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Summary 
Macrophages play a key role in tissue development and homeostasis, innate immune defence against microbes or tumours, and restoring home-
ostasis through tissue regeneration following infection or injury. The ability to adopt such diverse functions is due to their heterogeneous nature, 
which is driven largely by their developmental origin and their response to signals they encounter from the microenvironment. The most well-
characterized signals driving macrophage phenotype and function are biochemical and metabolic. However, the way macrophages sense and re-
spond to their extracellular biophysical environment is becoming increasingly recognized in the field of mechano-immunology. These biophysical 
cues can be signals from tissue components, such as the composition and charge of extracellular matrix or topography, elasticity, and stiffness 
of the tissue surrounding cells; and mechanical forces such as shear stress or stretch. Macrophages are important in determining whether a 
disease resolves or becomes chronic. Ageing and diseases such as cancer or fibrotic disorders are associated with significant changes in the 
tissue biophysical environment, and this provides signals that integrate with those from biochemical and metabolic stimuli to ultimately dictate 
the overall function of macrophages. This review provides a brief overview of macrophage polarization, followed by a selection of commonly 
recognized physiological and applied biophysical stimuli impacting macrophage activity, and the potential signalling mechanisms driving down-
stream responses. The effects of biophysical cues on macrophages’ function in homeostasis and disease and the associated clinical implications 
are also highlighted.
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Introduction
Macrophages are key innate immune cells found in all tissues 
within the body where they exhibit a plethora of tissue-specific 
functions, including normal tissue development, maintaining 
tissue homeostasis, responding to and resolving infection or 
injury, and metabolic regulation [1]. The phenotype of tissue-
resident macrophages is largely directed by the signals from 
the specific tissue they reside in, where they act as sentinels for 
the changing environment [2]. Macrophages are also derived 
from infiltrating blood monocytes that respond to the micro-
environment they infiltrate. Macrophages develop functions 
important in driving inflammation to clear microbes or dead/
dying cells and restoring injured tissue back to baseline [3]. 
The plethora of functions that activated macrophages exhibit 
is due to their heterogeneous nature. The general concept is 
that macrophages differentiate into phenotypically and func-
tionally polarized subsets [4–6]. M1-like pro-inflammatory 
cells are highly glycolytic, fight infection, drive tissue injury, 
and eliminate tumours through ROS and pro-inflammatory 
cytokine/chemokine production and enhanced phagocytosis 

and killing [4]. By contrast, M2-like anti-inflammatory, 
immunoregulatory cells rely more on oxidative phosphoryl-
ation for energy generation, resolve inflammation, repair and 
remodel injured tissue, clear dying cells, and debris and sup-
port tumour growth [4]. This simplified dichotomous M1/
M2 notion stemmed from two-dimensional (2D) in vitro 
experiments where macrophages were activated by specific 
stimuli [5]. Thus, in vitro polarized M1 macrophages are in-
duced by stimuli such as microbial products, for example, that 
ligate toll-like receptors (TLR), or a pro-inflammatory cyto-
kine such as tumour necrosis factor-α (TNF) or interferon-
gamma (IFNγ) that induce a strong inflammatory programme. 
By contrast, M2-like macrophages, polarized in vitro by inter-
leukin 4 (IL-4) or IL-13, improve tissue remodelling and re-
pair. However, macrophages in vivo will be faced with diverse 
environmental signals that change in nature and strength 
over the course of development, ageing, health, and disease 
[6]. The net result of the environmental stimuli in vivo will 
be a phenotype along a spectrum of activation states, where 
the conventional in vitro-defined M1-like and M2-like 
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activation subsets lie at opposite ends of the spectrum [4, 6]. 
Innovative three-dimensional (3D) in vitro systems are begin-
ning to better recapitulate some of the same changing sig-
nals that result in the modification of macrophage properties. 
Regardless of the classification, macrophages in vivo do ex-
hibit signs of polarized pro-inflammatory and anti-inflamma-
tory/immunoregulatory phenotypes and functions, dependant 
on the integration of the multitude of stimuli they are 
encountering at any point in time [1]. These in vivo polarized 
macrophages can change their phenotype as the environment 
changes, and this plasticity is important in restoring tissue 
homeostasis in a temporal manner.

Macrophages are a key feature in disease, with the number 
of macrophages infiltrating tissue correlating, in many cases 
(inflammatory arthritis [7], allograft rejection [8] and cancer 
[9]) with disease severity, suggesting a pathogenic role [6]. 
An imbalance of macrophage subsets, for example too many 
M1-like pro-inflammatory macrophages, is associated with 
disorders such as atherosclerosis or arthritis, and a dispropor-
tion of M2-like macrophages is linked with asthma, fibrosis, 
or cancer [6]. Therefore, restoring the balance of macrophage 
subsets or modulation of macrophage activities are being 
explored as a therapeutic approach for diseases where macro-
phage function is dysregulated. To manipulate the function of 
macrophages for therapy, we need to understand the factors 
that drive their polarization. Traditionally, biological (e.g. 
microbes), soluble mediators (e.g. cytokines), and chemical 
stimuli (e.g. drugs), as well as metabolic intermediates and 
dietary factors, and even physical exercise, circadian rhythms, 
stress and sex hormones, have been studied as a way of 
modifying macrophage functions [6]. However, it has become 
clear that biophysical stimuli and the responses to the physical 
environment macrophages are exposed to, plays a significant 
role in the characteristics macrophages develop [10]. In both 
health and disease, macrophages receive signals from several 
biophysical aspects of their microenvironment. These cues in-
clude the stiffness, topography, and composition of extracel-
lular matrix (ECM) within the tissue architecture; stretch and 
elasticity, for example, in lung and cardiac tissue; shear force 
during blood flow; spatial confinement; overall electrostatic 
charges in surrounding structures and the shape and charac-
teristics of particles being phagocytosed. All of these factors 
can change dramatically in physiological conditions such 
as ageing and resolving inflammation, and in pathological 
conditions, including the changing ECM stiffness and com-
position in fibrosis, formation of stiff fatty plaques in ather-
osclerosis, or spatial confinement of cells in cancer [10], This 
presents another layer of macrophage regulation. Similarly, 
externally applied physical stimuli and mechanical forces 
such as electric fields, magnetic fields, shockwaves, pressure 
therapy, and healthcare biomaterials can all influence mac-
rophage polarization and functional outcome. Macrophages 
will sense these biophysical stimuli and through the process 
of mechanotransduction, convert these into intracellular bio-
chemical signals brought about by specific mechanosensitive 
receptors. These include transient receptor potential (TRP) of 
vanilloid subtype (TRPV) and Piezo ion channels or through 
cell adhesion and integrin engagement transduction of me-
chanical signals [11]. The resultant intracellular signals can 
synergize with or oppose those induced by biochemical 
stimuli to modulate gene expression and overall macrophage 
functions. The types of biophysiological stimuli in the tissue 
environment and how these changes in pathogenesis, as well 

as how externally applied physical stimuli can drive changes 
in macrophage phenotype and function and the mechanisms 
involved, will be discussed. These are summarized in Table 1.

Impact of biophysical stimuli on macrophage 
phenotype and function
Matrix composition and stiffness
The compositional make up of a tissue and the ECM are pow-
erful physiological cues regulating cellular functions of most 
cells, including macrophages [53]. Macrophages are generally 
adherent cells, directly contacting their environment, and are 
therefore very receptive to mechanical stimuli from changes 
in the tissue matrix composition or stiffness. The ECM com-
position will differ according to the tissue type or even loca-
tion within a tissue. The properties macrophages develop will 
therefore depend on their spatial position. Collagens makes 
up a large part of the ECM, along with fibronectin, elastin, 
laminin, tenascin, nidogen, and glycosaminoglycans and their 
proteoglycans. Macrophages sense collagen morphologies 
and respond with changes in the expression and activity of 
metabolism-related proteins [12]. It is well documented that 
macrophages cultured in vitro on distinct matrix substrates, 
elicit different responses, for example, rate of growth, mor-
phology, and expression of inflammatory mediators, which 
are different from those cultured directly on tissue culture 
plastics [12, 54]. Luu TU and co-authors demonstrated a 
more anti-inflammatory phenotype when macrophages were 
cultured on laminin and vitronectin, ECM components that 
proportionally increase in tumours where macrophages con-
tribute to pathology [55]. Specific tissue ECMs also impact 
macrophage functions [56], with bladder ECM promoting 
a more pro-inflammatory macrophage gene signature and 
small intestine ECM driving an anti-inflammatory genotype, 
although the compositional make-up of the ECM types that 
could account for the differences was not determined. Fibrosis, 
characterized by changes in the ratio of ECM molecules, will 
change the stroma and the way the macrophages interact with 
the tissue microenvironment, thereby altering macrophage 
function. For full reviews on the ECM and macrophages 
and on biochemical interactions between fibrotic stroma and 
macrophages, we assist readers to refer Refs. [57] and [58].

Tissue stiffness varies considerably in different organs and 
regions of the body. The ECM in bone is significantly stiffer 
than that in adipose or brain tissue. For the differences in 
stiffness of individual tissues, see review [11]. Pathological 
processes adjust the matrix composition and stiffness of 
tissue, for example, in fibrosis, cancer, and atherosclerosis. 
The stiffness of most soft tissues is typically less than 10 
kPa, whereas, in diseased states such as fibrosis, stiffness 
exceeds 20 kPa. Ageing influences tissue stiffness of skin, 
blood vessels, and bone. Macrophages sense their exposure 
to a soft or rigid tissue and change their function accordingly. 
Macrophages grown on stiffer polyacrylamide gel substrates 
(280 kPa–70 GPa, akin to stiffness of atherosclerotic plaques) 
proliferate and migrate more efficiently than those softer 
substrates (1–5 kPa, akin to healthy arteries). This reflects 
changes in the actin and cytoskeletal activity and the ad-
herence to substrates, respectively [18]. Macrophages simu-
lated by low substrate stiffness (2.55 kPa, commensurate to 
collagen tissue) presented an enhanced expression of CD86 
and production of reactive oxygen species and secreted more 
IL-1β and TNF-α, as compared to those on greater substrate 
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stiffness (64 kPa, stiffness found in osteoid tissue) [19, 20]. 
Moreover, macrophages grown on softer substrates (0.3 kPa 
gels) and activated with TLR agonists, secreted higher levels 
of TNF-α [20, 59]. However, for the majority of studies, it 
has been demonstrated that less stiff substrates, for example, 
adhesion to soft fibrin hydrogels, reduces inflammation when 
compared to adhesion on rigid substrates and this can be as-
sociated with reduced yes-associated protein (YAP) expres-
sion and nuclear localization [21–24]. From these conflicting 
results, it is evident that the properties macrophages develop 
are not only dependent on the stiffness of the substrate per se 
but also on the composition of materials regulating the stiff-
ness. Culture on glass or tissue culture plastics have a very 
rigid structure and are significantly more rigid than tissues, 
whereas hydrogels are generally fabricated to have stiffnesses 
more in the physiological range. Such properties must be 
accounted for when comparing effects in published studies 
with conflicting results, or those trying to extrapolate results 
from in vitro macrophage culture to that of tissue in vivo.

The shape macrophages adopt is also influenced by sub-
strate composition and stiffness. Macrophages cultured on 
more rigid substrates (150 kPa) demonstrate increased fil-
opodial projections and an elongated shape compared to 
macrophages cultured on less rigid substrates (1.2 kPa) where 
a rounded morphology is assumed [18, 20]. Macrophage 
shape is associated with their function, with larger, more 

rounded macrophages having a more pro-inflammatory 
phenotype and those that are elongated, or induced to be 
elongated through micropatterning, exhibit a more anti-in-
flammatory, pro-resolving phenotype. Thus, the downstream 
effects of stiffness directing macrophage shape may also re-
late to the degree of inflammatory functions they adopt [24, 
60, 61].

Phagocytosis of microbes or apoptotic cells and debris 
is a key function of macrophages in tissue remodelling and 
restoring homeostasis after infection or injury. The overall 
efficacy of phagocytosis links to the stiffness of the tissue 
that macrophages reside in. Macrophages cultured on stiff 
substrates showed greater phagocytosis of non-opsonized 
and IgG-opsonized latex beads or bacteria compared with 
lower stiffness [20, 25]. However, others showed no signifi-
cant effect in bead or bacteria uptake on different substrate 
stiffnesses [19]. Interestingly, macrophage uptake of oxidized 
and acetylated low-density lipoproteins and generation of re-
active oxygen species were controlled by substrate stiffness 
[62]. Linking in with these in vitro studies, uptake of particles 
by airway macrophages is impaired in patients with pulmo-
nary fibrosis, where lung stiffness increases [63].

As well as environmental stiffness, the biophysical prop-
erty of the target influences the phagocytic efficacy. Microbes, 
dying cells, debris, and cholesterol crystals have very dif-
ferent sizes, shapes, geometry, composition, and stiffness. 

Table 1 Summary of the biophysical and mechanical stimuli, their potential downstream receptors and transcription factors and how this influences the 
polarisation of macrophages

Stimulus Potential receptor Transcription factor Macrophage polarization/properties Reference

ECM composition
Fibrin/laminin/vitronectin Integrins GTPases M2 [12, 13]
Collagen I Increased glycolysis
Topography
Rougher surfaces Integrins YAP/TAZ M1 [14, 15, 16, 17]
Micropatterning M2
Stiffness
Softer (<0.3 kPa) Integrins YAP/TAZ M2 [18–20, 21–24, 25, 26]
More rigid (>200 kPa) TRPV4

PIEZO
NFkB M1, greater migration and phagocytosis

Charge
Positively charged surface. PIEZO1? NFkB? M1 [27–29, 30]
Zwitterionic surface Integrins Increased foreign body response
Spatial confinement PIEZO1 MRTF-A [31]

YAP/TAZ Decreased M1
(HDAC3 levels)

Stretch M2 [32, 33, 34, 35, 36]
Cyclic stretch TRPV4 YAP/TAZ Decreases M1 & NLRP3 inflammasome

PIEZO1
Shear stress TRPV4 YAP/TAZ M1 [37]

PIEZO1
Interstitial flow Integrins STAT3/6 M2 [38]

YAP/TAZ
Electric fields Integrins PI3K and ERK M2 [39–42]
Magnetic fields Integrins PPARγ M2 [43–45, 46]

GTPases
Ultrasound Integrins PPARγ, WNT M2 [47, 48]
Shockwaves Integrins ERK M2 [48–52]

src Decreased number of macrophages in tissue
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Soft particles are phagocytosed slower than stiff particles and 
bone marrow-derived macrophages phagocytosed beads with 
20 kPa stiffness six times more effectively than particles of 
stiffness 3 kPa [64]. This has important implications in vivo. 
For example, as red blood cells age, they become less efficient 
in their physiological role of regulating the oxygen/carbon di-
oxide balance in tissues and need to be cleared from circula-
tion. Aged red blood cells are more rigid than younger cells 
and so are cleared more effectively by the spleen to ensure 
a healthy, more efficient younger population remains in the 
circulation [65].

Therefore, the physical environment, through substrate 
stiffness, contributes significantly to the overall output a mac-
rophage will exhibit. The function the macrophage adopts 
through this stimulus will, in turn, regulate the physical envi-
ronment. One example of this is macrophage-induced ECM 
remodelling via proteases, which in turn would change the 
ECM biophysical make up.

Topography, shape, size, and charge
The downstream properties macrophages develop is also im-
pacted by the topography of surfaces they adhere to, with 
macrophages adhering better to rough surfaces [66]. Our 
unpublished results revealed that human monocyte-derived 
macrophages plated on tissue culture transwell inserts, which 
were of a rougher nature, adhered much more strongly than 
macrophages cultured on the smooth plastic tissue culture 
plate under transwell inserts. Moreover, the morphology, 
spreading, and gene expression of identical macrophage 
preparations differed between the two matrices. This has 
been reported by others where micropatterned topography 
resulted in a different macrophage phenotype to that of 
macrophages cultured on substrates with no micropatterning 
[14, 60]. Likewise, rougher titanium surfaces more efficiently 
induced the expression of pro-inflammatory cytokines and 
chemokines [15].

Substrate shape strongly influences macrophage phagocy-
tosis with non-spherical or rod-shaped particles being taken 
up better than spherical particles [67]. The bending stiffness 
and the composition of prey are of significance in uptake effi-
cacy (see review [68]). The composition of the particle controls 
uptake efficacy [69] where adhesion to microparticles coated 
with fibronectin had enhanced uptake by macrophages when 
compared to vitronectin and fibrinogen coatings. Size of prey 
is also important, and several studies have shown smaller 
microbes (e.g. bacteria) are phagocytosed more effectively than 
large microbes (e.g. yeast) [68]. However, as well as size and 
shape and composition of the particle to be ingested, the abun-
dance of phagocytic receptors at any point in time must be 
taken into account when determining phagocytic efficacy [67].

Surface charge and potential simulates a bioelectric micro-
environment, which in turn influences macrophage functions. 
Charged surfaces effectively promote macrophage polariza-
tion, and a higher potential intensity was conducive to the 
upregulation of M2 polarization [27]. Positively charged super-
paramagnetic iron oxide nanoparticles had higher uptake and 
enhanced M1 macrophage polarization more than negatively 
charged or neutrally charged particles [28]. Furthermore, 
it has been reported that zwitterionic (containing an equal 
number of positively and negatively charged functional 
groups) polyethylene glycol–phosphorylcholine hydrogels, 
alter the foreign-body response [29].

Stretch and shear stress
Some types of tissue-specific resident macrophages are con-
stantly exposed to mechanical stretch, such as those in the per-
iodontal ligament during normal mastication, the lung tissue 
as it expands and contracts, those exposed to gut peristalsis 
and those in cardiovascular tissue including the beating heart 
and those squeezing through blood vessels. Stretch as an en-
vironmental stimulus drives the polarization of macrophages 
to an M2-like phenotype and this may relate to them be-
coming elongated during stretching [32, 33]. Interstitial 
flow also polarizes macrophages towards an M2-like phe-
notype via integrin/Src-mediated mechanotransduction 
pathways involving STAT3/6 [38]. Cyclic stretch negatively 
regulates IL-1β secretion through the inhibition of NLRP3 
inflammasome activation by attenuating the AMP Kinase 
pathway, while ventilator-induced cyclic stretch of alveolar 
macrophages activates macrophage NLRP3 inflammasomes 
[34, 35]. Mechanical strain of macrophages in culture induces 
proliferation, while cyclic strain suppressed the phagocytosis 
of macrophages for latex particles [70, 71]. Furthermore, 
shear stress such as fluid flow in the vasculature or airflow 
in the lungs can polarize macrophages to a pro-inflammatory 
phenotype. Shear stress also increases levels of surface proteins 
involved in inflammatory responses, including expression of 
metalloproteinases responsible for ECM remodelling and 
penetration of macrophages between tissues [37].

Spatial confinement
Tissue resident or infiltrating monocyte-derived macrophages 
will be spatially confined within individual tissues. This 
results in close interactions and crosstalk with neighbouring 
cells and the ECM, and the level of spatial confinement 
changes macrophage output [72]. The concept of spatial con-
finement has important consequences for the properties of in 
vitro macrophage culture experiments, where cells are plated 
at different densities. The size and spreading of macrophages 
increase after exposure to pro-inflammatory mediators such 
as LPS. In some elegant studies, it has been demonstrated that 
preventing macrophage spreading by spatial confinement, 
suppresses late LPS-activated transcriptional programs by 
modulating epigenetic alterations (HDAC3 levels and his-
tone 3 lysine 36 dimethylation) [31]. Confinement reduced 
actin polymerization and LPS-stimulated nuclear transloca-
tion of myocardin-related transcription factor A (MRTF-A), 
thus downregulating pro-inflammatory cytokine secretion 
(including IL-6, IL-1b, TNF, CXCL9, and iNOS) and phago-
cytic potential of macrophages. Spatial confinement was also 
suggested to prevent inflammasome formation [73]. Effects of 
spatial confinement on macrophage function in vivo, where 
cell number is dynamic and complex, needs more clarification 
and a fuller analysis will become possible with the advance-
ment of in situ spatial multi-omic tissue analysis technologies.

Applied physical stimuli influencing 
macrophage function
Many of the studies giving insights into the behaviour of 
macrophages towards a specific physical stimulus, such as 
ECM, are based on 2D culture surfaces/substrate materials 
in vitro. Macrophages tend to respond differently in a 3D 
microenvironment and prospective studies using novel 3D 
models will more accurately reflect the complicated in vivo 
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microenvironments [74]. However, it is clear that these physi-
ological stimuli have a strong potential to impact the function 
of macrophages residing within tissue and consequently their 
role in homeostasis and pathology. This knowledge has been 
exploited to develop synthetic modalities for therapeutic bio-
physical stimulation targeting macrophages in disease and a 
selection of these are described below.

Electric fields
Electric fields occur naturally in the body, for example in 
wounded tissue where epithelial barriers have been broken 
[75]. These electric fields accelerate wound healing through 
directing migration of fibroblasts and keratinocytes. Our 
work has demonstrated physiological wound strength elec-
tric fields also direct the migration of macrophages and sig-
nificantly enhance phagocytic uptake through clustering of 
phagocytic receptors that position them for optimum par-
ticle uptake [39]. Exposure of macrophages to low-strength 
electrical fields upregulates PI3K and ERK activation, mobi-
lization of intracellular calcium, and actin polarization to in-
duce effects. A further study used RNA-seq analysis on direct 
current-treated macrophages and showed that the steroid bi-
osynthesis pathway was affected [40]. Salmonella infection 
generates an electric field in gut epithelium that can influence 
the directional migration of macrophages [41]. We have also 
shown the downregulation of T cell activation and polariza-
tion by physiological strength electric fields [42]. There are 
numerous devices that synthetically generate electric fields 
in tissues, and these have been exploited for wound healing. 
These devices work, at least in part, by their ability to en-
hance macrophage migration into wounds, to induce a more 
healing macrophage polarization phenotype and to augment 
macrophage uptake of infective microbes, apoptotic cells and 
debris.

Magnetic fields
Exposure of macrophages to a non-uniform magnetic field 
causes macrophage elongation that is associated with 
M2-like anti-inflammatory macrophages suggesting mag-
netic fields could be harnessed to reverse inflammation [43]. 
This dampening of inflammation in macrophages by mag-
netic fields resulted in significantly decreased levels of IL-6 
and IL-10 compared to unexposed counterparts [44]. Similar 
dampening of inflammation was observed in macrophages 
prepared from diabetic patients and exposed to magnetic 
fields. These exposed macrophages showed decreased ROS 
production, an enhanced M2 anti-inflammatory pheno-
type, and decreases in IL-1 and IL-6 production, alongside 
upregulation of collagen type I and integrins. This suggests 
application of magnetic fields would, for example, improve 
healing of diabetic ulcers [45].

Low-intensity pulsed ultrasound and shock waves
Low-intensity pulsed ultrasound is another form of me-
chanical stimulation that promotes repair. Several studies 
have shown that low-intensity pulsed ultrasound activates 
macrophages, enhances mRNA expression of anti-inflamma-
tory genes (Arg-1, PPAR-γ, and IL-4), promotes M2 polariza-
tion via the WNT signalling pathway, and inhibits necroptosis 
via HSP-70 reduction [47, 48]. In muscle, following pulsed 
ultrasound, the total macrophage population decreased but 
the proportion of M2-like macrophages increased [48]. Low-
intensity shockwave therapy is a similar mode of physical 

stimulation that also dampens pro-inflammatory responses 
and influences macrophage functions to promote regenera-
tion and healing [49, 50]. Our own research investigated the 
role of low-intensity shockwaves on macrophage activity. 
For this, we studied macrophage content and phenotype 
in chronic wound punch biopsies from patients with non-
healing venous ulcers prior to, and two weeks post-shockwave 
treatment, and in macrophage cultures treated with clinical 
shockwave intensities (150–500 impulses, 5 Hz, 0.1 mJ/mm2) 
[51]. Treatment significantly decreased the overall number 
of macrophages per biopsy area; however, the proportion of 
M2-like macrophages was increased in keeping with studies 
using ultrasound. Shockwave treatment of macrophages 
significantly boosted uptake of apoptotic cells, healing-
associated cytokine and growth factors and caused more mac-
rophage elongation, again suggestive of generating a healing 
macrophage. ERK activity was enhanced in shockwave-
treated macrophages, highlighting one mechanotransduction 
pathway driving downstream gene changes. Shockwave treat-
ment also decreased the overall number of macrophages in 
other types of tissue [48, 52].

The advantage of using the above physical stimuli for 
healing and tissue generation is that it is relatively cheap, 
easily applied, and has little side effects. Moreover, the treat-
ment can be localized to where required. These treatments 
could, therefore, provide adjuvant therapy for a range of 
macrophage-mediated diseases. The advantages of each mode 
of action would have to be weighed up against the ability 
of these biophysical stimuli to penetrate deep into tissue and 
reach affected sites and the changes in macrophages they in-
duce at specific strengths.

Bioactive scaffolds and surgical implants as 
biophysical stimuli modulating macrophage 
behaviour
Scaffold- and biomaterial-based immunomodulation has long 
been used for tissue regeneration, bone repair, or as therapy 
for failed healing of wounds. Surgical implants such as tita-
nium substrates have been applied for vascular, dental, and 
orthopaedic purposes to modulate immune responses [76]. 
An important consideration in biomaterial design is the in-
terplay between the implanted material and host immune 
system. Biomaterials are traditionally engineered to avoid an 
inflammatory-based destructive host response, known as the 
foreign-body reaction. Macrophages play a key role in con-
trolling these foreign body responses through switching their 
functions, either driving or quelling inflammatory responses 
and enhancing immunomodulatory effects to the implant 
to aid the healing process. The 3D structure and organiza-
tion of bioactive scaffolds provide physical cues that influ-
ence macrophage behaviour. As such, the design of scaffolds 
and implants that minimize macrophage pro-inflammatory, 
foreign body responses, and maximize healing functions has 
been the subject of intense research over the years. Rather 
than prevention of inflammation and/or foreign body 
responses with manufacturing inert biomaterials, the chal-
lenge is to produce material to recruit and guide macrophage 
responses towards tissue regeneration and healing. The com-
position, size of particles, shape, charge, porosity, stiffness, 
structure, and morphology are all important considerations 
to maximize therapeutic efficacy of scaffolds or implants. 
How these biophysical properties influence macrophages for 
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this have been outlined above and the reader is also referred 
to [77]. The biophysical properties of scaffolds are often 
combined with chemical modification to induce the greatest 
effects on healing, for example, modified traditional collagen 
membranes with epigallocatechin-3-gallate achieve better M2 
phenotypic macrophage recruitment [78].

Mechanisms involved in mechanosensing and 
mechanotransduction in macrophages
The mechanisms by which macrophages receive external 
physical cues and convert them into intracellular biochemical 
signals is an important area of interest if we are to further 
exploit biophysical stimulation for therapeutic gain. Several 
mechanisms are now recognized, including mechanosensitive 
ion channels, such as Piezo-Type Mechanosensitive Ion 
Channel Component 1 (Piezo1) and transient receptor poten-
tial vanilloid 4 (TRPV4); and cell adhesion molecules, such as 
integrins, selectins, and cadherins that lead to Ca2+ fluxes, cy-
toskeletal reorganization, and transcriptional regulation. The 
molecular basis of mechanotransduction through these will 
be discussed in the following section.

Mechanosensitive ion channels
Piezo1 is a non-selective calcium channel expressed in 
macrophages that conveys mechanical signals from stresses 
such as stretch. Activation of Piezo1 permits the flow of Ca2+ 
across the membrane to impact macrophage function [79]. 
Mechanical stimulation of macrophages and monocytes 
through cyclical hydrostatic pressure triggers an expres-
sion program of pro-inflammatory and chemoattractant 
mediators and this inflammatory mechanosensing response 
is entirely dependent on Piezo1. Knockout of Piezo1 specif-
ically in myeloid cells modulated their activation, enabling 
these cells to downregulate their inflammatory potential and 
enhance wound healing responses [80]. Piezo1 deficiency has 
also contributed to decreased glycolysis, and consequently 
decreased pro-inflammatory cytokine production by regulating 
the expression of Ca2+/calmodulin-dependent protein kinase 
II (CaMKII) and hypoxia-inducible factor1 a (HIF1a) sta-
bility, suggesting a link between mechanotransduction and 
metabolic activation of macrophages [81].

TRPVs respond to mechanical stimuli such as stretch, 
pressure, and shear stress and are permeable to sodium as 
well as calcium [82]. Macrophages express TRPV2, TRPV4, 
TRPC6, and TRPM7 but only TRVP4 is activated through 
mechanosensing [25]. Activation of TRPV4, like Piezo1, 
induces a pro-inflammatory profile in macrophages, for ex-
ample, TRPV4 activation caused pro-inflammatory responses 
to mechanical ventilation [83]. Macrophages cultured on stiff 
substrates and activated by LPS showed greater phagocytic 
activity than those cultured on soft substrates. This change 
was due to TRPV4, as when TRVP4 was inhibited or expres-
sion reduced, no differences were observed [82]. Following 
Pseudomonas aeruginosa infection, TRPV4 enhanced path-
ogen clearance by macrophages, at least in part through the 
upregulation of pro-inflammatory pathways [84]. However, 
TRPV4 activation has also been shown to induce Ca2+ in-
flux and MAPK and YAP/transcriptional co-activator with 
PDZ-binding motif (TAZ) activation and a decrease in pro-
inflammatory cytokines and upregulation of IL-10 [82]. 
TRPV4 activation in response to osmotic or mechanical stress 
depends on intracellular messengers, including arachidonic 

acid and PIP2 [85]. Once activated, both Piezo1 and TRPV4 
downstream signals can integrate with that biochemical 
signals to regulate macrophage activation and function, 
examples being activated through TLR4.

Adhesion molecules
Integrins, focal adhesions, and proteins associated with 
podosomes play an important role in macrophage 
mechanosensing to trigger downstream signalling pathways 
and modify activation, migration, and phagocytosis. Integrins 
function as mechanosensors by mediating force-induced 
rearrangements in the cytoskeleton. For example, stiff ma-
trices enhance integrin CD11b-controlled phagocytosis in 
macrophages [86]. Following stimulation by physical cues, 
integrin clustering leads to focal adhesions. These sub-cellular 
structures are signalling hubs regulating the cytoskeleton 
and consequently immune cell functions through activa-
tion of the non-receptor tyrosine kinases, focal adhesion ki-
nase and Src, and downstream RhoA, Rac1, and Cdc42. 
Macrophages, however, tend to form podosomes rather than 
focal adhesions post engagement with integrins. Podosomes 
connect to the intracellular cytoskeleton and are comprised 
of an actin-rich core surrounded by integrins [87]. We have 
demonstrated that electric field application to macrophages 
resulted in polymerized actin and podosomes that become 
polarized towards the leading, anode-facing edge of electric 
field-responsive macrophages. This effect related to the elec-
tric field enhanced intracellular Ca2+ [39]. Integrins can in-
teract with other pathways induced by mechanical stimuli. 
For example, applying force to integrins indirectly caused ac-
tivation of TRVP4 resulting in rapid calcium influx through 
the TRPV4 channel [88].

Other secondary mediators important in connecting 
mechanotransduction and gene expression are the 
mechanoresponsive Hippo pathway effectors, YAP, or 
its homologue, TAZ. YAP can drive pro-inflammatory 
macrophages on stiff substrates through increased TNF se-
cretion [22]. MRTF-A is another transcriptional regulator al-
tered by mechanical cues. As previously highlighted, spatial 
confinement of macrophages reduces MRTF-A nuclear local-
ization by downregulating actin polymerization, resulting in 
downregulation of LPS-induced pro-inflammatory responses 
[31]. Mitogen-activated protein kinases are associated 
with Piezo1 and the TRPV4 channel to induce responses 
[89]. Moreover, the M2-inducing effects of low-intensity 
pulsed ultrasound are mediated through the WNT pathway 
by upregulating Frizzled class receptor 5 expression and 
enhancing β-catenin nuclear translocation in macrophages 
[48]. There will be integration and coordination with all 
mechanotransduction signalling pathways, as well as those 
induced by soluble mediators and chemical cues to dictate the 
overall function of macrophages at any point in time.

Clinical implications of biophysical factors on 
macrophage function
Understanding the biophysical cues that impact macrophages 
have important implications for the changes that occur 
due to ageing, the prediction of disease outcome and ther-
apeutic approaches. Ageing disrupts ECM and tissue func-
tion and influences its composition, elasticity, and stiffness 
[57]. Arterial stiffness increases and the density of bone 
decreases with age. This can impact our macrophage immune 
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responses that are altered with ageing. The inflammatory re-
sponse that ensues due to tissue injury and/or infection and 
the remodelling and reparative phases that follow, results in 
significant changes to the ECM composition, for example, 
biophysical properties such as stiffness and deposition of 
thicker and denser collagen fibres in scar tissue [57]. If these 
changes in the ECM or in scarring do not resolve sufficiently, 
the effects on macrophages can result in compromised tissue 
function as observed in disorders such as cancer, atheroscle-
rosis, and fibrosis.

In cancer, the ECM composition will change with cor-
responding alterations in tissue rigidity [90]. Increased 
stroma stiffness in clinical breast cancer samples positively 
correlates with the number of infiltrated tumour-associated 
macrophages, and this correlation is stronger in more ag-
gressive tumour subtypes [91]. It is likely that expanding 
cell numbers leads to spatial confinement. The interstitial 
fluid pressure within the tumour microenvironment increases 
as a consequence of tumour growth and increased vascular 
permeability and this will influence macrophage functions. 
Radiation treatment will also induce physical signals, and 
all these can change the outcome of macrophage functions 
within the tumour. Macrophages are well known to guide 
tumour growth and metastasis through secretion of chemical 
mediators. Given the impact of the changing biophysical cues 
in tumours could have on macrophages, future therapeutic 
regimes could look to change macrophage functions through 
applying biophysical signals to improve the killing and phag-
ocytic functions of macrophages or alternatively by indirect 
means through tempering the stiffness and composition of 
ECM by modulating tissue remodelling enzymes.

Chronic liver diseases result in fibrosis, affecting the liver mi-
croenvironment in a manner that influences the properties of 
infiltrating macrophages or tissue-resident Kupffer cells, thus 
affecting their functional output and ultimately the timelines 
of disease. Pulmonary fibrosis is another fibrotic disorder 
where, over time, the changing lung environment, (overall 
stretch, stiffness, and composition) significantly influences 
macrophage function. Tissue-resident airway macrophages 
in patients with pulmonary fibrosis have impaired phagocy-
tosis compared to age-matched healthy subjects [63]. Other 
disorders where stiffness will impact disease pathogenesis are 
in asthma where airway walls stiffen and in ulcerative colitis 
where intestinal walls become less pliable; both disorders in-
duce macrophage inflammatory responses [57, 92, 93].

In atherosclerosis, changes will occur the arterial wall due 
to remodelling, including ECM composition and topography, 
increased stiffness, increased arterial shear stress and develop-
ment of hypertension. These changes will alter the properties 
of macrophages infiltrating into plaques [94]. Macrophages 
will, in turn, further contribute to pathological remodelling. 
This will influence the stability of the plaque through release 
of macrophage metalloproteinases and angiogenic factors.

Applied biophysical stimuli have already been used ther-
apeutically to alleviate many disorders and several of 
these modalities work by potentially exerting effects on 
macrophages. Extracorporeal shock wave therapy is applied 
to chronic non-healing wounds when all other treatments 
fail. We have shown that this treatment has several effects 
on the healing properties of macrophages [51]. Low-intensity 
pulsed ultrasound promotes skeletal muscle regeneration 
via modulating macrophage populations [48]. Moreover, 
bioelectricity has been implicated in improving wound 

healing and the strengths applied induce phenotypic changes 
and important wound healing functions of macrophages. 
Wound dressings that incorporate bioelectrical cues are 
being engineered for chronic wounds in patients with severe 
diseases such as diabetes and lower limb ischemia. Electric 
fields, shockwaves, and ultrasound have been suggested as 
an adjuvant therapy for cancer. Although the implications on 
macrophages in this disorder are not fully understood, from 
in vitro analysis, it is likely that some of the positive effects 
of this treatment are due to changes in macrophage function.

Designing and engineering scaffolds for bone healing or 
surgical implants are now taking into account the potential 
effects they could have on immune cells. Characteristics in-
cluding their elasticity, pore size, stiffness, topography, com-
position, and charge are needed for appropriate regulation 
of macrophage activation and function if healing properties 
of macrophages are to be maximized. Pharmacologically 
targeting downstream signalling mediators of physical 
stimuli, for example, TRVP4, could also impact the function 
of macrophages [95]. Manipulation of YAP/TAZ has po-
tential as a therapeutic approach for macrophage-mediated 
pathologies exhibiting changes in their biophysical microen-
vironment [96, 97].

Concluding comments
Many questions remain regarding the therapeutic use of bio-
physical stimuli for immune-mediated diseases. These include 
the potential long-term effects for scaffolds or implants, which 
disorders would benefit most from biophysical therapy, how 
cells other than macrophages are impacted by these cues, and 
how biochemical cues interact with biochemical signals. A full 
understanding of the mechanoresponsiveness of macrophages 
and how their functions can be controlled in vivo by bio-
physical stimuli has its challenges (Reviewed by Adams et al. 
[98]). Regardless of these challenges, it is clear that biophys-
ical forces have a place in the clinic for macrophage-mediated 
diseases and could provide a more focussed adjuvant treat-
ment with few side effects. Much progress has been made in 
the field in defining effects of biophysical cues on macrophages 
in vitro and future studies should now focus on the clinical 
translational potential as a goal.
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