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The immune system performs critical functions to defend against invading pathogens and maintain tissue ho
meostasis. Immune cells reside within or are recruited to a host of mechanically active tissues throughout the
body and, as a result, are exposed to varying types and degrees of mechanical stimuli. Despite their abundance in
such tissues, the role of mechanical stimuli in influencing immune cell function and the molecular mechanisms
responsible for mechanics-mediated changes are still poorly understood. The recent emergence of mechanicallygated ion channels, particularly Piezo1, has provided an exciting avenue of research within the fields of
mechanobiology and immunology. Numerous studies have identified roles for mechanically-gated ion channels
in mechanotransduction within various different cell types, with a few recent studies in immune cells. These
initial studies provide strong evidence that mechanically-gated ion channels play pivotal roles in regulating the
immune system. In this review, we discuss characteristics of ion channel mediated mechanotransduction, review
the current techniques used to quantify and visualize ion channel activity in response to mechanical stimuli, and
finally we provide an overview of recent studies examining the role of mechanically-gated ion channels in
modulating immune cell function.

1. Introduction

atherosclerosis, cancer, and fibrosis lead to tissue stiffening [2,3]. In
addition to these examples, there are many other types of mechanical
environments to which immune cells are potentially exposed within the
body (Fig. 1). Unlike other cell types that mostly reside in their tissuespecific environment permanently, immune cells are unique as they
are recruited to a variety of different mechanical environments which, in
turn, influence their function and the overall immune response.
Recent studies have suggested that the mechanical environment
tunes immune cell function. Macrophages and dendritic cells are innate
immune cells that facilitate inflammation, wound healing, and antigen
presentation – functions that have all been shown to be regulated by
mechanical stimuli, both independently and in conjunction with soluble
factors. In stiff environments, macrophages and dendritic cells exhibit
enhanced lipopolysaccharide (LPS)-induced inflammatory responses
[4–9]. When grown on surface grooves or micropatterned adhesive
lines, macrophages elongate, align, and express markers associated with

The immune system consists of specialized cells that play a critical
role in preserving homeostasis, as well as protecting against invading
pathogens. Immune cells function in tissues throughout the body, and
are exposed to varying types and degrees of mechanical stimulation [1].
When they are first recruited into tissues from circulation, immune cells
are exposed to an increase in fluid shear stresses upon adhesion to the
endothelium, and then mechanical stretch as they extravasate through
the vessel wall [2]. Once in the tissue, cells can experience a variety of
mechanical environments, for example cells within bone tissue experi
ence significantly higher stiffness compared to those within muscle [3].
This mechanical environment is dynamic and can also change with the
development and progression of pathological conditions. Hypertension
enhances fluid shear stresses and mechanical stretch experienced by
cells within blood vessels, whereas various disease conditions such as
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wound healing in the absence of external soluble factors [10,11]. Me
chanical forces are also known to regulate cell morphology [12].
Consistent with this finding, varying degrees of mechanical stretch have
been shown to influence macrophage morphology, as well as enzymatic
activity and inflammatory/healing activation states [13–16]. Stretch
also regulates dendritic cell activation and T-cell priming [17]. In the
adaptive immune system, mechanical forces have been implicated in the
regulation of molecular interactions involved in antigen recognition and
transmigration [18], T cell differentiation [19,20], and CD8+ T cell
killing [21–23]. Forces are required for T cell receptor (TCR) and major
histocompatibility complex (MHC) interaction [24,25], B cell receptor
(BCR) activation [26,27], immunological synapse (IS) formation [28],
and integrin activation [21–23]. Moreover, in response to external me
chanical cues, such as stiff environments, T cells exhibit enhanced cell
spreading, motility, and activation [29–31]. The ability of immune cells
to sense their mechanical environment is crucial in regulating cell
behavior as well as modulating disease development and progression.
Immune cells express a variety of mechanoreceptors on their cell
surface, including integrins and ion channels, which sense and transduce
external mechanical stimuli. Integrins are well known mechanorecep
tors that connect the cytoskeleton to the extracellular matrix (ECM). In
response to mechanical stresses, integrins cluster and facilitate cyto
skeletal remodeling and the activation of various signaling pathways
[32]. They are key mechanosensors in immune cells and have been
shown to regulate motility, phagocytosis, and activation [29,30,33–36].
In addition to integrins, mechanically-gated ion channels transduce
mechanical stimuli into electrochemical activity which, in turn, acti
vates ion-dependent signaling pathways [37]. Mechanically-gated ion
channels are characterized by their ability to create mechanically
regulated pore-forming subunits without requiring auxiliary proteins,
and can confer mechanosensitivity in an otherwise insensitive cell [38].
Few channels meet these stringent requirements and include two-pore
potassium channels (TREK-1, TRAAK-1, TRAAK-2) and some members
of the transient receptor potential (TRP) family, such as TRPV4. More
recently, the Piezo family of ion channels was identified, representing a
major breakthrough in the field of mechanobiology [39]. In particular,
Piezo1 is emerging as the body’s global mechanotransducer, it is widely
expressed and able to respond to a multitude of mechanical stimuli

including cell membrane indentation, suction, laminar flow, cellular
compression, deflection as well as mechanical properties of the substrate
such as stiffness and nanotopology [39–45]. Piezo1, is a non-selective
cation channel, permeable to Ca2+, which elicits many downstream ef
fects. The channel has already been shown to have extensive roles in
physiology including vascular development, neural stem cell differen
tiation, red blood cell volume regulation, and cartilage force sensing
[39,40,46–51]. Piezo2 has similar structure and electrophysiological
properties compared to Piezo1, but as yet, functional roles of the
channel are primarily described in the sensory system [52].
Several recent studies have explored the role of mechanically-gated
channels in regulating immune cell function, showing an essential role
for these channels in numerous physiological and pathological processes
involving the immune system. In this review article, we will discuss ion
channel mediated mechanotransduction, overview the current tech
niques and advances used to quantify and visualize ion channel activity
in response to mechanical stimuli, and review current studies examining
the role of mechanically-gated ion channels in modulating immune cell
function.
2. Ion channel mediated mechanotransduction
Ion channels are pore forming subunits that allow for the passage of
ions across the cell membrane. When cells are at rest, a combination of
passive diffusion and active ion transport maintain an electrochemical
gradient across the cell membrane. Activation of ion channels allow for
the flow of ions down this gradient. Ion channels are diverse, and their
activation is tightly regulated through specific chemical or physical
stimuli dependent on the gating mechanisms of the channel.
Mechanically-gated ion channels are activated via mechanical forces
thought to be sensed through ion channel and cytoskeletal interactions
(force-through-filament model) and/or directly through mechanical
tension in the cell membrane (force-through-lipid model) [53–55].
Many mechanically-gated ion channels can be activated via multiple
mechanical stimuli, e.g. membrane indentation, membrane stretch,
shear flow, and hydrostatic pressure, all of which ultimately result in
changes in membrane tension (Fig. 2). The Piezo1 channel, which has
been shown to gate via membrane tension [42], can detect an impressive

Fig. 1. Common mechanical stimuli experienced by innate and adaptive immune cells. Schematic illustrating the different mechanical stimuli experienced by
immune cells as they extravasate through blood vessels and adhere to mechanically active tissues or foreign implantable materials.
2

H. Atcha et al.

Current Opinion in Solid State & Materials Science 25 (2021) 100951

Fig. 2. Techniques to activate mechanicallygated ion channels. A variety of techniques have
been developed to study mechanically-gated ion
channels, as depicted above. These often aim to
mimic the vast mechanical stimuli cells are subject
to in situ. The channel activation mechanisms shown
here can be used in conjunction with methods that
record channel activity, such as patch clamp or
imaging. They can also be combined with molecular
techniques to measure the downstream effects of
channel gating.

NFκB into the nucleus [58]. The ability of Ca2+ to regulate NFκB
localization is thought to be due to the activity of Ca2+-dependent
proteases known as calpains, which are involved in the degradation of
IκB, a key regulatory protein that inhibits NFκB activation and reduces
inflammation [60,61]. Healing activation in immune cells is also
dependent on calpains, with increased degradation of the pro-healing
transcription factor signal transducer and activator of transcription 6
(STAT6) reported in the presence of increased intracellular Ca2+ or re
combinant calpains [62]. In addition to macrophages, T cells have also
been shown to rely on Ca2+ dependent pathways. In particular, T cell
receptor (TCR) activation leads to increased intracellular Ca2+ that en
hances the activity of calcineurin, a Ca2+-dependent phosphatase that
promotes the nuclear translocation of nuclear factor of activated T cells
(NFATs) and subsequent T cell activation [63]. Despite these findings,
the role of mechanical cues in regulating Ca2+-dependent pathways
remain unclear and is the subject of much interest. To better study
mechanics mediated changes in ion channel activity, several key tech
niques have been developed.

array of mechanical cues including those listed above. Interestingly,
Piezo1 does not require an intact cytoskeleton for gating [43,56],
however it can also activate in response to cytoskeletal forces [44,46].
We previously showed that on stiff substrates, Piezo1 displays Ca2+
flickers in the absence of any externally applied mechanical force.
Reduction of cellular traction forces either by seeding cells on a soft
substrate or pharmacological inhibition of traction force generation
reduced Piezo1 Ca2+ flicker activity [44,46]. However, it is important to
note that cytoskeletal proteins themselves can modify membrane ten
sion. For instance, the cortical cytoskeleton inhibits the membrane from
stretching in response to mechanical manipulation, thus providing a
mechanoprotective effect on Piezo1 [56]. Additionally, it has recently
been shown that tension can propagate rapidly in membrane blebs
devoid of cytoskeleton, but is unable to propagate in intact cells [57].
Tension is heterogeneous across the membrane [57] and it is likely that
cellular traction forces generate local increases in membrane tension
that activate the Piezo1 channel. Alternatively, it is also possible that
traction forces are conveyed to Piezo1 through a direct physical inter
action between the channel and the cytoskeleton. The full picture of
Piezo1 mediated force transduction is yet to be uncovered, but it is clear
that the interplay between the channel and the cytoskeleton is an
important regulator. Regardless of the nature of mechanogating, the net
result of Piezo1 activation is the influx of ions, such as Ca2+. These ions
are diffusive in the cytoplasm and can therefore also mediate long range
signals from localized mechanical events.
Ca2+ is an important second messenger molecule that regulates
intracellular signaling pathways in immune cells. Increases in intracel
lular Ca2+ are generally thought to enhance LPS-induced macrophage
inflammatory activation [58,59]. Moreover, Ca2+ has been identified as
a key regulator in the activation of the inflammatory transcription fac
tor, nuclear factor kappa-light-chain-enhancer of activated B cells
(NFκB), since cell permeable Ca2+ chelators reduced the translocation of

3. Current techniques to quantify ion channel activity
In this section, we will briefly review the methods that are commonly
used to measure the activity of mechanically-gated ion channels and
provide some examples of studies utilizing each technique.
3.1. Patch clamp
The patch clamp technique allows for quantitative electrophysio
logical measurements of ionic currents in single cells, isolated cells, or
within tissues. Additions to the patch clamp technique have allowed for
the study of mechanical forces in regulating ion channel activation.
Methods include suction pulses with a high speed pressure clamp,
3
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indentation of the cell membrane with a blunt glass pipette and appli
cation of fluid flow [39,64]. While these techniques have provided
critical insight into channel activity, they rely on the application of
mechanical forces to the dorsal surface of the cell and therefore provide
little knowledge of mechanically-gated ion channel activation at the cell
membrane-substrate interface [65]. To address this shortcoming, wholecell patch clamp recordings have been obtained in cells cultured on
elastomeric pillars, where mechanical stimuli is applied through the
deflection of individual pillars [66]. More recently, novel electrome
chanical systems that utilize patch clamp recordings have been devel
oped to study the role of mechanical stretch in regulating ion channel
activity [67].
Patch clamp electrophysiology can facilitate the rigorous quantifi
cation of biophysical properties of mechanically-gated ion channels
including open probability, conductance, and force required to open the
channels. When considering mechanically-gated ion channels, it is
important to note that the patch configuration itself can exert mechan
ical forces onto the channels. For instance, Piezo1 inactivates quickly in
cell-attached but slowly in outside-out patches due to the resting tension
experienced by the patch in the cell-attached mode [59]. Drawbacks to
the method include that it does not provide spatial information of the
channels and dialyzes the intracellular compartment of the cell, making
it hard to study channel activity in native cellular conditions. Further
more, these approaches have focused on transduction of externallyapplied mechanical forces rather than internal, cell-generated forces
which also activate channels.

A major advantage of microscopy-based methods is that these ex
periments can provide spatial information on both channel localization
and activity. Moreover, genetically encoded probes allow for visualiza
tion of activity within tissues as well as specific subcellular compart
ments, better recapitulating the mechanical environment experienced in
physiological conditions. Despite these advantages, patch clamp tech
niques still provide a more quantitative approach to assessing changes in
current and voltage, and hence are preferable for studying questions
related to biophysical pore properties, such as ionic selectivity and
inactivation. Therefore, both approaches provide distinct advantages
and disadvantages and should be utilized in consideration with the
specific scientific question under examination.
3.3. Pharmacological tools
Pharmacological agents are also useful tools with which to study
these channels, due to their ease of use compared to previously discussed
methods. They also permit more specific modulation of channels of in
terest, rather than mechanical forces which can activate multiple
mechanically-sensitive proteins at once. Activators of mechanicallygated ion channels include Yoda1, a specific agonist of Piezo1 [76], as
well as 4α-PDD [77] and GSK1016790A [78], agonists of TRPV4. In
hibitors of mechanically-gated ion channels, however, are more limited
and less specific. GsMTx4 inhibits excitatory stretch-activated ion
channels [79] and gadolinium chloride and ruthenium red can block
mechanically-gated channels which are non-selective cation channels;
however, they also inhibit other channel families [80,81]. More specific
antagonists exist for TRPV4 including HC-067047 [82] and RN-9893
[83]. Dooku1, a Yoda1 analogue, can also be used as an antagonist of
Yoda1-induced Piezo1 activity [84]. The use of these chemical tools can
be applied in conjunction with all methods used to study ion channel
activity, and more specific pharmacological agents are likely to emerge
over the next few years.

3.2. Fluorescent indicators
Several indicator-based techniques have been developed to study the
flux of ions across cells. Among these, cell permeable chemical calcium
indicators, such as Fura-2 and Fluo-4, that change fluorescence prop
erties on binding Ca2+ are highly popular and reliable [68]. These in
dicators have been extensively used to study changes in cytosolic Ca2+
within immune cells in response to ion channel activation, including
mechanically-gated ion channels [58,59]. In addition to chemical Ca2+
indicators, genetically encoded Ca2+ indicators (GECIs) based on the
GCaMP family of proteins or FRET(Forster resonance energy transfer)based biosensors have been developed [69,70]. These sensors can be
engineered to be genetically expressed in specific cell types or targeted
to specific compartments of the cell, making it feasible for both in vitro
and in vivo imaging. In comparison to organic Ca2+ indicators, GECIs
generally have improved cytosolic dispersion and no leakage.
One example of a GECI is Salsa6f, a protein consisting of tdTomato
fused to the Ca2+ indicator GCaMP6f by a V5 epitope tag, allowing for
precise ratiometric quantification of intracellular Ca2+ signals [71,72].
Implemented in a transgenic mouse line for Cre-dependent expression,
Salsa6f enables Ca2+ signaling to be specifically monitored in a wide
variety of cell types [61,71–75]. Both chemical Ca2+ indicators and
transgenic Ca2+ indicators can be used in multiple assays such as flow
cytometry, fluorescence microscopy, and with fluorescent plate readers.
An advantage of chemical Ca2+ indicators over currently available
transgenic Ca2+ indicators is their faster kinetics which allows imaging
of fast Ca2+ events with higher fidelity. However, newer generations of
GECIs will likely circumvent this limitation.
The use of Ca2+ indicators coupled to microscopy-based methods
provide a physiological approach of analyzing Ca2+ activity through ion
channels. High speed total internal reflection fluorescence microscopy
(TIRFM) can be used to evaluate mechanics-mediated changes in Ca2+
activity at higher sensitivity compared to confocal microscopy by spe
cifically imaging a 100-nanometer range at the cell-substrate interface.
As imaging is restricted to the cell-substrate interface this also facilitates
the investigation of cell-generated traction forces and ion channel ac
tivity. TIRFM imaging revealed the millisecond-scale Ca2+ flicker ac
tivity of Piezo1 elicited by cellular traction forces in adherent cells at the
cell-substrate interface on stiff substrates [44,46].

4. Mechanically-gated ion channels in immune regulation
Immune cells are exposed to varying degrees and types of mechanical
stimulation, of which include hydrostatic pressure, environmental
stiffness, shear stress, stretch, intercellular interactions, and mechanical
cues resulting from biomaterial interactions (Fig. 1). While numerous
studies have identified the role of soluble or biochemical stimuli in
regulating immune cell function the molecular mechanisms responsible
for mechanics-mediated changes are less well understood. In this sec
tion, we will review studies that have specifically examined the role of
mechanically-gated ion channels in cells of the immune system.
4.1. Innate immunity
The innate immune system offers a first line of defense, providing
surveillance in tissues throughout the body. Macrophages are key cells
of the innate immune system that are recruited to tissues as circulating
monocytes and whose function has recently been shown to be regulated
by Piezo1. Solis, et al. initially found that murine monocytes and mac
rophages highly express Piezo1 when compared to other known
mechanically-gated ion channels [85]. In contrast, Piezo1 expression
was shown to be considerably lower in neutrophils, also cells of the
innate immune system. In addition, they found that Piezo1 is critical in
sensing and transducing cyclic hydrostatic pressure, a mechanical
stimulus experienced by cells within the lungs. Using bone marrow
derived macrophages (BMDMs) isolated from myeloid specific Piezo1
conditional knockout mice (Piezo1ΔLysM), the authors show that mac
rophages lacking Piezo1 have reduced inflammatory activation when
exposed to cyclic hydrostatic pressure compared to cells isolated from
control mice [85]. Moreover, cells lacking Piezo1 exhibited reduced
expression of hypoxia-inducible factor 1α (HIF1α), a transcription factor
that has previously been shown to promote inflammation [86,87].
4
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HIF1α has also been shown to influence macrophage metabolic state
through promotion of glycolysis metabolism which, in turn, is known to
enhance inflammatory activation [86]. This suggests that mechanicallygated ion channels could regulate cell function through modulation of
metabolic pathways, a potentially exciting new avenue of research

within the emerging field of immunometabolism. Moreover, Solis et al.
confirmed their findings in vivo and showed that Piezo1 within recruited
monocytes and not tissue-resident alveolar macrophages was respon
sible for bacteria-induced lung inflammation and fibrosis through
upregulation of HIF1α (Fig. 3). The authors also suggest that activation

Fig. 3. Piezo1-mediated regulation of innate immune cell function and disease. Summary of recent studies that identify roles for myeloid cell specific Piezo1 in
regulating lung fibrosis [85], tumor growth [88], aortic valve stenosis [90], iron metabolism [92], and the foreign body response [61]. Mechanical stimuli identified
as key regulators of channel activity are indicated in parentheses. Data shown indicates that myeloid cell specific Piezo1 deletion (Piezo1ΔLysM) reduced bacteriainduced lung fibrosis, tumor growth, and fibrous encapsulation of stiff implanted materials as is indicated by a reduction in the Ashcroft clinical score, tumor
weight, and fibrous capsule thickness, respectively. Moreover, siRNA mediated Piezo1 knockdown or pharmacological inhibition of mechanically-gated ion channels
revealed a reduction in monocyte cell adhesion, whereas myeloid cell specific heterozygous (Het-GOFconst.) or homozygous (Hom-GOFconst.) Piezo1 GOF mutation
resulted in enhanced iron deposition in the liver. Arrows indicate presence of iron in hepatocytes.
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of monocytes could potentially result from a combination of extrava
sation, which itself is known to activate monocytes [2], and exposure to
cyclic pressures resulting from pulmonary recruitment.
Myeloid cell specific expression of Piezo1 was also shown to regulate
cancer and polymicrobial sepsis. Aykut et al. show that Piezo1 signaling
promotes expansion of myeloid-derived suppressor cells and pancreatic
cancer progression (Fig. 3). Using a pancreatic ductal adenocarcinoma
(PDA) model, the authors show that inhibition of Piezo1 through
myeloid cell specific knockout mice or using GsMTx-4 significantly
reduced tumor mass and myeloid cell expansion when compared to
relevant controls. In contrast, administration of Yoda1 led to myeloid
cell expansion and enhanced tumor mass. Similar findings were also
reported using patient-derived organotypic tumor spheroids, thus
extending the potential for therapeutic efficacy of Piezo1 modulation to
humans [88]. In addition, Aykut et al. identify a role of Piezo1 in
regulating polymicrobial sepsis, as myeloid cell specific Piezo1 condi
tional knockout mice were observed to have improved survival as well
as reduced sepsis score, inflammatory marker production, and myeloid
cell expansion when compared to controls [88]. Finally, this study
mechanistically demonstrated that Piezo1 activity enhances histone
deacetylase 2 (HDAC2) activity, which suppresses retinoblastoma gene
Rb1 via epigenetic silencing and prevents myeloid cell expansion [88].
Further evidence showing Piezo1 activation in response to pathological
mechanical forces in situ could provide greater clarity on the role of
mechanically-gated channels in modulating disease.
We have recently shown that Piezo1 regulates macrophage sensing
of stiffness in vitro and in the foreign body response to implanted ma
terials in vivo (Fig. 3) [61]. We found that macrophages cultured on stiff
(280 kPa) substrates expressed more Piezo1 and exhibited enhanced
Ca2+ activity compared to cells cultured on soft 1 kPa substrates. In the
presence of liposaccharides (LPS) and interferon-γ (IFNγ), Piezo1 acti
vation by Yoda1 led to enhanced inflammatory responses whereas
Piezo1 depletion reduced inflammation. We also showed that Piezo1 is a
mechanosensor of stiffness in vivo, since stiffness enhanced foreign body
response was abrogated in myeloid cell specific Piezo1 depleted mice
[61]. These observations suggest that myeloid cell Piezo1 plays an
important role in regulating the foreign body response to stiff material
implants. Stiffness has also been shown to influence Piezo1 activity in
dendritic cells. Chakraborty et al. revealed that stiffness-mediated
changes in yes associated protein (YAP) and Piezo1 activity influence
dendritic cell inflammatory responses and metabolism [9]. Given recent
reports elucidating the importance of YAP in the regulation of immune
cell function and identifying Piezo1 as a transcriptional target of YAP
signaling in cancer cells [4,9,89], this finding expands Piezo1 modula
tion to YAP signaling pathways in immune regulation. Moreover,
demonstration of YAP nuclear-cytoplasmic localization by Piezo1 ac
tivity in neural stem cells further supports this idea [46].
In addition to cancer and the foreign body response, Piezo1 has been
shown to influence the development and progression of cardiovascular
diseases, such as aortic valve stenosis (Fig. 3). Baratchi et al. show that
stenosis or narrowing of the aortic valve promotes adhesion, phagocy
tosis, and inflammatory activation of monocytes derived from patient
blood samples taken before and after transcatheter aortic valve im
plantation [90]. Through computational modeling and in vitro experi
mentation, the authors find that stenosis enhanced fluid shear stresses
experienced by circulating monocytes, which promoted Piezo1mediated Ca2+ influx, activation of CD11b (integrin αM), and thus cell
adhesion. The authors also show that macrophages differentiated from
monocytes obtained from patients suffering from stenosis displayed
enhanced phagocytosis and uptake of oxidized low-density lipoproteins
(oxLDL) when compared to samples obtained post-treatment. This
finding suggests that immune cells may retain memory of their me
chanical environment, which influences cell function even following a
multiday in vitro differentiation process; however, whether this memory
is due to Piezo1 signaling remains unclear.
Corroborating a role for Piezo1 in cellular uptake, Ma et al. found

that mice expressing a Piezo1 gain-of-function (GOF) mutation which
slows channel inactivation, specifically in myeloid cells exhibited
enhanced iron deposition in the liver and iron levels in serum (Fig. 3)
[91,92]. Mechanistically, the authors show that the Piezo1 GOF muta
tion in macrophages enhanced phagocytic activity resulting in increased
red blood cell turnover and erythropoiesis. This, in turn, caused re
ductions in the level of hepcidin, a hormone that prevents the release of
iron into the blood and is produced in coordination with red blood cell
production, eventually leading to iron overload. While this study did not
explicitly evaluate the effects of mechanical forces on channel activity,
phagocytosis-induced membrane activity could indeed potentially lead
to channel activation [93,94]. The role of other pathological mechanical
stimuli, such as environmental stiffness, in regulating Piezo1-induced
phagocytosis and iron metabolism may be of interest in future studies.
Interestingly, this group found that a mild Piezo1 GOF mutation was
present in a third of individuals of African descent, thus identifying a
potential genetic risk factor that leads to increased iron levels in African
Americans [92]. Piezo1 clearly plays a role in mechanotransduction
within the innate immune system, and although only a few studies
currently exist, there will likely be more in the near future.
While Piezo1 has been the focus of this section, there are other ion
channels that can regulate innate immune cell function in response to
mechanical stimuli. These largely consist of the transient receptor po
tential (TRP) family of ion channels. For example, in macrophages the
TRPV4 ion channel promotes LPS-stimulated phagocytosis of E. coli
particles on stiff substrates [95]. Moreover, Dutta et al. show that global
knockout of TRPV4 suppressed bleomycin-induced fibrosis of the skin
and reduced inflammatory activation in macrophages [96].
Mechanically-gated ion channels are critical molecules involved in
sensing and transducing a variety of mechanical stimuli within innate
immune cells which modulates the development and progression
various pathological conditions.
4.2. Adaptive immunity
Unlike cells of the innate immune system, adaptive immune cells including B, T and NK cells - are non-adherent or circulating cells that
are recruited to various tissues through the process of homing and
transmigration, where they recognize soluble or membrane bound an
tigens and ligands leading to their activation [97–99]. Immune cells
experience a range of complex mechanical cues during these processes
and a role for mechanical forces has been described for a host of T and B
cell functions [18,19,22,24,25,27,100]. However, the molecular mech
anisms that link specific mechanical forces to biological functions
remain poorly understood. Despite the vast literature on the role of
Ca2+, K+, and Cl- ion channels in lymphocyte function [101,102],
considerably less is known about the role of mechanically-gated ion
channels.
Fundamental to the activation of adaptive immune cells is their
exquisite ability to detect and discriminate antigens through B and T cell
receptors. In the case of T cells, this involves recognition of peptides
presented in association with major histocompatibility complex (MHC)
molecules expressed on the surface of antigen presenting cells (APCs) by
T cell receptors (TCR). MHC-TCR interactions lead to the formation of an
immunological synapse (IS)- a dynamic macromolecular structure on
the plasma membrane resulting from the rearrangement and clustering
of signaling molecules driven by cytoskeletal changes and culminating
in the activation of a host of signaling pathways. While the biochemical
details of antigen-receptor interactions are fairly well understood, the
role of mechanical forces in fine-tuning these interactions has been
recognized more recently. For example, dynamic cellular mechanical
activities within T cells and APCs could act upon the receptor ligand
bond, thus mechanically stimulating both cell types [103]. As a result,
the TCR complex itself is thought to be mechanosensitive [25,104]. In
addition, TCR mediated activation is also known to promote traction
force generation and Ca2+ influx in these immune cells [105,106].
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mediated Ca2+ influx is essential to cytoskeletal remodeling and optimal
TCR activation in human T cells, although mechanistic details are
currently lacking and warrant further study.
In contrast, Jairaman and Othy et al. used transgenic mice with T cell
specific deletion of Piezo1 (Cd4-Piezo1-/- mice) to investigate the role of
Piezo1 in CD4+ T cell function in the context of experimental autoim
mune encephalomyelitis (EAE), an autoimmune model of neuro
inflammation [113]. Subsets of CD4+ T cells play a vital role in shaping
the course of EAE- effector or inflammatory Th1 and Th17 cells drive
EAE induction and progression, while regulatory T cells (Treg cells),
which are recruited later during EAE exert inhibitory effects on effector
T cells leading to disease remission [73]. Unexpectedly, Piezo1-/- CD4+
T cells did not show any impairment in TCR-induced Ca2+ signaling, T
cell proliferation and Th1 and Th17 cell polarization in vitro in response
to plate-bound as well as bead-immobilized anti-CD3 and anti-CD28
antibodies (Fig. 4). These findings differ from findings of Liu et al.
[110], and may reflect the differences in knockdown strategy or possibly
differences between mouse and human T cell biology. Homing and
motility of Piezo1-/- CD4+ T cells were shown to be indistinguishable
from WT cells, consistent with the fact that T cell development and
seeding into secondary lymphoid tissue is normal in Cd4-Piezo1-/- mice.
Yet, Cd4-Piezo1-/- mice show partial protection against EAE, with
reduced numbers of Th1 cells and increased numbers of Treg cells in the
draining lymph node 10 days after induction of EAE. Treg cells were also
increased in the spleen and spinal cord of Cd4-Piezo1-/- mice at 24 days
after EAE induction. Interestingly, the study found that specifically
under Treg polarizing conditions in vitro, Piezo1-/- CD4+ T cells show
increased expansion into Treg cells and show enhanced TGFβ signaling
which is critical for Treg differentiation and expansion (Fig. 4). These in
vitro findings mirror the higher number of Treg cells in the secondary

The earliest indication of a role for Piezo1 in T cell function in vivo
came from a study by Ma et. al. demonstrating that T cell specific
expression of a gain-of-function (GOF) mutation in Piezo1 confers par
tial protection in a mouse model of cerebral malaria [91]. While the
study did not investigate the specific T cell subsets involved or the
mechanism by which Piezo1 might facilitate protection, a role for Piezo1
in CD8+ T cells was inferred based on the established role for parasitespecific CD8+ T cells in pathogenic disruption of the blood–brain barrier
[107]. It should be noted that the use of Cd2-Cre to express Piezo1 GOF
mutation in lymphocytes does not preclude a role for Piezo1 in NK cells,
which are known to express CD2 [108], and are involved in the patho
genesis of cerebral malaria [109].
Two recent studies have directly addressed the role of Piezo1 chan
nels in TCR-induced T cell activation. Liu et al found that siRNA medi
ated knockdown of Piezo1 results in reduced TCR activation in human T
cells [110]. Early signaling events downstream of TCR activation, which
include ZAP70 phosphorylation, Ca2+ signaling, and CD69 expression,
were impaired in Piezo1 deficient CD4+ and CD8+ T cells in response to
bead immobilized anti-CD3 and anti-CD28 antibodies leading to
diminished T cell proliferation after 4 days of activation. In contrast,
activation of Piezo1 with Yoda1 enhanced TCR activation in cells
exposed to soluble anti-CD3 and anti-CD28 antibodies which do not
activate T cells on their own, thus suggesting that Piezo1 activation
circumvents the need for immobilized antibodies to achieve optimal
TCR activation [110]. Mechanistically, Liu et al. found that Ca2+ influx
through Piezo1 activates calpains, Ca2+ dependent proteases. The pro
teolytic activity of calpains has previously been shown to be critical in
reorganization of the actin cytoskeleton within T cells, which is essential
for stabilization of immunological synapses and effective TCR activation
[110–112]. Based on these findings, Liu et al. postulate that Piezo1

Fig. 4. Effects of Piezo1 deletion in CD4þ T cell subset functions. CD4+ T cells were activated either by peptide recognition on antigen presenting cell (APC) or by
TCR-crosslinking antibodies immobilized on beads or a flat-substrate (left). T cell subsets generated by TCR activation in association with specific cytokine cocktails
as indicated. Panel on the right shows the effects of Piezo1 deletion in various subsets (see text for details) [113].
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lymphoid organs and spinal cord of Cd4-Piezo1-/- mice induced with
EAE. Consistent with a role for Piezo1 in Treg cell function, Treg-specific
inducible deletion of Piezo1 led to partial EAE protection in Foxp3eGFPCre-ERT2
Piezo1fl/fl mice. Several key questions remain about how Piezo1
functions in T cells: what mechanical stimulus activates Piezo1 in T cells;
how is Piezo1 differentially regulated in Treg cells; what is the mecha
nistic link between Piezo1 and TGFβ signaling; are there negative reg
ulatory mechanisms that inhibit promiscuous Piezo1 activity during T
cell function?
Piezo1, due to its ability to influence T cell function, has also been
explored as a potential therapeutic target or for its role in regulating
various diseases. For example, Pan et al. describe a method whereby
Piezo1-expressing T cells sense and transduce ultrasound stimulation,
applied remotely and noninvasively, to control cell transcriptional ac
tivity and chimeric antigen receptor (CAR) protein expression for anti
gen recognition to target tumor cells [114]. The authors find that cells
deficient in Piezo1 have reduced Ca2+ influx in response to stimulation
when compared to control cells, thus confirming the ability of Piezo1 to
sense and transduce ultrasound stimuli. The resulting Ca2+ influx is
known to activate calcineurin, a Ca2+ dependent phosphatase, which
activates the nuclear factor of activated T-cells (NFAT) transcription
factor [63]. NFAT translocation to the nucleus activates an engineered
NFAT response element which allows for the expression of designed
target genes that help to kill tumor cells [114]. The study from Jairaman
and Othy et al. suggests that Piezo1 blockade could be an effective way
to generate Treg cells to ameliorate an inflammatory or autoimmune
condition [113].
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V. Jaumouillé, A.X. Cartagena-Rivera, C.M. Waterman, Coupling of β 2 integrins
to actin by a mechanosensitive molecular clutch drives complement receptormediated phagocytosis, Nat. Cell Biol. 21 (11) (2019) 1357–1369, https://doi.
org/10.1038/s41556-019-0414-2.
S. Ranade, R. Syeda, A. Patapoutian, Mechanically activated ion channels,
Neuron 87 (6) (2015) 1162–1179, https://doi.org/10.1016/j.
neuron.2015.08.032.
G.G. Ernstrom, M. Chalfie, Genetics of sensory mechanotransduction, Annu. Rev.
Genet. 36 (1) (2002) 411–453, https://doi.org/10.1146/annurev.
genet.36.061802.101708.
B. Coste, J. Mathur, M. Schmidt, T.J. Earley, S. Ranade, M.J. Petrus, A.E. Dubin,
A. Patapoutian, Piezo1 and Piezo2 are essential components of distinct

[40]

[41]

[42]
[43]
[44]

[45]
[46]

[47]

[48]

[49]
[50]

[51]
[52]

[53]
[54]
[55]
[56]

[57]
[58]

[59]

9

mechanically activated cation channels, Science 330 (6000) (2010) 55–60,
https://doi.org/10.1126/science:1193270.
J. Li, B. Hou, S. Tumova, K. Muraki, A. Bruns, M.J. Ludlow, A. Sedo, A.J. Hyman,
L. McKeown, R.S. Young, N.Y. Yuldasheva, Y. Majeed, L.A. Wilson, B. Rode, M.
A. Bailey, H.R. Kim, Z. Fu, D.A.L. Carter, J. Bilton, H. Imrie, P. Ajuh, T.N. Dear, R.
M. Cubbon, M.T. Kearney, K.R. Prasad, P.C. Evans, J.F.X. Ainscough, D.J. Beech,
Piezo1 integration of vascular architecture with physiological force, Nature 515
(7526) (2014) 279–282, https://doi.org/10.1038/nature13701.
W. Lee, H.A. Leddy, Y. Chen, S.H. Lee, N.A. Zelenski, A.L. McNulty, J. Wu, K.
N. Beicker, J. Coles, S. Zauscher, J. Grandl, F. Sachs, F. Guilak, W.B. Liedtke,
Synergy between Piezo1 and Piezo2 channels confers high-strain
mechanosensitivity to articular cartilage, PNAS 111 (47) (2014) E5114–E5122,
https://doi.org/10.1073/pnas.1414298111.
A.H. Lewis, J. Grandl, Mechanical sensitivity of Piezo1 ion channels can be tuned
by cellular membrane tension, ELife 4 (2015), https://doi.org/10.7554/
eLife.12088.
R. Syeda, M. Florendo, C. Cox, J.M. Kefauver, J. Santos, B. Martinac,
A. Patapoutian, Piezo1 channels are inherently mechanosensitive, Cell Rep. 17
(7) (2016) 1739–1746, https://doi.org/10.1016/j.celrep.2016.10.033.
K.L. Ellefsen, J.R. Holt, A.C. Chang, J.L. Nourse, J. Arulmoli, A.H. Mekhdjian,
H. Abuwarda, F. Tombola, L.A. Flanagan, A.R. Dunn, I. Parker, M.M. Pathak,
Myosin-II mediated traction forces evoke localized Piezo1-dependent Ca 2+
flickers, Commun. Biol. 2 (2019) 1–13, https://doi.org/10.1038/s42003-0190514-3.
M. Rocio Servin-Vences, M. Moroni, G.R. Lewin, K. Poole, Direct measurement of
TRPV4 and PIEZO1 activity reveals multiple mechanotransduction pathways in
chondrocytes, ELife 6 (2017), https://doi.org/10.7554/eLife.21074.
M.M. Pathak, J.L. Nourse, T. Tran, J. Hwe, J. Arulmoli, D.T.T. Le, E. Bernardis, L.
A. Flanagan, F. Tombola, Stretch-activated ion channel Piezo1 directs lineage
choice in human neural stem cells, PNAS 111 (45) (2014) 16148–16153, https://
doi.org/10.1073/pnas.1409802111.
X. Chen, S. Wanggou, A. Bodalia, M. Zhu, W. Dong, J.J. Fan, W.C. Yin, H.-K. Min,
M. Hu, D. Draghici, W. Dou, F. Li, F.J. Coutinho, H. Whetstone, M.M. Kushida, P.
B. Dirks, Y. Song, C.-C. Hui, Y.u. Sun, L.-Y. Wang, X. Li, X.i. Huang, A feedforward
mechanism mediated by mechanosensitive ion channel PIEZO1 and tissue
mechanics promotes glioma aggression, Neuron 100 (4) (2018) 799–815.e7,
https://doi.org/10.1016/j.neuron.2018.09.046.
N.M. Blythe, K. Muraki, M.J. Ludlow, V. Stylianidis, H.T.J. Gilbert, E.L. Evans,
K. Cuthbertson, R. Foster, J. Swift, J. Li, M.J. Drinkhill, F.A. van Nieuwenhoven,
K.E. Porter, D.J. Beech, N.A. Turner, Mechanically activated Piezo1 channels of
cardiac fibroblasts stimulate p38 mitogen-activated protein kinase activity and
interleukin-6 secretion, J. Biol. Chem. 294 (46) (2019) 17395–17408, https://
doi.org/10.1074/jbc.RA119.009167.
S.M. Cahalan, V. Lukacs, S.S. Ranade, S. Chien, M. Bandell, A. Patapoutian,
Piezo1 links mechanical forces to red blood cell volume, ELife 4 (2015), https://
doi.org/10.7554/eLife.07370.
S.S. Ranade, Z. Qiu, S.-H. Woo, S.S. Hur, S.E. Murthy, S.M. Cahalan, J. Xu,
J. Mathur, M. Bandell, B. Coste, Y.-S.- J. Li, S. Chien, A. Patapoutian, Piezo1, a
mechanically activated ion channel, is required for vascular development in mice,
PNAS 111 (28) (2014) 10347–10352, https://doi.org/10.1073/
pnas.1409233111.
Y. Jin, J. Li, Y. Wang, R. Ye, X. Feng, Z. Jing, Z. Zhao, Functional role of
mechanosensitive ion channel Piezo1 in human periodontal ligament cells, Angle
Orthod. 85 (1) (2015) 87–94, https://doi.org/10.2319/123113-955.1.
X.-Z. Fang, T. Zhou, J.-Q. Xu, Y.-X. Wang, M.-M. Sun, Y.-J. He, S.-W. Pan,
W. Xiong, Z.-K. Peng, X.-H. Gao, Y. Shang, Structure, kinetic properties and
biological function of mechanosensitive Piezo channels, Cell & Biosci. 11 (2021)
13, https://doi.org/10.1186/s13578-020-00522-z.
J.L. Nourse, M.M. Pathak, How cells channel their stress: Interplay between
Piezo1 and the cytoskeleton, Semin. Cell Dev. Biol. 71 (2017) 3–12, https://doi.
org/10.1016/j.semcdb.2017.06.018.
S. Katta, M. Krieg, M.B. Goodman, Feeling force: physical and physiological
principles enabling sensory mechanotransduction, Annu. Rev. Cell Dev. Biol. 31
(1) (2015) 347–371, https://doi.org/10.1146/annurev-cellbio-100913-013426.
J. Teng, S. Loukin, A. Anishkin, C. Kung, The force-from-lipid (FFL) principle of
mechanosensitivity, at large and in elements, Pflugers Arch. – Eur. J. Physiol. 467
(1) (2015) 27–37, https://doi.org/10.1007/s00424-014-1530-2.
C.D. Cox, C. Bae, L. Ziegler, S. Hartley, V. Nikolova-Krstevski, P.R. Rohde, C.A. Ng, F. Sachs, P.A. Gottlieb, B. Martinac, Removal of the mechanoprotective
influence of the cytoskeleton reveals PIEZO1 is gated by bilayer tension, Nat.
Commun. 7 (2016) 10366, https://doi.org/10.1038/ncomms10366.
Z. Shi, Z.T. Graber, T. Baumgart, H.A. Stone, A.E. Cohen, Cell membranes resist
flow, Cell 175 (7) (2018) 1769–1779.e13, https://doi.org/10.1016/j.
cell.2018.09.054.
M.S. Schappe, K. Szteyn, M.E. Stremska, S.K. Mendu, T.K. Downs, P.V. Seegren,
M.A. Mahoney, S. Dixit, J.K. Krupa, E.J. Stipes, J.S. Rogers, S.E. Adamson,
N. Leitinger, B.N. Desai, Chanzyme TRPM7 mediates the Ca2+ influx essential for
lipopolysaccharide-induced toll-like receptor 4 endocytosis and macrophage
activation, Immunity 48 (1) (2018) 59–74.e5, https://doi.org/10.1016/j.
immuni.2017.11.026.
A. Chauhan, Y. Sun, P. Sukumaran, F.O. Quenum Zangbede, C.N. Jondle,
A. Sharma, D.L. Evans, P. Chauhan, R.E. Szlabick, M.O. Aaland, L. Birnbaumer,
J. Sharma, B.B. Singh, B.B. Mishra, M1 macrophage polarization is dependent on
TRPC1-mediated calcium entry, IScience. 8 (2018) 85–102, https://doi.org/
10.1016/j.isci.2018.09.014.

H. Atcha et al.

Current Opinion in Solid State & Materials Science 25 (2021) 100951

[60] D. Acharya, X.R. (Lisa) Li, R.-S. Heineman, R.E. Harrison, Complement receptormediated phagocytosis induces proinflammatory cytokine production in murine
macrophages, Front. Immunol. 10 (2020), https://doi.org/10.3389/
fimmu.2019.03049.
[61] *H. Atcha, A. Jairaman, J.R. Holt, V.S. Meli, R.R. Nagalla, P.
K. Veerasubramanian, K.T. Brumm, H.E. Lim, S. Othy, M.D. Cahalan, M.
M. Pathak, W.F. Liu, Mechanically activated ion channel Piezo1 modulates
macrophage polarization and stiffness sensing, Nat. Commun. 12 (2021) 3256,
https://doi.org/10.1038/s41467-021-23482-5.
[62] J. Zamorano, M.D. Rivas, F. Setien, M. Perez-G, Proteolytic regulation of
activated STAT6 by calpains, J. Immunol. 174 (5) (2005) 2843–2848, https://doi.
org/10.4049/jimmunol.174.5.2843.
[63] P.G. Hogan, Calcium–NFAT transcriptional signalling in T cell activation and T
cell exhaustion, Cell Calcium 63 (2017) 66–69, https://doi.org/10.1016/j.
ceca.2017.01.014.
[64] B. Rode, J. Shi, N. Endesh, M.J. Drinkhill, P.J. Webster, S.J. Lotteau, M.A. Bailey,
N.Y. Yuldasheva, M.J. Ludlow, R.M. Cubbon, J. Li, T.S. Futers, L. Morley, H.
J. Gaunt, K. Marszalek, H. Viswambharan, K. Cuthbertson, P.D. Baxter, R. Foster,
P. Sukumar, A. Weightman, S.C. Calaghan, S.B. Wheatcroft, M.T. Kearney, D.
J. Beech, Piezo1 channels sense whole body physical activity to reset
cardiovascular homeostasis and enhance performance, Nat. Commun. 8 (2017)
350, https://doi.org/10.1038/s41467-017-00429-3.
[65] S. Sianati, A. Kurumlian, E. Bailey, K. Poole, Analysis of mechanically activated
ion channels at the cell-substrate interface: combining pillar arrays and wholecell patch-clamp, Front. Bioeng. Biotechnol. 7 (2019), https://doi.org/10.3389/
fbioe.2019.00047.
[66] K. Poole, R. Herget, L. Lapatsina, H.-D. Ngo, G.R. Lewin, Tuning Piezo ion
channels to detect molecular-scale movements relevant for fine touch, Nat.
Commun. 5 (2014) 3520, https://doi.org/10.1038/ncomms4520.
[67] E. de Coulon, C. Dellenbach, S. Rohr, Advancing mechanobiology by performing
whole-cell patch clamp recording on mechanosensitive cells subjected
simultaneously to dynamic stretch events, IScience. 24 (2) (2021) 102041,
https://doi.org/10.1016/j.isci.2021.102041.
[68] R.M. Paredes, J.C. Etzler, L.T. Watts, W. Zheng, J.D. Lechleiter, Chemical calcium
indicators, Methods 46 (3) (2008) 143–151, https://doi.org/10.1016/j.
ymeth.2008.09.025.
[69] Y. Yang, N. Liu, Y. He, Y. Liu, L. Ge, L. Zou, S. Song, W. Xiong, X. Liu, Improved
calcium sensor GCaMP-X overcomes the calcium channel perturbations induced
by the calmodulin in GCaMP, Nat. Commun. 9 (2018) 1504, https://doi.org/
10.1038/s41467-018-03719-6.
[70] T.-J. Kim, C. Joo, J. Seong, R. Vafabakhsh, E.L. Botvinick, M.W. Berns, A.E.
Palmer, N. Wang, T. Ha, E. Jakobsson, J. Sun, Y. Wang, Distinct mechanisms
regulating mechanical force-induced Ca2+ signals at the plasma membrane and
the ER in human MSCs, ELife. 4 (n.d.). https://doi.org/10.7554/eLife.04876.
[71] T.X. Dong, S. Othy, A. Jairaman, J. Skupsky, A. Zavala, I. Parker, J.L. Dynes, M.
D. Cahalan, T-cell calcium dynamics visualized in a ratiometric tdTomatoGCaMP6f transgenic reporter mouse, ELife 6 (2017), https://doi.org/10.7554/
eLife.32417.
[72] T.X. Dong, S. Othy, M.L. Greenberg, A. Jairaman, C. Akunwafo, S. Leverrier,
Y. Yu, I. Parker, J.L. Dynes, M.D. Cahalan, Intermittent Ca2+ signals mediated by
Orai1 regulate basal T cell motility, ELife 6 (2017), https://doi.org/10.7554/
eLife.27827.
[73] S. Othy, A. Jairaman, J.L. Dynes, T.X. Dong, C. Tune, A.V. Yeromin, A. Zavala,
C. Akunwafo, F. Chen, I. Parker, M.D. Cahalan, Regulatory T cells suppress Th17
cell Ca2+ signaling in the spinal cord during murine autoimmune
neuroinflammation, PNAS 117 (33) (2020) 20088–20099, https://doi.org/
10.1073/pnas.2006895117.
[74] A. McQuade, Y.J. Kang, J. Hasselmann, A. Jairaman, A. Sotelo, M. Coburn, S.
K. Shabestari, J.P. Chadarevian, G. Fote, C.H. Tu, E. Danhash, J. Silva,
E. Martinez, C. Cotman, G.A. Prieto, L.M. Thompson, J.S. Steffan, I. Smith,
H. Davtyan, M. Cahalan, H. Cho, M. Blurton-Jones, Gene expression and
functional deficits underlie TREM2-knockout microglia responses in human
models of Alzheimer’s disease, Nat. Commun. 11 (2020) 5370, https://doi.org/
10.1038/s41467-020-19227-5.
[75] N.M. Wakida, V. Gomez-Godinez, H. Li, J. Nguyen, E.K. Kim, J.L. Dynes, S. Othy,
A.L. Lau, P. Ding, L. Shi, C. Carmona, L.M. Thompson, M.D. Cahalan, M.W. Berns,
Calcium dynamics in astrocytes during cell injury, Front. Bioeng. Biotechnol. 8
(2020), https://doi.org/10.3389/fbioe.2020.00912.
[76] R. Syeda, J. Xu, A.E. Dubin, B. Coste, J. Mathur, T. Huynh, J. Matzen, J. Lao, D.
C. Tully, I.H. Engels, H.M. Petrassi, A.M. Schumacher, M. Montal, M. Bandell,
A. Patapoutian, Chemical activation of the mechanotransduction channel Piezo1,
ELife 4 (2015), https://doi.org/10.7554/eLife.07369.
[77] H. Watanabe, J.B. Davis, D. Smart, J.C. Jerman, G.D. Smith, P. Hayes, J. Vriens,
W. Cairns, U. Wissenbach, J. Prenen, V. Flockerzi, G. Droogmans, C.D. Benham,
B. Nilius, Activation of TRPV4 channels (hVRL-2/mTRP12) by phorbol
derivatives, J. Biol. Chem. 277 (16) (2002) 13569–13577, https://doi.org/
10.1074/jbc.M200062200.
[78] K.S. Thorneloe, A.C. Sulpizio, Z. Lin, D.J. Figueroa, A.K. Clouse, G.P. McCafferty,
T.P. Chendrimada, E.S.R. Lashinger, E. Gordon, L. Evans, B.A. Misajet, D.
J. DeMarini, J.H. Nation, L.N. Casillas, R.W. Marquis, B.J. Votta, S.A. Sheardown,
X. Xu, D.P. Brooks, N.J. Laping, T.D. Westfall, N-((1S)-1-{[4-((2S)-2-{[(2,4dichlorophenyl)sulfonyl]amino}-3-hydroxypropanoyl)-1-piperazinyl]carbonyl}3-methylbutyl)-1-benzothiophene-2-carboxamide (GSK1016790A), a novel and
potent transient receptor potential vanilloid 4 channel agonist induces urinary
bladder contraction and hyperactivity: Part I, J. Pharmacol. Exp. Ther. 326 (2)
(2008) 432–442, https://doi.org/10.1124/jpet.108.139295.

[79] C. Bae, F. Sachs, P.A. Gottlieb, The mechanosensitive ion channel Piezo1 is
inhibited by the peptide GsMTx4, Biochemistry 50 (29) (2011) 6295–6300,
https://doi.org/10.1021/bi200770q.
[80] L.J. Drew, J.N. Wood, P. Cesare, Distinct mechanosensitive properties of
capsaicin-sensitive and -insensitive sensory neurons, J. Neurosci. 22 (12) (2002)
RC228, https://doi.org/10.1523/JNEUROSCI.22-12-j0001.2002.
[81] T.M. Suchyna, S.R. Besch, F. Sachs, Dynamic regulation of mechanosensitive
channels: capacitance used to monitor patch tension in real time, Phys. Biol. 1 (1)
(2004) 1–18, https://doi.org/10.1088/1478-3967/1/1/001.
[82] W. Everaerts, X. Zhen, D. Ghosh, J. Vriens, T. Gevaert, J.P. Gilbert, N.J. Hayward,
C.R. McNamara, F. Xue, M.M. Moran, T. Strassmaier, E. Uykal, G. Owsianik,
R. Vennekens, D. De Ridder, B. Nilius, C.M. Fanger, T. Voets, Inhibition of the
cation channel TRPV4 improves bladder function in mice and rats with
cyclophosphamide-induced cystitis, PNAS 107 (44) (2010) 19084–19089,
https://doi.org/10.1073/pnas.1005333107.
[83] Z.-L. Wei, M.T. Nguyen, D.J.R. O’Mahony, A. Acevedo, S. Zipfel, Q. Zhang, L. Liu,
M. Dourado, C. Chi, V. Yip, J. DeFalco, A. Gustafson, D.E. Emerling, M.G. Kelly,
J. Kincaid, F. Vincent, M.A.J. Duncton, Identification of orally-bioavailable
antagonists of the TRPV4 ion-channel, Bioorg. Med. Chem. Lett. 25 (18) (2015)
4011–4015, https://doi.org/10.1016/j.bmcl.2015.06.098.
[84] E.L. Evans, K. Cuthbertson, N. Endesh, B. Rode, N.M. Blythe, A.J. Hyman, S.
J. Hall, H.J. Gaunt, M.J. Ludlow, R. Foster, D.J. Beech, Yoda1 analogue (Dooku1)
which antagonizes Yoda1-evoked activation of Piezo1 and aortic relaxation, Br. J.
Pharmacol. 175 (10) (2018) 1744–1759, https://doi.org/10.1111/bph.
v175.1010.1111/bph.14188.
[85] *A.G. Solis, P. Bielecki, H.R. Steach, L. Sharma, C.C.D. Harman, S. Yun, M.R. de
Zoete, J.N. Warnock, S.D.F. To, A.G. York, M. Mack, M.A. Schwartz, C.S. Dela
Cruz, N.W. Palm, R. Jackson, R.A. Flavell, Mechanosensation of cyclical force by
PIEZO1 is essential for innate immunity, Nature 573 (7772) (2019) 69–74,
https://doi.org/10.1038/s41586-019-1485-8.
[86] T. Wang, H. Liu, G. Lian, S.-Y. Zhang, X. Wang, C. Jiang, HIF1α-induced glycolysis
metabolism is essential to the activation of inflammatory macrophages, Mediators
Inflamm. 2017 (2017) 1–10, https://doi.org/10.1155/2017/9029327.
[87] W.-Y. Chin, C.-Y. He, T.W. Chow, Q.-Y. Yu, L.-C. Lai, S.-C. Miaw, Adenylate kinase
4 promotes inflammatory gene expression via Hif1α and AMPK in macrophages,
Front. Immunol. 12 (2021), https://doi.org/10.3389/fimmu.2021.630318.
[88] *B. Aykut, R. Chen, J.I. Kim, D. Wu, S.A.A. Shadaloey, R. Abengozar, P. Preiss,
A. Saxena, S. Pushalkar, J. Leinwand, B. Diskin, W. Wang, G. Werba, M. Berman,
S.K.B. Lee, A. Khodadadi-Jamayran, D. Saxena, W.A. Coetzee, G. Miller, Targeting
Piezo1 unleashes innate immunity against cancer and infectious disease, Sci.
Immunol. 5 (50) (2020) eabb5168, https://doi.org/10.1126/sciimmunol.
abb5168.
[89] K. Hasegawa, S. Fujii, S. Matsumoto, Y. Tajiri, A. Kikuchi, T. Kiyoshima, YAP
signaling induces PIEZO1 to promote oral squamous cell carcinoma cell
proliferation, J. Pathol. 253 (2021) 80–93, https://doi.org/10.1002/path.5553.
[90] *Baratchi Sara, Zaldivia Maria T.K., Wallert Maria, Loseff-Silver Julia, Al-Aryahi
Sefaa, Zamani Jalal, Thurgood Peter, Salim Agus, Htun Nay M., Stub Dion, Vahidi
Parisa, Duffy Stephen J., Walton Antony, Nguyen Thanh Ha, Jaworowski
Anthony, Khoshmanesh Khashayar, Peter Karlheinz, Transcatheter Aortic Valve
Implantation Represents an Anti-Inflammatory Therapy Via Reduction of Shear
Stress–Induced, Piezo-1–Mediated Monocyte Activation, Circulation. 142 (2020)
1092–1105. https://doi.org/10.1161/CIRCULATIONAHA.120.045536.
[91] S. Ma, S. Cahalan, G. LaMonte, N.D. Grubaugh, W. Zeng, S.E. Murthy, E. Paytas,
R. Gamini, V. Lukacs, T. Whitwam, M. Loud, R. Lohia, L. Berry, S.M. Khan, C.
J. Janse, M. Bandell, C. Schmedt, K. Wengelnik, A.I. Su, E. Honore, E.A. Winzeler,
K.G. Andersen, A. Patapoutian, Common PIEZO1 allele in African populations
causes RBC dehydration and attenuates plasmodium infection, Cell 173 (2)
(2018) 443–455.e12, https://doi.org/10.1016/j.cell.2018.02.047.
[92] *S. Ma, A.E. Dubin, Y. Zhang, S.A.R. Mousavi, Y.u. Wang, A.M. Coombs, M. Loud,
I. Andolfo, A. Patapoutian, A role of PIEZO1 in iron metabolism in mice and
humans, Cell 184 (4) (2021) 969–982.e13, https://doi.org/10.1016/j.
cell.2021.01.024.
[93] N. Jain, J. Moeller, V. Vogel, Mechanobiology of macrophages: how physical
factors coregulate macrophage plasticity and phagocytosis, Annu. Rev. Biomed.
Eng. 21 (1) (2019) 267–297, https://doi.org/10.1146/annurev-bioeng-062117121224.
[94] T.A. Masters, B. Pontes, V. Viasnoff, Y. Li, N.C. Gauthier, Plasma membrane
tension orchestrates membrane trafficking, cytoskeletal remodeling, and
biochemical signaling during phagocytosis, PNAS 110 (29) (2013) 11875–11880,
https://doi.org/10.1073/pnas.1301766110.
[95] R.G. Scheraga, S. Abraham, K.A. Niese, B.D. Southern, L.M. Grove, R.D. Hite,
C. McDonald, T.A. Hamilton, M.A. Olman, TRPV4 mechanosensitive ion channel
regulates LPS-stimulated macrophage phagocytosis, J. Immunol. 196 (2016)
428–436, https://doi.org/10.4049/jimmunol.1501688.
[96] B. Dutta, R. Goswami, S.O. Rahaman, TRPV4 plays a role in matrix stiffnessinduced macrophage polarization, Front. Immunol. 11 (2020), https://doi.org/
10.3389/fimmu.2020.570195.
[97] B.V. Kumar, T.J. Connors, D.L. Farber, Human T cell development, localization,
and function throughout life, Immunity 48 (2) (2018) 202–213, https://doi.org/
10.1016/j.immuni.2018.01.007.
[98] J.G. Cyster, C.D.C. Allen, B cell responses: cell interaction dynamics and
decisions, Cell 177 (3) (2019) 524–540, https://doi.org/10.1016/j.
cell.2019.03.016.
[99] A.M. Abel, C. Yang, M.S. Thakar, S. Malarkannan, Natural killer cells:
development, maturation, and clinical utilization, Front Immunol. 9 (2018) 1869,
https://doi.org/10.3389/fimmu.2018.01869.

10

H. Atcha et al.

Current Opinion in Solid State & Materials Science 25 (2021) 100951
[108] S. Siegemund, J. Shepherd, C. Xiao, K. Sauer, K.D. Bunting, hCD2-iCre and VaviCre mediated gene recombination patterns in murine hematopoietic cells, PLoS
ONE 10 (4) (2015) e0124661, https://doi.org/10.1371/journal.pone.0124661.
[109] D.S. Hansen, V. Ryg-Cornejo, L.J. Ioannidis, C.Y. Chiu, A. Ly, C.Q. Nie, A.
A. Scalzo, L. Schofield, V. Combes, The contribution of natural killer complex loci
to the development of experimental cerebral malaria, PLoS ONE 9 (4) (2014)
e93268, https://doi.org/10.1371/journal.pone.0093268.
[110] *C.S.C. Liu, D. Raychaudhuri, B. Paul, Y. Chakrabarty, A.R. Ghosh, O. Rahaman,
A. Talukdar, D. Ganguly, Cutting edge: piezo1 mechanosensors optimize human T
cell activation, J. Immunol. 200 (4) (2018) 1255–1260, https://doi.org/10.4049/
jimmunol.1701118.
[111] W.A. Comrie, J.K. Burkhardt, Action and traction: cytoskeletal control of receptor
triggering at the immunological synapse, Front. Immunol. 7 (2016), https://doi.
org/10.3389/fimmu.2016.00068.
[112] A. Mikosik, A. Jasiulewicz, A. Daca, I. Henc, J.E. Frąckowiak, K. RuckemannDziurdzińska, J. Foerster, A. Le Page, E. Bryl, T. Fulop, J.M. Witkowski, Roles of
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