that the statistical difference between the 3% and 12%

mechanically strained group has a significance level of p<0.005.

These qualitative observations were corroborated by the
quantitative analysis of the cell morphology conducted
through ImageJ. As demonstrated in Figure 6 data point
graph, the average F-actin per unit area in MO macrophages is
31.85+18.46 whereas it is significantly higher in M1 mac-
rophages (67.27+23.6). Different levels of F-actin contents
between MO and M1 macrophages show various levels of
mechano-sensitivity’' > between these two phenotypes.

The sub-phenotype specific changes in pro-
and anti-inflammatory markers expression
on mechanical loading

On confirmation on mechano-responsiveness of MO and
M1 within the 3D matrix, next, we have investigated whe-
ther various mechanical loading (3%, 6%, and 12%) applied
to the 3D tissue matrix modulates the phenotypic changes in
naive and pro-inflammatory macrophages differently. The
changes in the relative expression of prominent pro-
inflammatory and matrix degradation markers, along with
anti-inflammatory markers were assessed using qRT-PCR
following various mechanical loadings.

Figure 7 shows the relative gene expression of pro-
inflammatory genes including TNF-o, IL-1p along with
matrix degradation marker MMP3 for MO and M1 macro-
phages within the 3D matrix experienced various mechan-
ical loading (0, 3, 6, and 12% strains).

For MO macrophages within the 3D matrix, the pro-
inflammatory gene, TNF-o, was significantly (p<0.05)
upregulated with 12-fold change in 12% mechanically
strained groups compared with the 0% strained group (con-
trol). There was a slight statistical increment in TNF-a ex-
pression from 3% strained groups to 6% groups, whereas
there was no statistical difference between 3% and 6% me-
chanically strained groups compared with the control (0%).

For M1 macrophages, the TNF-a expression increased
almost five-fold for 3% mechanically strained matrices
compared with the control. However, the TNF-a expression
was not statistically different for 6% strained groups com-

pared with the control (0%). For supra-loading (12%), al-
though there was a slight upregulation in TNF-o. expression
compared with the control, it was significantly lower than
the 3% mechanically strained counterparts.

For IL-1p and MMP3 expression in MO macrophages, the
mechanical loading did not statistically significantly affect
the relative fold changes of these genes’ expression. There
was no statistical difference between the IL-1 and MMP3
expression of all MO-laden mechanically loaded groups
(3%, 6%, and 12%) and the control (0%) groups. For M1
macrophages, the pro-inflammatory gene expression trend
was different than MO macrophages.

For M1 macrophages, the 3% mechanical strain promoted
the highest relative fold change in TNF-a, IL-1f3, and
MMP3 gene expression compared with the control and other
mechanically loaded counterparts. For M1 macrophages, in
the 3% mechanically strained groups, the TNF-a, IL-1f3, and
MMP3 expression upregulated statistically significantly
with 4.8+0.57-fold, 6.15+0.74-fold, and 13.7+0.51-fold,
respectively, compared with the control group (0%).

For the 6% mechanically strained M1 macrophages, there
was no statistical difference in IL-1p expression compared
with the control, whereas there was a slight upregulation in
TNF-a (1.5%0.59-fold) and MMP3 expression (6.28 £ 0.76-
fold) compared with control groups. For the 12% me-
chanically strained M1 macrophages, compared with control
groups, only TNF-o and IL-1P were statistically different
than the control group.

The changes in anti-inflammatory gene expression on
various mechanical loading were also studied for MO and
M1 macrophages. Figure 8 shows the relative gene ex-
pression of anti-inflammatory genes, including CDI163,
CCL18, and IL-10, for MO and M1 macrophages within the
3D matrix experienced various mechanical loading (0%,
3%, 6%, and 12% strains).

As shown in Figure 8, for naive macrophages (MO) en-
capsulated in 3D collagen matrices, the expression of
CD163, CCL18, and IL-10 anti-inflammatory genes upre-
gulated statistically significantly when the MO macrophages
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were exposed to hyper-mechanical strain (12%). The rela-
tive fold change in mRNA expression of CD163, CCL18,
and IL-10 increased almost 7.33+0.53-fold, 8.97%0.76-
fold, and 7.0£0.46-fold, respectively, at 12% mechanically
strained matrices compared with the control group (0%).

The anti-inflammatory genes expressed lowest at the 3%
mechanically strained groups, with no statistical difference
between control groups and only increased statistically
significant level (p<0.05) for CD163 expression at 6%
mechanically strained matrices.

For M1 macrophages, the anti-inflammatory genes ex-
pressed the highest 6% mechanically strained matrices
compared with 0% (control), 3%, and 12% mechanically
strained counterparts. The CD163, CCL18, and IL-10 ex-
pression upregulated almost 3.93+0.73-fold, 2.57+0.23-

§shows that the statistical difference between the 6% and 12% mechanical strain group has a significance level
shows that the statistical difference between the 3% and 12% mechanical strain group has a significance level

fold, and 3.22+0.71-fold, respectively, at 6% mechanically
strained matrices compared with the control group (0%).

Beyond the 6% mechanical strain, the anti-inflammatory
gene expression decreased statistically significantly (for
CCL18 p<0.005 and for CD163 and IL-10 p<0.05).
Overall, the data indicated that M1 macrophages exposed
to 6% mechanical strain demonstrated the highest pheno-
typic shift toward anti-inflammatory phenotypes compared
with the counterparts exposed to 3% and 12% mechanical
strain.

Figure 9 gives the heatmap visually demonstrating
how pro- and anti-inflammatory gene expression changes
as a function of mechanical strain amplitudes for MO
and M1 macrophages. The color gradients were a substitute
for numerical variations of z-scores associated with
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FIG. 9. The heatmap of pro- and anti-inflammatory gene expression changes as a function of mechanical strain values.
The yellow indicates gene upregulation, whereas the blue shows gene downregulation.

relative fold change. The gradual color change from blue
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gene upregulation.

Overall, the gene expression data suggested that when the
MI-laden tissue was exposed to 3% mechanical strain M1
macrophages expressed dominantly pro-inflammatory
markers and tended to preserve its pro-inflammatory phe-
notype. When the Ml-laden tissue was exposed to 6%
mechanical strain, the anti-inflammatory markers expressed
significantly, which promoted phenotypic shifts of M1
macrophages from pro-inflammatory to pro-healing lineage.
For M0 macrophages, the phenotypic shift toward pro- and
anti-inflammatory lineages required supra-mechanical
loading (12% mechanical strain). Specifically, with 12%
mechanical strain, MO cells tended to polarize into anti-
inflammatory lineage.

Discussion

The innate immune cells, specifically macrophages, 5play
a critical role in MSK tissue healing and hemostasis.”* In
fact, the macropha§e-depleted animal studies demonstrated
that bone, muscle, 336 and tendon®’® tissues do not heal
without the direct involvement of macrophages. Con-
sidering the frequency of MSK injuries and the fact that the
mechanotherapy exercises are routinely employed during
MSK tissue injuries,? it is important to understand
how mechanical loading experienced by MSK tissues
during the mechanotherapy exercises affects the pheno-
typic changes in naive (MO) and pro-inflammatory (M1)
macrophages.

In other words, there is a need for understanding whether
mechanical loadings applied during mechanotherapy exer-
cises translate into immunomodulation (mechano-

immunomodulation) and whether the effect is macrophage
sub-phenotype specific. To this end, we first elucidated the
different mechano-responsiveness of macrophage sub-
phenotypes to the same mechanical loading condition. We
then studied the effects of various mechanical strain am-
plitudes on each macrophage sub-phenotype.

Before synthesizing the macrophage-laden 3D collagen
matrix and conducting extensive molecular studies on
macrophages, the phenotypic differentiation was confirmed
for both MO and M1 macrophages through immunohisto-
chemistry (Fig. 2). The protein staining confirmed that naive
macrophages (MO0) were differentiated from blood-derived
human monocyte, whereas the pro-inflammatory macro-
phages (M1) were polarized successfully from naive mac-
rophages. On phenotypic confirmation, the MO and M1
macrophages were encapsulated within the 3D collagen
matrix and exposed to various mechanical loading ampli-
tudes (0%, 3%, 6%, and 12%) experienced during me-
chanotherapy exercises.®!

First, the viability of macrophages was assessed following
7 days of various mechanical loading of the 3D collagen
matrix. The qualitative and quantitative cell viability data
(Fig. 3) demonstrated that even the supra-mechanical load-
ing (12%) did not kill the MO and M1 macrophages within
the 3D collagen matrices. These data may contradict with
the literature, demonstrating that high mechanical strain
exposure creates cell membrane damage and blebbing that
leads to cell death.®*%°

The data discrepancy can be attributed to the differences
in how macrophages were exposed to the mechanical
loading. In the current study, MO and M1 macrophages were
exposed to various mechanical strains while being encap-
sulated within a 3D collagen matrix. Yet, the majority
studies in this field investigated the response of
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macrophages cultured on two-dimensional (2D) surfaces
(e.g., elastic membranes or petri dishes), where macro-
phages were not surrounded with the 3D matrix during the
mechanical loading.

It is important to acknowledge that subjecting 3D colla-
gen matrices to loading introduces macrophages to multi-
faceted mechanical forces. The residing cells within the
mechanically loaded 3D collagen matrix are exposed to
forces in many directions that create compression, tension,
and shear forces on cells.®® The collagen fibrous structures
surrounding macrophages have an impact on macrophage
differentiation through influencing the reorganization of the
cytoskeleton and the downstream signaling pathways that
regulate macrophage phenotype.®’

In addition, the interstitial fluid within this context es-
tablishes a dynamic microenvironment that significantly
impacts the macrophage phenotype through the transport of
soluble factors®® and contributes to flow-induced macro-
phage polarization.®” In addition, in 2D culture, the strain
applied to cells is limited by the stiffness of the underlying
surface, potentially influencing the cellular response to
mechanical stimuli.

Once the viability of encapsulated macrophages within
3D collagen matrices was established even under the supra-
mechanical loading (12%) condition, then the structural
changes within the 3D collagen matrix were assessed using
SEM and histology data (Fig. 4). The SEM images, the
quantitative fiber diameter analysis, and histology images all
demonstrated that when the M1-laden collagen matrix was
loaded with 3% mechanical strain, the collagen fiber struc-
ture was loose and fiber diameter decreased significantly
(p<0.05) when compared with 0%, 6%, and 12% me-
chanically strained groups.

On the other hand, no statistical structural changes were
observed in the M0-laden collagen matrix exposed to 0%,
3%, 6%, and 12% mechanical strains. The overall data
demonstrated that the remodeling potential of ECM circu-
lating around the macrophages depended on both phenotype
of encapsulated macrophages and mechanical loading am-
plitude applied to the matrices.

The increased proteolytic activity of M1 macrophages
and secretion of expressions of matrix metalloproteins
(MMPs) under 3% mechanical strain could be the reason for
the decreased collagen fiber diameter and loose collagen
structures. Thus, we have conducted a gene expression
analysis to study the mechanomics of naive and M1 mac-
rophages, their mechano-responsiveness, and phenotypic
commitments using gene expression analysis.

To study how mechanical loading modulates the naive
and M1 macrophages behavior (mechanomics of macro-
phages), first, their mechano-responsiveness was evaluated
through measuring the changes in c-Fos expression with the
various mechanical loading. In this study, the c-Fos ex-
pression was used as a measure of mechano-responsiveness
of macrophages on mechanical loading because c-Fos is the
commonly utilized marker of mechano-responsiveness.’®

The in vitro and in vivo studies demonstrated that the
c-Fos and c-Jun transcription factors in the axis of AP-1
pathway have been upregulated and used as a mechano-
responsiveness marker for various cell types, including
megakaryocytes,70 osteocytes, ! osteoblasts,”* and fibro-
blasts,** on mechanical loading.

BABANIAMANSOUR ET AL.

The results presented in Figure 5 demonstrate that MO and
M1 macrophages responded differently to the mechanical
strains as evidenced by mechanical induction of the early
response gene of c-Fos. The degree of this mechano-
responsiveness of MO and M1 cells appeared to depend on
the differentiation state of the macrophages and the mag-
nitude of the mechanical loading.

The M1 macrophages demonstrated a more robust
mechano-response than MO macrophages with upregulated
c-Fos expression with the increased mechanical strain am-
plitudes (Fig. 5). For M1 macrophages, 3% mechanical strain
was enough to induce an early mechanical response with a
statistically significant ( p <0.05) increase in c-Fos expression
compared with the control (0% mechanical strain).

For MO macrophages, the MO-laden collagen matrices
needed to be loaded with supra-mechanical loading (12%) to
have a statistically significant (p<0.05) upregulation in
c-Fos expression. This may indicate that M1 macrophages
are more sensitive to mechanical cues than naive (MO)
macrophage cells.

The different mechano-responsiveness between MO and
M1 can be attributed to the variations in cytoskeletal tensegrity
between two cells. The cytoskeletal components play a crucial
role in determining the mechanical properties of cells* and
defining the cellular response to mechanical stimuli through
tuning cell stiffness, deformability, and contractility. When
cells residing within a tissue experience mechanical force, the
cytoskeleton, mainly filamentous actin (F-actin), serves as the
primary conduit to transmit mechanical signals to the cell
nucleus, triggering various responses, including alterations in
gene expression and cell behavior.”*"*

In the case of macrophages, the cytoskeletal content and
distribution significantly influence their capacity for polar-
ization under mechanical cues. For instance, Tu et al.”>
demonstrated that uniaxial stretch induced alterations in
macrophage morphology and gene expression profile. These
findings underscore the fundamental role of the cytoskeleton
in governing cell mechanics and facilitating adaptive re-
sponses to mechanical stimuli.

Thus, in this study, the F-actin structure of MO and M1
cells was visualized and analyzed. The data (Fig. 6) dem-
onstrated that F-actin density was higher in M1 macro-
phages, which might cause M1 macrophages to sense and
respond to even smaller mechanical perturbations (3%)
effectively than MO macrophages. Several prominent
studies also arrived at the same conclusion that different
levels of F-actin contents between MO and M1 macro-
phages lead to different levels of mechano-sensitivity be-
tween two phenotypes.”'™?

Once we have established the difference in mechano-
responsiveness of naive and pro-inflammatory macrophages,
the mechanome of macrophages was then mapped out. The
mechanome dataset was related to the macrophage polari-
zation by the cross-referencing applied mechanical strain
and the subsequent up- and downregulation of pro- and anti-
inflammatory gene expression.

Figures 7 and 8 demonstrated the changes in expression
of pro- and anti-inflammatory markers for MO and MI
macrophages within 3D collagen matrices under 0%, 3%,
6%, and 12% mechanical strain loading. The pro-
inflammatory gene expression data (Fig. 7) suggested that MO
macrophages expressed prominent pro-inflammatory gene
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such as TNF-o, only when they are exposed to the supra-
mechanical loading condition (12% mechanical strain).

The mechanical loading did not significantly (p<0.05)
affect the TNF-a, IL-1p genes expression. For M1 macro-
phages, the highest upregulation of inflammatory genes
(TNF-a, IL-1B, and MMP3) was observed in samples that
were exposed to 3% mechanical strain. These data sug-
gested that proteolytic activities of M1 macrophages in-
creased with the increased MMP3 expression when Ml
macrophages within the tissue were exposed to 3% me-
chanical strain.

These data also agreed with the structural analysis of M1-
laden 3D collagen matrices on mechanical loading (Fig. 4),
which demonstrated that there was a significant reduction in
collagen fiber diameter and loose ECM around the cells only
when the M1-laden collagen matrix was exposed to 3%
mechanical strain. The expression of pro-inflammatory
genes, TNF-o, IL-1B, and MMP3, leveled down with the
increased mechanical strain amplitudes (6% and 12%) for
M1 macrophages.

The anti-inflammatory gene expression data (Fig. 8)
suggested that CD163, CCLI18, and IL-10 expression
increased significantly for M1 macrophages on 6% me-
chanical strain application. All in all, the pro- and anti-
inflammatory gene expression data (Figs. 7 and 8) of M1
and MO macrophages demonstrated the immunomodulation
potential of mechanical loading experienced by the tissues
within which MO and M1 macrophages resided.

The gene expression data suggested that when the M1-
laden tissue was exposed to 3% mechanical strain, M1
macrophages expressed dominantly pro-inflammatory
markers and tended to preserve its pro-inflammatory phe-
notype. When the Ml-laden tissue was exposed to 6%
mechanical strain, the anti-inflammatory markers expressed
significantly, which promoted phenotypic shifts of M1
macrophages from pro-inflammatory to pro-healing lineage.

For MO macrophages, the phenotypic shift toward pro-
and anti-inflammatory lineages required supra-mechanical
loading (12% mechanical strain). Specifically, with 12%
mechanical strain, MO cells tended to polarize into anti-
inflammatory lineage.

During mechanotherapy, the macrophages are exposed to
various mechanical strains, which is still unclear as to how it
influences macrophage polarization. Though there is a long
way for clinical implications, the current study may eluci-
date new and informed directions for modulating the mac-
rophage inflammatory response using mechanotherapy
toward MSK tissue healing.

By utilizing biomimetic  approaches, including
macrophage-laden 3D matrices and physiologically relevant
mechanical loading amplitudes, a deeper understanding of
mechano-responsiveness of macrophages and its conse-
quences in polarization was gained. Harnessing sub-
phenotype specific macrophage mechano-responsiveness for
mechanotherapy may improve the mechanotherapy appli-
cation outcome in MSK tissue regeneration.
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