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Abstract: Our respiratory system is exposed to toxicants and pathogens from both sides: the airways
and the vasculature. While tracheal, bronchial and alveolar epithelial cells form a natural barrier in
the airways, endothelial cells protect the lung from perfused toxic compounds, particulate matter
and invading microorganism in the vascular system. Damages induce inflammation by our immune
response and wound healing by (myo)fibroblast proliferation. Members of the transient receptor po-
tential (TRP) superfamily of ion channel are expressed in many cells of the respiratory tract and serve
multiple functions in physiology and pathophysiology. TRP expression patterns in non-neuronal cells
with a focus on TRPA1, TRPC6, TRPM2, TRPM5, TRPM7, TRPV2, TRPV4 and TRPV6 channels are
presented, and their roles in barrier function, immune regulation and phagocytosis are summarized.
Moreover, TRP channels as future pharmacological targets in chronic obstructive pulmonary disease
(COPD), asthma, cystic and pulmonary fibrosis as well as lung edema are discussed.

Keywords: lung; alveoli; bronchi; pulmonary vasculature; TRPA1; TRPC6; TRPM2; TRPM5; TRPV2;
TRPV4

1. Introduction

The respiratory system of our body is not only essential for oxygen supply and removal
of CO2, but is also exposed to toxicants and pathogens from both sides: the airways and the
vasculature. Bacteria, viruses, chemical compounds, particulate matter (PM) and radiation
can seriously harm respiratory function. Consequently, immune cells invade tissue as the
first line of defense, but are also responsible for tissue damage by inflammation, resulting,
amongst other diseases, in the acute respiratory distress syndrome (ARDS) [1]. Wound
healing, involving fibroblast-to-myofibroblast differentiation and its proliferation, may turn
pathological, inducing lung fibrosis with a life-threatening reduction in gas exchange [2].

Transient receptor potential (TRP) proteins as functional channels are important for
cellular ion (mainly Ca2+ and Na+) homeostasis [3,4], which is also essential for multiple
functions in different cells of the respiratory tract [5]. They may also be involved in the
detection of and defense against hazardous compounds in the inhaled air or the perfused
blood [6]. At present, 28 different mammalian TRP channels have been identified, com-
prising 6 TRP families (TRPA (for ankyrin with one isoform), TRPC (for classical with
7 isoforms), TRPM (for melastatin with 8 isoforms), TRPML (for mucolipidin with three
isoforms), TRPV (for vanilloid with 6 isoforms), TRPP (for polycystin with three isoforms).
TRP proteins are composed of intracellular N- and C-termini, 6 membrane-spanning helices
(S1–S6), and a presumed pore-forming loop (P) between S5 and S6 (reviewed in [3]). Most
of the TRP family members harbor an invariant sequence, the TRP box (containing the
amino acid sequence: EWKFAR), in their C-terminal tails as well as ankyrin repeats in their
N-termini [3]). For a functional TRP ion channel complex, four monomers of the same
type in a homotetrameric complex or four different TRP monomers forming a heterote-
trameric channel are essential (reviewed in [4]). This review will summarize TRP functions
in the airways, their roles in diseases, such as chronic obstructive pulmonary disease
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(COPD), asthma, cystic and pulmonary fibrosis as well as lung edema. Our manuscript also
serves as an update of recent reviews by us [5–8] and will focus on non-neuronal tissues
and extensively studied TRP members, such as TRPA1, TRPC6, TRPM2, TRPM5, TRPV2
and TRPV4.

2. Cells and Their TRP Expression in the Trachea and Bronchi

The air, entering the mouth and trachea, is distributed first through a highly branched
tree-like system called bronchi, which is lined by the so-called pseudostratified epithelium
and supported by cartilage [9]. Subsequently, it enters the smaller branches lacking cartilage,
which are known as bronchiole [9]. The pseudostratified epithelium is composed of self-
renewable basal cells [10], which differentiate, among others, to club cells [11] with the
capability to form goblet [12], brush [13] and ciliated cells [9,14] (see Figure 1). Both
club and goblet cells produce mucins [15], which, together with the ciliary movements of
ciliated cells, are essential for mucociliary clearance as the primary defense mechanism of
the respiratory tract [16]. As bronchi become smaller, they lose cell diversity, with only club
and ciliated cells lining the epithelium [9].
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Figure 1. Cells of the human and murine respiratory tract and TRP channel function. The upper
part of the lower airways with basal, goblet, club and ciliated cells as well as the alveolus and the
pulmonary vasculature are shown. Functional active TRP channels based on reported data are
indicated. In the very specialized brush cells TRPM5 channels are exclusively active. In the alveoli,
alveolar type 1 (AT1) cells are important for barrier function, while AT2 cells secrete a surfactant that
can renew damaged AT1 cells. Alveolar and interstitial macrophages (MØ) are able to phagocytize
microorganisms and particulate matter (PM). Fibroblasts involved in wound healing own TRPC6
and TRPA1 proteins. The latter channel, however, exists only in human and not in mouse fibroblasts.
Endothelial cells as natural barrier to exclude toxicants perfused in the blood need active TRPC6,
TRPM2 and TRPV4 channels. PM, particulate matter. See also Table 1 for single-cell mRNA expression
data and the text for more details.
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Table 1. Single-cell mRNA expression levels of TRP channels in the respiratory tract.

Cell Type TRP Channel nTPM

AT2 cells TRPC6 2.6
TRPM2 0.5

B cells TRPM2 2.0
TRPV2 11.1
TRPV4 0.7

Basal cells TRPV4 17.1

Ciliated cells TRPC6 0.8
TRPV2 0.8
TRPV4 28.2

Club Cells TRPC6 10.5
TRPV2 0.6
TRPV4 12.0

Endothelial cells TRPC6 1.6
TRPM2 2.7
TRPV2 12.3
TRPV4 1.4

Fibroblasts TRPA1 8.1
TRPC6 3.1
TRPM2 0.5
TRPV2 11.0
TRPV4 1.2

Macrophages TRPC6 1.8
TRPM2 16.7
TRPV2 28.7
TRPV4 2.6

Smooth muscle cells TRPA1 0.8
TRPC6 20.2
TRPM2 0.4
TRPV2 23.6
TRPV4 1.1

T cells TRPC6 0.1
TRPM2 4.2
TRPV2 26.8
TRPV4 0.3

nTPM (high =>10), normalized transcripts per million from the Human Protein Atlas. (www.proteinatlas.org,
accessed date: 9 September 2022).

TRPV4, as the fourth member of the vanilloid family of TRP channels, is activated
by both physical (osmolarity, mechanical stress and higher temperatures) and chemical
stimuli, which may be endogenous, plant derived or synthetic ligands mainly developed by
the GlaxoSmithKline (GSK) company (reviewed in [17–19]). In an elegant study, Valverde
and his colleagues nicely showed the expression and function of TRPV4 in ciliated cells
([20] and see Table 1). They were able to link Ca2+ entry through TRPV4 channels with
an ATP-induced increase in ciliary beat frequency (CBF). TRPV4 activator, like 4-phorbol
12,13-didecanoate (4PDD), showed no increase in intracellular Ca2+ and CBF in ciliated
cells of TRPV4−/− mice in contrast to wild-type (WT) cells [20]. The autoregulation of
CBF in response to high viscosity solutions, however, was preserved in TRPV4−/− cells
despite a reduced Ca2+ signal [20]. Similar results were observed in human nasal epithelial
cells with a more specific TRPV4 agonist, GSK1016790A, which, however, also induced the
cessation of ciliary beating and cell death. This lethal effect was prevented by the TRPV4
antagonist HC067047 [21]. TRPV4 also mediates CBF by lipopolysaccharides (LPS), which
is a major component of the membranes of Gram-negative bacteria [22]. If this protective

www.proteinatlas.org
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response is missing in TRPV4−/− mice, they display exacerbated ventilatory changes and
the recruitment of polymorphonuclear leukocytes into the airways [22].

Next to their functions described above, club cells also produce and secrete a surfactant
composed of the two surfactant proteins, A and D (SP-A, SP-D) [23]. The lung surfactant
was originally identified as complex, mainly consisting of lipids and a smaller amount
(≈8%) of proteins facilitating alveolar gas exchange [24]. Especially SP-A and D were later
also recognized as essential for host defense in the airways [23,25,26]. Single-cell RNA
seq recently revealed the expression of TRPV4 channels in club cells [27] but their role for
SP production, self-renewal and differentiation of the pseudostratified epithelium is still
elusive. However, TRPV4 in club cell was recently linked to allergic airway inflammation
([28] and see Section 2.2).

TRPM5 channels as Ca2+-activated members of the melastatin family of TRP proteins
mediate signaling taste and other chemosensory cells (reviewed in [29]). In the respirato-ry
tract, TRPM5 was identified in solitary chemosensory (SCC) [30] and microvillus cells [31]
in the upper and in brush (or tuft) cells in the lower airways [32,33] (see Figure 1). Recent
sequencing studies revealed that TRPM5 is a brush cell marker and a key signaling trans-
duction molecule in SCC and airway brush cells [34]. A complete novel role for the TRPM5
signal transduction cascade in response to bitter tastants and to bacterial quorum-sensing
molecules (QSM) [35] as well as to virulence-associated formyl peptides [36] was revealed
in two current studies. Compounds, such as the bitter tasting denatonium acting via taste
receptors (Tas2R) [37,38], Pseudomonas aeruginosa quorum-sensing molecules (QSM), such
as Pseudomonas quinolone signal (PQS) and acyl homoserine lactones [35,39], as well
as formylated bacterial peptides by unknown receptors [36], stimulated phospholipase
C-β2 (PLCβ2) to produce inositol-tris-phosphate (IP3), which releases Ca2+ from internal
endoplasmic reticulum stores. TRPM5 channels are directly activated by an elevation of
intracellular Ca2+ ([Ca2+]i) ([40] reviewed in [29]), and the subsequent Na+ influx triggers
release of the signaling molecule acetylcholine (ACh) from these cells. ACh acts as a
paracrine on the muscarinic acetylcholine receptors 3 (M3R) in ciliated cells and enhances
the ciliary beat frequency and the removal of particles from the airways [35–37]. Con-
sequently, ciliated cells in TRPM5−/− mice showed reduced ciliary motility after the
application of bacterial triggers [35,36]. Additionally, the TRPM5-mediated release of ACh
from brush cells stimulates nicotinic ACh receptors on adjacent sensory nerve endings
in the trachea to release the neuropeptides CGRP and substance P that mediates plasma
extravasation, neutrophil recruitment and diapedesis [41]. Moreover, the QSM-mediated
activation of TRPM5 triggers the secretion of immune mediators, among the most abundant
members of the complement system, and impacts the early cytokine response in an onset
of P. aeruginosa infection. The increase in IL-1, IL-6, KC, MCP-1, G-CSF and eotaxin was
abolished in TRPM5−/− mice after infection. Consistently, infection with P. aeruginosa
was more severe in TRPM5−/− mice, with more TRPM5−/− mice dying during the first
3 days of infection [39]. More recently, the transcriptome analyses of TRPM5-expressing mi-
crovillous cells indicated that they are likely involved in the inflammatory response elicited
by viral infection of the olfactory epithelium [42]. Very intriguingly, TRPM5-expressing
ectopic chemosensory cells were detected after influenza virus-induced injury [43] in the
distal lung, though these cells are absent in healthy mice. The function of the channel
in these cells is currently unknown. While human sinonasal epithelial cells in air–liquid
interface cultures were shown to involve TRPM5 for the response to bitter tastants, the role
of TRPM5 in human brush (tuft) cells needs to be assessed.

Trachea and bronchi also contain layers of smooth muscle cells (see Figure 1), which
are important for bronchoconstriction in allergic airway responses (see Section 2.2) and
express mainly members of the classical TRP (TRPC) family (TRPC1, 3 and 6, see [44]).
All of the six channels, except TRPC1, are activated by diacylglycerol (DAG), which is
produced by receptor-activated phospholipases-C (reviewed in [45,46]). Most interestingly,
the deletion of TRPC6 in TRPC6−/− mice resulted in a compensatory up-regulation of



Cells 2022, 11, 2907 5 of 20

TRPC3 channels in tracheal smooth muscle cells and a subsequent increase in allergic
bronchoconstriction ([44] and see Section 2.2).

2.1. TRP Channels and Cystic Fibrosis (CF)

An aberrant viscous mucus, which is not able to remove particles and pathogens, is a
major symptom in patients with CF (reviewed in [47]). CF patients carry mutations in the
gene for the cystic fibrosis transmembrane conductance regulator (CFTR), an ion channel
managing the passage of chloride and bicarbonate ions across the apical membrane of
epithelial cells. Identified mutations in CF, including the most common F508del type, result
in improper translation, processing and translocation of the CFTR protein to the plasma
membrane as well as impaired conductance and regulation of the ion channel [48]. Due
to the missing CFTR protein, the produced mucus lacks water and is populated mainly
by Pseudomonas aeruginosa. Bronchial epithelial cells of CF patients, which are exposed
to P. aeruginosa, express high levels of IL-8 often in co-expression with TRPA1 as the only
members of the TRPA family. Notably, TRPA1 activation was shown to increase the release
of IL-8 [49]. Silencing of TRPA1 and pharmacological inhibition of the channel in fibrotic
primary bronchial epithelial cells after exposure to P. aeruginosa significantly reduced
the expression of IL-8 as well as several other pro-inflammatory cytokines, such as TNF-
alpha, IL-1beta and IL-6. These data suggest an important role for TRPA1 in mediating
the immune reaction of CF patients and point to TRPA1 as a possible druggable target in
CF [50]. The resulting lung inflammation can lead to serious lung damage and respiratory
failure (reviewed in [47]).

Several reports showed direct and indirect interactions of CFTR with TRP channels
in the airway epithelium (summarized in [51]). CFTR down-regulates TRPC6-mediated
Ca2+ influx, while TRPC6 up-regulates CFTR-mediated Cl- transport, and both proteins
physically interact with each other [52]. Thus, TRPC6-mediated Ca2+ influx was increased
in CF versus non-CF human epithelial cells because the functional coupling of CFTR and
TRPC6 is lost. This mechanism called reciprocal coupling has also been observed in freshly
isolated ciliated epithelial cells [52], which regulate mucus viscosity by CFTR activity.

The seventh member of the melastatin family of TRP channels, TRPM7, is ubiquitously
expressed and permeable not only for Ca2+, but also for Mg2+ and Zn2+ ions (summarized
in [53]). Application of a specific TRPM7 channel activator, naltriben [54], resulted in a
decreased CFTR function in HeLa cells heterologously expressing WT or F508del mutant
CFTR channels. However, when another CFTR mutant (G551D) was expressed, an in-
creased activity was detected [55]. The authors suggested naltriben as a new potentiator in
patients with the G551D-CFTR mutation, although the relevance of their results in native
airway epithelial still needs to be confirmed.

Most interestingly, TRPV4 channels are activated by hypotonic solutions [17] and
are responsible for the swelling-activated Ca2+ entry, which is essential for the regulatory
volume decrease (RVD) in tracheal epithelial cells [56]. Along this line, Valverde and
coworkers also demonstrated that the impaired RVD response in CF airway epithelia is
caused by the misregulation of TRPV4, suggesting that the hypotonic activation of TRPV4
channels is CFTR dependent [56].

The sixth member of the vanilloid family of TRP channels, TRPV6, is highly selective
for Ca2+ ions [57]. Inhibition of TRPV6 channels and an siRNA strategy suggested that
TRPV6 was mostly involved in the increase in Ca2+ influx and upregulated in primary
human airway epithelial cells from CF in comparison to non-CF cells [58].

Along with the detrimental production of non-functional mucus by epithelial cells,
the immune function is seriously disabled in CF: macrophages (MΦ) and neutrophils are
not able to defend against invading bacteria [59,60]. A drug called roscovitine, which acts
as a partial corrector of the F508del CFTR protein [61] and recruits TRPC6 to phagosomal
membranes of alveolar MΦ, is able to restore the microbicidal function compromised by
CF [62]. However, a recent phase II study revealed no significant efficacy on inflammation,



Cells 2022, 11, 2907 6 of 20

infection, spirometry, sweat chloride, pain and quality of life in roscovitine-treated groups
compared to placebo-treated controls [63].

In conclusion, there is some evidence for the involvement of TRP channels in CF via
interaction with CFTR, but the exact mechanisms are still not known.

2.2. Non-Neuronal TRP Channels in Asthma and Airway Inflammation

Asthma is a chronic inflammatory disease of the airways induced by repeated exposure
to specific allergens or other triggers (e.g., exercise and cold air), which results in the activa-
tion of epithelial cells and acute bronchoconstriction. Patients suffer from symptoms such
as cough, dyspnea, wheezing, and chest tightness [64]. Among other cells of the immune
system, mainly differentiated T-helper 2 (Th2) cells, mast cells, and eosinophils invade lung
tissues. They are responsible for the up-regulation of mediators of allergic inflammation,
such as immunoglobulin E (IgE), IL-4, IL-5, IL-13, eotaxin (CCL11), and eicosanoids, as well
as increased mucus production (summarized in [64–66]). As a therapeutic option, asthma
patients inhale rapid and long-acting β2-adrenoceptor agonists for bronchodilation and
glucocorticoids to inhibit chronic inflammation [67]. These current treatment options offer
only symptomatic relief to the majority, but not for all patients [68]. There are, however,
no therapeutic options to date that are able to prevent or cure asthma [67].

Bronchoconstriction is a most prominent response to allergens during allergic asthma.
Patients lose their capacity to exhale CO2 efficiently [65]. In a recent publication, TRPA1
channels were detected in human airway smooth muscle cells [69]. Importantly, GDC-0334 a
highly potent, selective, and orally bioavailable TRPA1 antagonist-inhibited TRPA1 function
in airway smooth muscle decreasing allergic airway inflammation [69]. This antagonist
was also effective in a phase I study in humans against pain and itch most probably due
to the blocking of TRPA1 activity in sensory neurons [69]. TRPC1, 3 and 6 mRNAs are
also expressed in murine airway smooth muscle cells [44]. TRPC6-deficiency in mice,
however, does not result in reduced allergic bronchoconstriction induced by methacholine
or increased expiration rates after sensitization by ovalbumin (OVA) analyzed by head-out
body plethysmography [44]. On the contrary, TRPC6−/− mice showed an increased
airway constriction and reduced expiration rates compared to WT mice, which is most
probably due to a compensatory up-regulation of TRPC3 channels [44]. IgE and typical Th2
cytokines, such as IL-5 and IL-13, however, were reduced, while mucus production was not
changed in TRPC6−/− mice compared to WT controls [44]. Similar results were obtained
for TRPC1-deficient mice challenged with OVA, which showed a significantly reduced
allergen-induced pulmonary leukocyte infiltration coupled with an attenuated Th2-cell
response [70]. As it is unclear if TRPC1 monomers are able to form a functional homo-
tetrameric channel or rather work as channel regulators in hetero-tetrameric complexes
(reviewed in [71]), these data favor a functional TRPC1/6 heteromeric channel [72] in cells
involved in allergic airway inflammation. Moreover, a knock-down of TRPC3 protein by
the intravenous injection of small hairpin RNAs specifically targeting TRPC3 in lentiviral
particles or the application of channel blockers was also able to reduce allergy-induced
airway disease [73], emphasizing the role for all three TRPC channels in allergic asthma.

In a gene-expression study of childhood asthma induced by three allergens (spring
pollen, dust mite, dog and cat hair) in North China, a 2.6-fold increase in TRPV2-mRNA in
lymphocytes was revealed [74]. These results were confirmed in an OVA mouse model,
where TRPA1 and TRPV1 gene expression was also up-regulated ([75] reviewed in [76]).
The exact role of this channel, which is further described in Section 3.2, in this setting,
however, remains elusive.

There are several lines of evidence for the important role of TRPV4 channels in asthma
and inflammation of the airways. TRPV4-deficient mice were protected from airway
remodeling in a house dust mite (HDM) model, which is more relevant to the human
situation than OVA challenge [77]. Moreover, in allergic rhinitis caused by HDM, the up-
regulation of TRPV4 proteins in nasal cells was demonstrated, which resulted in epithelial
barrier disruption [78]. TRPV4 is also expressed in human airway smooth muscle cells (see
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Figure 1), and specific agonists induce the release of ATP in non-atopic, immunoglobulin
E-independent asthma patients [79]. ATP is able to activate P2X4 receptors on mast cells
releasing cysteinyl leukotrienes (cystLT1), which then causes the cystLT1-dependent con-
traction of airway smooth muscle cells [79]. Other allergens, such as the alkaline protease
Alp1 from household molds, induce typical symptoms of asthma after inhalation [80]. In
an elegant study, Klein and colleagues showed that Alp1 destroys the cell junctions of
club cells. Consequently, a club-cell-specific TRPV4 deficiency resulted in the decreased
production of the C-C motif chemokine ligand 2 (CCL2) and a reduction in immune cells
after the inhalation of Alp1 in these mice in comparison to WT controls [28]. On a molecular
level, the over-expression of TRPV4 channels in these cells resulted in a Ca2+/calcineurin-
dependent increased Th2 response to Alp1 in the airways [28]. In a translational approach,
the authors also reported that a single nucleotide polymorphism (SNP) rs6606743 in the
human Trpv4 gene increased the expression of the channel protein and is associated with
fungal immunization and asthma in humans [28].

Importantly, a role for TRPV1, which is mainly expressed in neurons, for the secretion
of IL-33 by the airway epithelium in response to HDM and fungal allergens was described
recently [81]. Functions of this and other neuronal expressed TRP channels, such as
TRPA1, TRPM3, and TRPM8, but also TRPV4 in the regulation of airway inflammation as
polymodal sensors by the release of neuropeptides, which is not in the focus of this review,
are nicely summarized in recent manuscripts [76,82,83].

2.3. Lung Toxicity and TRP Channels in the Trachea and Bronchi

Water-soluble, highly reactive compounds, such as acrolein and hydrochloric acid
(HCl) as well as chlorine (Cl2), mainly act upon the upper part of the lower airways. Cl2 is
used in disinfectants as well as a warfare agent and produces hypochlorous acid (HClO)
after inhalation upon contact with water of the mucus in the respiratory tract. Hypochlorite-
induced respiratory depression and pain behavior were reduced in mice lacking the TRPA1
channel in comparison to wild-type controls [84]. TRPA1 is predominantly expressed in
neurons of the respiratory tract (reviewed in [85]), but may also be present-although in
minor quantities-in non-neuronal tissues [86]. TRPA1 channels harbor up to 18 ankyrin
repeats at its N-terminus and are activated via modification of their cysteine residues. For
acrolein, as one of the compounds of inhaled cigarette smoke (>50 ppm), its electrophilic
double bond reacts with the highly nucleophilic sulfhydryl group of a cysteine [87] in
the N-terminus of TRPA1, triggering altered channel activity [88,89]. Exposure of mice to
acrolein (100–275 ppm for 10–30 min) resulted, among others, in the sloughing of the airway
epithelium and increased mortality [90]. Most interestingly, the treatment of mice with
HCC030031, a TRPA1 inhibitor, resulted in a significantly reduced mortality ([90] reviewed
in [85]). Moreover, other TRP channels, such as TRPA1 and TRPV1, were identified in a
cigarette-smoke-induced airway epithelial cell injury model [91].

The accidental inhalation of HCl, acid regurgitation or formation of HCl by Cl2
and water of the mucus are the main triggers for acid-induced toxicity of the upper
part of the lower respiratory tract. Although several TRP channels are acid sensitive
(e.g., TRPC4, TRPC5, TRPV1, TRPV4 and TRPP2), only TRPV4 channels were extensively
studied. In a mouse model of HCl-induced acute lung injury, two TRPV4 antagonists
(GSK2220691 and GSK2337429A) were able to reduce the symptoms [92]. Importantly,
also post-exposure channel antagonism reduced the critical hallmarks of chemical lung
injury, such as airway hyperreactivity and increased lung elastance, protein leakage, and
neutrophil and macrophage infiltration of the lungs ([92] reviewed in [85]). These results
were confirmed by another research group. In this report, the prophylactic inhibition of
TRPV4 with GSK2193874 or genetic deletion of the gene in TRPV4−/− mice attenuated
HCl-induced lung injury, while post-exposure treatment with another antagonist (HC-
067047) showed no benefit ([93] reviewed in [85]). In a mouse model mimicking the real
chlorine exposure, the same TRPV4 antagonists, which suppressed injuries by HCl, also
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reduced Cl2-induced damages [92]. Moreover, neutrophils expressing TRPV4 channels
seem to be involved in the inflammatory response to Cl2 (reviewed in [85]).

Inhaled particulate matter (PM) can induce acute and chronic toxicity in the respiratory
system. However, target sites differ depending on particle size and water solubility. The
respiratory system is mainly affected by fine PM of an average particle size <5 µm in
diameter (reviewed in [5,94]).

PM is produced by biomass and fossil fuel burning, but also by friction from tires and
brakes and natural sources, such as sandstorms and wildfires. Moreover, it is artificially
generated, e.g., in biotechnology, food industry, cosmetics and electronics (reviewed in [95]).
Larger particles trapped in the mucus coating the epithelium of the upper part of the lower
airways can still be removed by mucociliary clearance (see above) and initiation of the
cough reflex [5]. As outlined above the supposedly mechanosensitive TRPV4 channel is
expressed in ciliated cells regulating CBF and is therefore a good candidate for protecting
the airways from inflammation induced by larger particles. However a direct evidence for
its mechanical activation by PM > 5 µm is still missing [95].

Ultrafine particulate matter is determined to have an average diameter of <0.1 µm.
Ultrafine particles (UFP) are able to penetrate cellular structures, organelles and enter the
vascular system [84]. The nanoparticles (NP) silicium dioxide (SiO2) and titanium dioxide
(TiO2) are of particular interest, as they make up a significant fraction of industrial PM. The
interaction of these inorganic nanoparticles with TRP channels, e.g., TRPV1 and TRPA1 (re-
viewed in [96]), have been addressed in several studies. Sanchez et al. showed that colloidal
SiO2 (silica) nanoparticles (SiNP) increase the response of TRPV1 to its agonist, capsaicin,
in HEK293T cells. In addition, SiNP inhibited TRPV4 in human bronchial epithelial cells in
a concentration-dependent manner. This was confirmed both in murine tracheal epithelial
cells and murine TRPV4-overexpressing HEK293T cells. Furthermore, a moderate decrease
in the ciliary beat frequency after SiNP application was found in murine tracheal epithelial
cells [97]. However, in another study, human TRPV4-overexpressing HEK293 cells showed
no altered cytotoxicity after the application of various nonporous silica nanoparticles [98].

Titanium dioxide (TiO2) nanoparticles (TiNP) are known to be less potent than silica
nanoparticles [99]. Nevertheless, they induced emphysema-like lung injury in mice with
significant changes in morphology and histology only one week after the intratracheal instil-
lation of 0.1 mg TiNP [100]. Another research group showed in a mouse model for asthma
that, among others, TRPV4 protein levels are increased after nanoTiO2 inhalation [101].
Furthermore, TiO2 application to human bronchial epithelial cells increased mucin secretion
via a Ca2+ signaling pathway [100]. The contrast in the effects of SiNP and TiNP on TRP
channels is indicative of the broad interaction profile of ultrafine particulate matter.

Diesel exhaust particles (DEP) are a mixture of numerous nanoparticles, heavy metals
and chemicals attached to a carbonaceous core. The variety of hazardous chemicals causes
severe and pleiotropic damage to human airways. Among others, one reactive species
in DEP is acrolein. In addition, Li et al. showed that DEP exposure results in a TRPV4-
mediated Ca2+ influx that finally leads to an increase in MMP-1 activation. They also
discovered a TRPV4 signaling complex located in the cilia of human bronchial epithelial
cells. This complex is activated by the chemical extract of DEP, and not by carbon, which
suggests that the carbonaceous core of DEP might serve as a vehicle for the active species.
The researchers also found that the genetic polymorphism TRPV4P19S increases MMP-1
activation in response to DEP [102]. This polymorphism is also of clinical interest, as it
confers a predisposition to the development of chronic obstructive pulmonary disease
(COPD) [103]. TRPV4 channels appear to play essential roles in lung function and toxicant
sensing, making them major therapeutic targets in the treatment of toxic injury of the
respiratory tract.

The inhalation of toxicants and pollutants, such as ozone (O3), sulfur dioxide (SO2)
and nitrogen oxides (NOx), can also contribute to particulate- and chemical-induced car-
cinogenesis (reviewed in [104]). Based on the initial defense reaction of inhalant-induced
lung injury, reactive oxygen- and reactive nitrogen species (ROS/RNS), such as superoxide
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(•O2
−), nitric oxide (•NO) or peroxynitride (•ONOO−), are formed. The production of

pro-inflammatory cytokines and chemokines is triggered and initiates the recruitment of
immune cells [104,105]. The chronic inhalation of toxicants and pollutants leads to an
abnormal production of ROS/RNS that are known to interact with DNA in the prolif-
erating epithelium and increases the risk of genomic alteration and DNA damage. The
extensive DNA damage creates a chronically inflamed tissue that is rich in inflammatory
cells, ROS/RNS, DNA damage, cell-proliferating growth factors and other growth support-
ing stimuli [106]. Chronic inflammation, including all the associated characteristics, is a
hallmark of cancer development.

TRP channels, such as TRPV1, are activated by ROS induced by blue light [107] and
can be blocked by its antagonist after UV exposure [108]. They also have been associated
with growth stimuli. Epidermal growth factor (EGF) was found to be responsible for an
increased surface expression of TRPM7 and an enhanced cell migration of A549 cells [109].
The silencing or chemical inhibition of TRPM7 led to a total inhibition of cell migration,
which makes TRPM7 a potential target for the prevention of metastasis [109]. In addition,
TRPC1 was identified in human non-small cell lung carcinoma (NSCLC) cells as a major
regulator for EGF signaling that affects cell proliferation [110].

Aside from EGF signaling, TRP channels have been implicated in several aspects of
cancer progression. In 2013, an involvement of TRPC1, 3, 4 and 6 in cell differentiation
in NSCLC was discovered [111]. TRPC1 is highly expressed in NSCLC and facilitates
tumor proliferation, cell migration and cell survival [112], and TRPV3 was reported to be
overexpressed in NSCLC [113]. Along this line, the silencing of TRPV3 led to cell cycle
arrest [113].

In addition to their role in cancer progression, TRP channels are known to promote
resistance to chemotherapy in the treatment of cancer. TRPA1 is both overexpressed in
small cell lung cancer (SCLC) and plays a role in cell survival since it is able to prevent
apoptosis [114]. TRPV1 was not only upregulated in A549 cells, but after application of
cisplatin and fluorouracil, also mediated resistance against these chemotherapeutics and
promoted cell survival [115].

3. TRP Expression and Function in Alveoli

The bronchi and bronchioles terminate in millions of alveoli, which are very tiny,
thin-walled and highly vascularized sacs facilitating gas exchange [9]. This section will
focus on three alveolar cell types of major interest: alveolar type 1 (AT1), alveolar type 2
(AT2) cells and alveolar macrophages (AMΦ). AT1 cells are flat, cover most of the surface
of alveoli and are highly permeable for water to ensure fluid homeostasis but are also
essential for barrier function. Specific marker proteins of these cells are podoplanin as
membrane glycoprotein and aquaporin-5, a water-conducting channel [116]. AT2 cells are
a cubic and secret surfactant [117], which is necessary for a reduction in surface tension
for easy gas exchange, as well as preventing a collapse of alveoli during breathing [118].
Moreover, AMΦ are able to phagocytize bacteria viruses and PM in alveoli which were not
successfully removed in the upper part of the lower airways (see Figure 1).

3.1. Expression of TRP Channels in Alveolar Cells and Their Role in Barrier Function

We were able to show the expression of TRPV4 in both AT1 and AT2 cells and identi-
fied emphysema-like changes in the lungs of older TRPV4−/− mice, which favor ischemia-
reperfusion(I/R)-induced edema formation, a serious drawback in lung transplantation
([119] reviewed in [8]). AT2 cells are also able to replace AT1 cells, a capacity that was,
however, not dependent on TRPV4 channels [119]. Most interestingly, the cell barrier func-
tion of AT2 cells differentiated to AT1 cells was significantly lower, which was identified
by electrical cell-substrate impedance sensing (ECIS) [119]. Our results confirm earlier
findings on the role of TRPV4 channels in barrier function of the skin [120], the urogenital
tract [121] and the corneal epithelium [122]. The exact molecular role of TRPV4 channels in
cell barrier function, however, still needs to be clarified.
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3.2. TRP Channels and Alveolar Toxicity

Ultrafine PM with a size <0.1 µm mainly from diesel exhaust particles (DEP) and
cigarette smoke may reach alveoli and can enter the vascular system [123]. Alveolar
macrophages (AMΦ), which predominantly express TRPV2 channels (see Figure 1), are
able to eliminate these particles by phagocytosis. The second member of the vanilloid
TRP family is a Ca2+ permeable channel activated by heat (>52 ◦C) and various ligands,
including cannabinoids and mechanical stress (reviewed in [124,125]). TRPV2 channels are,
in most cells, located in the endoplasmic reticulum, but upon stimulation with phospho-
inositidylinositol 3-kinase-activating ligands, they are translocated to the plasma membrane
(reviewed in [124]). Most interestingly, TRPV2-deficient mice exposed to cigarette smoke
for two months showed alveolar space enlargement, which was absent in control mice [126].
These emphysema-like changes may be due to a defective phagocytosis in TRPV2−/−
AMΦ compared to WT controls [126] and are another important feature of COPD in heavy
smokers. Therefore, activation of TRPV2 channels may protect from cigarette smoke-
induced COPD in alveoli. A similar mechanism was observed in TRPML3-deficient mice,
which showed emphysema-like changes that were further exacerbated by exposure to
tobacco smoke [127]. These changes were linked to an impaired early endolysosomal
trafficking as well as defects in endocytosis in TRPML3−/− mice [127]. Our manuscript
focuses on non-lysosomal TRP channels, but the role of lysosomal TRP channels in airway
diseases was summarized in a recent comprehensive review [128].

As outlined above TRPV4 channels are expressed in the alveolar epithelium [119],
but their role in toxicant detection or in the resulting inflammation and lung injury is
still elusive.

4. TRP Expression in Fibroblasts and Their Involvement in the Development of
Lung Fibrosis

Pulmonary fibroblasts are most important in wound healing after acute and chronic
lung injury. After lung injury, epithelial cells produce transforming growth factor β1
(TGF-β1) to initiate fibroblast-to-myofibroblast differentiation. Myofibroblasts express
more α-smooth muscle actin (α-SMA) and secret an extracellular matrix, such as collagens,
fibronectin and plasminogen activator inhibitor 1 (PAI-1). An impaired repair process after
chronic lung damage by toxicants (e.g., the cytostatic drug bleomycin), however, is able to
induce lung fibrosis, which is characterized by fibroproliferative foci, seriously inhibiting
gas exchange. Pulmonary or lung fibrosis is a chronic progressive disease without effective
medical treatment options, leading to respiratory failure and death within 3–5 years of
diagnosis [2]. Two compounds are approved for the treatment of idiopathic lung fibrosis
(IPF), pirfenidone, which down-regulates the production of growth factors such as TGF-β1
and procollagens and nintedanib, a multi-tyrosine kinase inhibitor. However, both therapies
merely slow down the reduction in forced vital capacity and augment the patients’ quality
of life, but there is no enhancement of survival rates [129,130].

In a fetal human lung fibroblast cell line (MRC5), down-regulation of the TRPM7
protein was shown to decrease TGF-β1-induced collagen and α-SMA synthesis [131], but
the role of the channel in native cells remains elusive.

Primary human and mouse fibroblasts also constitutively express TRPV4 channels,
which is not changed in patients suffering from IPF [132]. Importantly, TRPV4-deficient
mice were protected from fibrosis and genetic ablation, or the pharmacological inhibition
of TRPV4 function abrogated myofibroblast differentiation, which was restored by the
heterologous expression of TRPV4 channels [132]. The authors suggested a pathway from
TRPV4 channels activated by increased matrix stiffness to increased nuclear translocation
of the α-SMA transcription coactivator (MRTF-A) [132]. Moreover, TRPV4 is also important
for epithelial mesenchymal transition (EMT) [8], a process which may be able to differentiate
more fibroblasts from epithelial cells to support fibrosis [133].

We were able to demonstrate an up-regulation of TRPC6 channels in murine lung
fibroblasts after the application of TGF-β1 [134], similar to cardiac fibroblasts [135], and
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TRPC6−/− mice were partially protected from bleomycin-induced lung fibrosis. TRPC6-
deficient fibroblasts stimulated by TGF-β1 produced less collagen and showed a reduced
Ca2+-induced translocation of nuclear factor of activated T-cells (NFAT), which regulates
the transcription of profibrotic genes in mouse fibroblasts [134].

Most interestingly, TRPA1 channels are highly expressed in primary human lung
fibroblasts and are down-regulated by the application of TGF-β1 (see https://www.biorxiv.
org/content/10.1101/2022.04.12.488008v2, accessed date: 14 September 2022). The Si-RNA-
mediated knock-down of TRPA1 increased the expression of profibrotic genes, while the
stimulation of TRPA1 by its specific activator (allylisothiocyanate (AITC)) reduced tran-
scriptional activity, most probably by an inhibitory linker phosphorylation of SMAD 2 (see
https://www.biorxiv.org/content/10.1101/2022.04.12.488008v1, accessed date: 14 Septem-
ber 2022). Similar results were obtained in MRC5 cells and human myofibroblasts, where
TRPA1 channel activation reduced the induction of fibrotic genes or induced cell death,
respectively [136,137]. Thus, TRPA1 activity seems to inhibit fibroblast-to-myofibroblast
differentiation, a hallmark of lung fibrosis development in clear contrast to TRPV4 and
TRPC6 channels, which support fibrotic processes.

In addition to mechanical injuries of the lung, radiation may also induce lung fibrosis.
For patients with lung breast and esophageal cancer, thoracic radiotherapy is a central
part of a multi-modal treatment concept [138]. However, up to 30% of patients receiving
radiotherapy develop radiation-induced pneumonitis and are also at high risk of suffering
from radiation-induced lung fibrosis [139]. Therefore, radiation-induced lung fibrosis
(RILF) is an important dose-limiting factor with a direct impact on patient outcomes and
quality of life (reviewed in [140]). TRPM2 channels are expressed in the endothelium
and in several immune cells, invading the lung after injury (see Figure 1). They harbor a
NUDT9-H region, which binds ADP-ribose (ADPr) at multiple sites and is directly involved
in channel gating (reviewed in [141]). Moreover, ADPr is also generated in the cell nucleus
through the activation of the poly(ADP-ribose) polymerase-1 (PARP-1) by DNA damage
and released from mitochondria by H2O2 [141]. Irradiation of tissues can produce both ROS-
like H2O2 as well as damage to genomic DNA in the cell nucleus [142]. Most interestingly,
TRPM2-deficient mice were protected from irradiation-induced salivary gland dysfunction
in contrast to WT mice, which irreversibly lost salivary gland fluid secretion [143]. Both a
free radical scavenger and a PARP-1 inhibitor attenuated the irradiation-induced activation
of TRPM2 and induced significant recovery of salivary fluid secretion [143]. Therefore,
TRPM2 channels may also serve similar functions in RILF, which needs to be analyzed in
the future.

5. Roles for TRP Channels in Barrier Function of the Pulmonary Endothelium

The endothelium is next to the tracheal, bronchial and alveolar epithelium, the other
barrier, which protects lung tissues from bacteria, viruses and toxicants circulating in
the blood. Moreover, immune cells from the blood invade lung tissues through a more
permeable endothelium during infection and may cause inflammation and lung damage,
which results in flooding of the alveolar space by protein-rich fluid during edema formation
(reviewed in [144]). A tight regulation of lung barrier function by the endothelium is
therefore crucial for the protection of the lung and has already been studied extensively
over the last decades. TRPV4, TRPC6 and TRPM2 channels were identified as major players,
as their Ca2+ influx activates the CaM (calmodulin)/MLCK (myosin light chain kinase)-
signaling pathway and rearranges the cytoskeleton increasing endothelial permeability
(reviewed in [4,145]).

TRPV4 channels are important for increasing endothelial permeability as TRPV4 acti-
vators, such as 4α-phorbol esters, initiate lung edema [146]. In these molecular processes,
TRPV1 channels and protease-activated receptor 1 (PAR1) are also involved [147]. Along
these lines, the TRPV4 blocker GSK2193874 was effective in inhibiting edema formation by
high pulmonary venous pressure as well as in a myocardial infarction mouse model [148].

https://www.biorxiv.org/content/10.1101/2022.04.12.488008v2
https://www.biorxiv.org/content/10.1101/2022.04.12.488008v2
https://www.biorxiv.org/content/10.1101/2022.04.12.488008v1
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Therefore, TRPV4 channel modulators may be also successful in the treatment of pulmonary
edema during the recent COVID-19 pandemic (reviewed in [149]).

As outlined above, TRPM2 channels are expressed in the lung endothelium and partic-
ipate in the regulation of barrier function [150,151], cell death, migration and angiogenesis
(reviewed in [152]). Vascular endothelial growth factor (VEGF) in endothelial cells drives
their migration, proliferation, and disassembly of adherens junctions, as well as the produc-
tion of reactive oxygen species (ROS), which activate TRPM2 channels [152]. Importantly,
the deletion of endothelial TRPM2 channels reduce the transendothelial migration of poly-
morphonuclear neutrophils, which produce ROS in response to LPS from Gram-negative
bacterial membranes in the circulating blood of the pulmonary vasculature [153].

LPS also activates toll-like receptors (e.g., TLR4) in endothelial cells, and TRPC6 chan-
nels are important for linking LPS via TLR4 to endothelial permeability [154]. Therefore,
TRPC6 and TRPM2 channel inhibition are important therapeutic options to reduce vascular
barrier disruption and inflammation due to endotoxins.

Major endogenously produced molecules regulating endothelial permeability are
platelet activating factor (PAF) and prostaglandins (e.g., PGE2) (reviewed in [4]). PAF
is a critical mediator in acute lung injury, and its concentration is elevated in the lungs
of patients with acute respiratory distress syndrome (ARDS) [155]. An involvement of
TRPC6 channels in the complex PAF/PGE2 signaling pathways was recently dissected on
a molecular basis [156,157]. PAF binding to its receptor activates acid sphingomyelinase,
which produces ceramide. The formation of ceramide increases caveolin 1, endothelial
NO-synthase (eNOS) and TRPC6 channels in microdomains called caveolae [156]. The
inactivation of eNOS by ceramide results in reduced NO production and decreased cGMP-
mediated phosphorylation of a threonine residue in the TRPC6 amino-terminus, which
inhibits channel activity [156]. The subsequent activation of TRPC6 channels results in
increased endothelial permeability and vascular leakage [156]. Most interestingly, the PAF
response was decreased in mouse models deficient for the prostaglandin-receptor 3 (EP3R),
and EP3R-ligands, such as sulprostone, were able to increase PAF-mediated endothelial
permeability in WT but not in TRPC6-deficient mice [157]. Indeed, ligand coupling to EP3
receptors was also able to stimulate TRPC6 activity by Src-kinase-mediated phosphoryla-
tion of a tyrosine residue [157].

During lung transplantation, I/R-induced injury is a major reason for graft fail-
ure [158]. Next to toxicant-induced edema [159], I/R-induced edema can be mimicked
in the isolated perfused and ventilated mouse lung (IPVML) [160]. Most interestingly,
I/R-induced edema was absent in TRPC6-deficient mice, and edema formation in double
TRPC6/TRPV4−/− lungs was similar to WT mice [119], which may be explained by
an antagonistic function of TRPC6 and TRPV4 in the lung endothelium and epithelium,
respectively (reviewed in [8]). Most interestingly, selective TRPC6 antagonists, such as
larixyl N-methylcarbamate, reduces I/R-induced edema formation in IPVML [161] and
may also protect human lungs intended for transplantation in the future. A recent clinical
study by the pharmaceutical company Boehringer-Ingelheim with another TRPC6 antag-
onists (BI 764198) in prevention/progression of ARDS and ARDS-related complications
secondary to COVID-19 (see https://clinicaltrials.gov under NCT04604184, accessed date:
14 September 2022) was, however, interrupted in 2022 due to lack of efficiency (https:
//www.boehringer-ingelheim.de/covid-19/kampf-gegen-covid-19/forschungsupdate, ac-
cessed date: 14 September 2022).

6. TRP Channels and the Development of Pulmonary Arterial Hypertension

In addition to regulating endothelial barrier permeability, certain TRP channels have
also been implicated in endothelial dysfunction, leading to pulmonary arterial hypertension
(PAH). Characterized by vasoconstriction, increased pulmonary arterial pressure, oxidative
stress, inflammation, and severe remodeling of the pulmonary vasculature, PAH can lead
to right heart failure and premature death [162]. It is established that endothelial Ca2+

signaling is essential in vascular remodeling. TRP channels involved in angiogenesis and

https://clinicaltrials.gov
https://www.boehringer-ingelheim.de/covid-19/kampf-gegen-covid-19/forschungsupdate
https://www.boehringer-ingelheim.de/covid-19/kampf-gegen-covid-19/forschungsupdate
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the formation of arteries and the vasculature are also crucial for cell proliferation and
migration in the pathogenesis of PAH [163].

An important role for TRPC6 channels in the development of PAH has been extensively
investigated in the last 18 years. While we identified no discernable differences in chronic
(3 weeks) hypoxia-induced PAH (and the accompanying pulmonary vascular remodeling)
in TRPC6-deficient and wild-type mice, other scientists reported that TRPC6-deficient mice
exposed less PAH and pulmonary vascular remodeling after 4 weeks of hypoxia (reviewed
in [164]). Interestingly, a very recent study showed that administration of a TRPC6-specific
antagonist reversed existing PAH in mice by nearly 50%, as evidenced by the regression of
pulmonary vascular remodeling [165].

Although most of the findings focus on TRPC6, other TRPC members might also be im-
portant for the development of PAH. TRPC1 has also been linked to excessive proliferation
of pulmonary arterial smooth muscle cells (PASMC), and may be directly responsible for
the elevated Ca2+ currents in proliferating PASMC [166] and reviewed in [164]. In addition
to TRPC6, PASMC from patients with idiopathic PAH showed also significantly elevated
mRNA and protein expression of TRPC3 channels when compared to those from normoten-
sive patients [167]. The role of TRPC4 in PAH was investigated in a model of hypoxic PAH
in which rats were pretreated with a vascular endothelial growth factor receptor 2 inhibitor,
exposed to three weeks of hypoxia, and then returned to normoxia. In this model, TRPC4
contributed to the hyper-permeability of endothelial cells, demonstrating a novel type of
endothelial abnormality in severe experimental PAH [168].

Moreover, recent research has connected ROS-induced activation of TRPM2 to the
enhanced proliferation and migration of PASMC in a model of chronic hypoxic pulmonary
hypertension [169]. Increased concentrations of intracellular ROS also triggered the opening
of TRPV4 in microvascular endothelial cells inducing endothelial dysfunction and the
development of PAH in a rat model [170].

In a recent review, the role of TRPV1 as a modulator of pro- and anti-inflammatory
neuropeptides in the development of PAH was summarized [171], and TRPV1 activation
has also been shown to induce changes in cellular proliferation rates upon ROS exposure in
endothelial precursor cells after photo-stimulation [172]. Therefore, multiple TRP channels
may be involved in the different stages of PAH.

7. Conclusions

In this review, we summarized recent data on TRP channel function in non-neuronal
tissues of the respiratory system. In most of the cells, TRP channels are expressed, and
strong evidence for an essential role in airway function and associated diseases, such as
CF, asthma, fibrosis and edema was demonstrated for TRPA1, TRPC6, TRPM2, TRPM5,
TRPM7, TRPV2, TRPV4 and TRPV6. Despite these promising data, clinical trials with
TRP modulators were so far not successful, except for capsaicin patches and injections
acting on the neuronal expressed TRPV1 channels ([173], reviewed in [174]. Therefore,
groundbreaking research on this channel was rewarded with the Nobel prize in 2021 [175].
By continuing efforts to understand TRP channel function, drugs acting on other TRP
channels in the respiratory system will hopefully be invented in the near future.
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11. Rokicki, W.; Rokicki, M.; Wojtacha, J.; Dżeljijli, A. The role and importance of club cells (Clara cells) in the pathogenesis of some

respiratory diseases. Pol. J. Cardio.-Thoracic Surg. 2016, 1, 26–30. [CrossRef] [PubMed]
12. Ma, J.; Rubin, B.K.; Voynow, J.A. Mucins, Mucus, and Goblet Cells. Chest 2018, 154, 169–176. [CrossRef] [PubMed]
13. Hijiya, K.; Okada, Y.; Tankawa, H. Ultrastructural Study of the Alveolar Brush Cell. QJM Int. J. Med. 1977, 26, 321–329. [CrossRef]
14. Rawlins, E.L.; Hogan, B.L.M. Ciliated epithelial cell lifespan in the mouse trachea and lung. Am. J. Physiol. Cell. Mol. Physiol. 2008,

295, L231–L234. [CrossRef]
15. Rose, M.C.; Voynow, J.A. Respiratory Tract Mucin Genes and Mucin Glycoproteins in Health and Disease. Physiol. Rev. 2006, 86,

245–278. [CrossRef]
16. Bustamante-Marin, X.M.; Ostrowski, L.E. Cilia and Mucociliary Clearance. Cold Spring Harb. Perspect. Biol. 2017, 9, a028241.

[CrossRef]
17. Garcia-Elias, A.; Mrkonjic, S.; Jung, C.; Pardo-Pastor, C.; Vicente, R.; Valverde, M.A. The TRPV4 channel. In Mammalian Transient

Receptor Potential (TRP) Cation Channels; Springer: Berlin/Heidelberg, Germany, 2014; Volume 222, pp. 293–319. [CrossRef]
18. Toft-Bertelsen, T.; MacAulay, N. TRPing to the Point of Clarity: Understanding the Function of the Complex TRPV4 Ion Channel.

Cells 2021, 10, 165. [CrossRef]
19. Toft-Bertelsen, T.L.; MacAulay, N. TRPing on Cell Swelling—TRPV4 Senses It. Front. Immunol. 2021, 12, 730982. [CrossRef]
20. Lorenzo, I.M.; Liedtke, W.; Sanderson, M.J.; Valverde, M.A. TRPV4 channel participates in receptor-operated calcium entry and

ciliary beat frequency regulation in mouse airway epithelial cells. Proc. Natl. Acad. Sci. USA 2008, 105, 12611–12616. [CrossRef]
21. Alenmyr, L.; Uller, L.; Greiff, L.; Högestätt, E.D.; Zygmunt, P.M. TRPV4-Mediated Calcium Influx and Ciliary Activity in Human

Native Airway Epithelial Cells. Basic Clin. Pharmacol. Toxicol. 2013, 114, 210–216. [CrossRef] [PubMed]
22. Alpizar, Y.A.; Boonen, B.; Sanchez, A.; Jung, C.; López-Requena, A.; Naert, R.; Steelant, B.; Luyts, K.; Plata, C.; De Vooght, V.; et al.

TRPV4 activation triggers protective responses to bacterial lipopolysaccharides in airway epithelial cells. Nat. Commun. 2017, 8,
1059. [CrossRef] [PubMed]

23. Vieira, F.; Kung, J.W.; Bhatti, F. Structure, genetics and function of the pulmonary associated surfactant proteins A and D: The
extra-pulmonary role of these C type lectins. Ann. Anat.-Anat. Anz. 2017, 211, 184–201. [CrossRef] [PubMed]

24. Haagsman, H.P.; Diemel, R.V. Surfactant-associated proteins: Functions and structural variation. Comp. Biochem. Physiol. Part A
Mol. Integr. Physiol. 2001, 129, 91–108. [CrossRef]

25. Wright, J.R. Immunoregulatory functions of surfactant proteins. Nat. Rev. Immunol. 2005, 5, 58–68. [CrossRef]
26. Whitsett, J.A.; Wert, S.E.; Weaver, T.E. Alveolar Surfactant Homeostasis and the Pathogenesis of Pulmonary Disease. Annu. Rev.

Med. 2010, 61, 105–119. [CrossRef]
27. Adams, T.S.; Schupp, J.C.; Poli, S.; Ayaub, E.A.; Neumark, N.; Ahangari, F.; Chu, S.G.; Raby, B.A.; DeIuliis, G.; Januszyk, M.; et al.

Single-cell RNA-seq reveals ectopic and aberrant lung-resident cell populations in idiopathic pulmonary fibrosis. Sci. Adv. 2020,
6, eaba1983. [CrossRef]

28. Wiesner, D.L.; Merkhofer, R.; Ober, C.; Kujoth, G.C.; Niu, M.; Keller, N.P.; Gern, J.E.; Brockman-Schneider, R.A.; Evans, M.;
Jackson, D.J.; et al. Club Cell TRPV4 Serves as a Damage Sensor Driving Lung Allergic Inflammation. Cell Host Microbe 2020, 27,
614–628.e6. [CrossRef]

http://doi.org/10.1152/ajplung.00341.2013
http://www.ncbi.nlm.nih.gov/pubmed/24508730
http://doi.org/10.1016/S0140-6736(11)60052-4
http://doi.org/10.1124/pr.113.008268
http://www.ncbi.nlm.nih.gov/pubmed/24951385
http://doi.org/10.3390/cells10071654
http://www.ncbi.nlm.nih.gov/pubmed/34359824
http://doi.org/10.1016/j.ceca.2017.04.005
http://doi.org/10.3390/cells7080098
http://doi.org/10.3390/ph12010023
http://doi.org/10.3390/cells10040822
http://doi.org/10.1038/s41556-019-0357-7
http://doi.org/10.1080/019021401300317125
http://doi.org/10.5114/kitp.2016.58961
http://www.ncbi.nlm.nih.gov/pubmed/27212975
http://doi.org/10.1016/j.chest.2017.11.008
http://www.ncbi.nlm.nih.gov/pubmed/29170036
http://doi.org/10.1093/oxfordjournals.jmicro.a050078
http://doi.org/10.1152/ajplung.90209.2008
http://doi.org/10.1152/physrev.00010.2005
http://doi.org/10.1101/cshperspect.a028241
http://doi.org/10.1007/978-3-642-54215-2_12
http://doi.org/10.3390/cells10010165
http://doi.org/10.3389/fimmu.2021.730982
http://doi.org/10.1073/pnas.0803970105
http://doi.org/10.1111/bcpt.12135
http://www.ncbi.nlm.nih.gov/pubmed/24034343
http://doi.org/10.1038/s41467-017-01201-3
http://www.ncbi.nlm.nih.gov/pubmed/29057902
http://doi.org/10.1016/j.aanat.2017.03.002
http://www.ncbi.nlm.nih.gov/pubmed/28351530
http://doi.org/10.1016/S1095-6433(01)00308-7
http://doi.org/10.1038/nri1528
http://doi.org/10.1146/annurev.med.60.041807.123500
http://doi.org/10.1126/sciadv.aba1983
http://doi.org/10.1016/j.chom.2020.02.006


Cells 2022, 11, 2907 15 of 20

29. Liman, E.R. Trpm5. In Mammalian Transient Receptor Potential (TRP) Cation Channels; Springer: Berlin/Heidelberg, Germany, 2014;
Volume 222, pp. 489–502. [CrossRef]

30. Lin, W.; Ogura, T.; Margolskee, R.F.; Finger, T.E.; Restrepo, D. TRPM5-Expressing Solitary Chemosensory Cells Respond to
Odorous Irritants. J. Neurophysiol. 2008, 99, 1451–1460. [CrossRef]

31. Hansen, A.; E Finger, T. Is TrpM5 a reliable marker for chemosensory cells? Multiple types of microvillous cells in the main
olfactory epithelium of mice. BMC Neurosci. 2008, 9, 115. [CrossRef]

32. Kaske, S.; Krasteva, G.; König, P.; Kummer, W.; Hofmann, T.; Gudermann, T.; Chubanov, V. TRPM5, a taste-signaling transient
receptor potential ion-channel, is a ubiquitous signaling component in chemosensory cells. BMC Neurosci. 2007, 8, 49. [CrossRef]
[PubMed]

33. Ualiyeva, S.; Hallen, N.; Kanaoka, Y.; Ledderose, C.; Matsumoto, I.; Junger, W.G.; Barrett, N.A.; Bankova, L.G. Airway brush cells
generate cysteinyl leukotrienes through the ATP sensor P2Y2. Sci. Immunol. 2020, 5, eaax7224. [CrossRef] [PubMed]

34. Bankova, L.G.; Dwyer, D.F.; Yoshimoto, E.; Ualiyeva, S.; McGinty, J.W.; Raff, H.; von Moltke, J.; Kanaoka, Y.; Austen, K.F.;
Barrett, N.A. The cysteinyl leukotriene 3 receptor regulates expansion of IL-25–producing airway brush cells leading to type 2
inflammation. Sci. Immunol. 2018, 3, eaat9453. [CrossRef] [PubMed]

35. Hollenhorst, M.I.; Jurastow, I.; Nandigama, R.; Appenzeller, S.; Li, L.; Vogel, J.; Wiederhold, S.; Althaus, M.; Empting, M.;
Altmüller, J.; et al. Tracheal brush cells release acetylcholine in response to bitter tastants for paracrine and autocrine signaling.
FASEB J. 2019, 34, 316–332. [CrossRef] [PubMed]

36. Perniss, A.; Liu, S.; Boonen, B.; Keshavarz, M.; Ruppert, A.-L.; Timm, T.; Pfeil, U.; Soultanova, A.; Kusumakshi, S.; Delventhal, L.;
et al. Chemosensory Cell-Derived Acetylcholine Drives Tracheal Mucociliary Clearance in Response to Virulence-Associated
Formyl Peptides. Immunity 2020, 52, 683–699.e11. [CrossRef]

37. Lee, R.J.; Xiong, G.; Kofonow, J.M.; Chen, B.; Lysenko, A.; Jiang, P.; Abraham, V.; Doghramji, L.; Adappa, N.D.; Palmer, J.N.; et al.
T2R38 taste receptor polymorphisms underlie susceptibility to upper respiratory infection. J. Clin. Investig. 2012, 122, 4145–4159.
[CrossRef] [PubMed]

38. Lee, R.J.; Kofonow, J.M.; Rosen, P.L.; Siebert, A.P.; Chen, B.; Doghramji, L.; Xiong, G.; Adappa, N.D.; Palmer, J.N.; Kennedy, D.W.;
et al. Bitter and sweet taste receptors regulate human upper respiratory innate immunity. J. Clin. Investig. 2014, 124, 1393–1405.
[CrossRef]

39. Hollenhorst, M.I.; Nandigama, R.; Evers, S.B.; Gamayun, I.; Wadood, N.A.; Salah, A.; Pieper, M.; Wyatt, A.; Stukalov, A.; Gebhardt,
A.; et al. Bitter taste signaling in tracheal epithelial brush cells elicits innate immune responses to bacterial infection. J. Clin.
Investig. 2022, 132, e150951. [CrossRef]

40. Hofmann, T.; Chubanov, V.; Gudermann, T.; Montell, C. TRPM5 Is a Voltage-Modulated and Ca2+-Activated Monovalent Selective
Cation Channel. Curr. Biol. 2003, 13, 1153–1158. [CrossRef]

41. Saunders, C.J.; Christensen, M.; Finger, T.E.; Tizzano, M. Cholinergic neurotransmission links solitary chemosensory cells to nasal
inflammation. Proc. Natl. Acad. Sci. USA 2014, 111, 6075–6080. [CrossRef]

42. Baxter, B.D.; Larson, E.D.; Merle, L.; Feinstein, P.; Polese, A.G.; Bubak, A.N.; Niemeyer, C.S.; Hassell, J.; Shepherd, D.; Ramakrish-
nan, V.R.; et al. Transcriptional profiling reveals potential involvement of microvillous TRPM5-expressing cells in viral infection
of the olfactory epithelium. BMC Genom. 2021, 22, 224. [CrossRef] [PubMed]

43. Rane, C.K.; Jackson, S.R.; Pastore, C.F.; Zhao, G.; Weiner, A.I.; Patel, N.N.; Herbert, D.R.; Cohen, N.A.; Vaughan, A.E. Development
of solitary chemosensory cells in the distal lung after severe influenza injury. Am. J. Physiol. Cell. Mol. Physiol. 2019, 316,
L1141–L1149. [CrossRef] [PubMed]

44. Sel, S.; Rost, B.R.; Yildirim, A.Ö.; Sel, B.; Kalwa, H.; Fehrenbach, H.; Renz, H.; Gudermann, T.; Dietrich, A. Loss of classical
transient receptor potential 6 channel reduces allergic airway response. Clin. Exp. Allergy 2008, 38, 1548–1558. [CrossRef]
[PubMed]

45. Dietrich, A.; Kalwa, H.; Rost, B.R.; Gudermann, T. The diacylgylcerol-sensitive TRPC3/6/7 subfamily of cation channels:
Functional characterization and physiological relevance. Pflugers Arch. 2005, 451, 72–80. [CrossRef]

46. Schnitzler, M.M.Y.; Gudermann, T.; Storch, U. Emerging Roles of Diacylglycerol-Sensitive TRPC4/5 Channels. Cells 2018, 7, 218.
[CrossRef]

47. Borowitz, D. CFTR, bicarbonate, and the pathophysiology of cystic fibrosis. Pediatr. Pulmonol. 2015, 50 (Suppl. S40), S24–S30.
[CrossRef]

48. Riordan, J.R. The Cystic Fibrosis Transmembrane Conductance Regulator. Annu. Rev. Physiol. 1993, 55, 609–630. [CrossRef]
49. Nassini, R.; Pedretti, P.; Moretto, N.; Fusi, C.; Carnini, C.; Facchinetti, F.; Viscomi, A.R.; Pisano, A.R.; Stokesberry, S.; Brunmark,

C.; et al. Transient Receptor Potential Ankyrin 1 Channel Localized to Non-Neuronal Airway Cells Promotes Non-Neurogenic
Inflammation. PLoS ONE 2012, 7, e42454. [CrossRef]

50. Prandini, P.; De Logu, F.; Fusi, C.; Provezza, L.; Nassini, R.; Montagner, G.; Materazzi, S.; Munari, S.; Gilioli, E.; Bezzerri, V.;
et al. Transient Receptor Potential Ankyrin 1 Channels Modulate Inflammatory Response in Respiratory Cells from Patients with
Cystic Fibrosis. Am. J. Respir. Cell Mol. Biol. 2016, 55, 645–656. [CrossRef]

51. Grebert, C.; Becq, F.; Vandebrouck, C. Focus on TRP channels in cystic fibrosis. Cell Calcium 2019, 81, 29–37. [CrossRef]
52. Antigny, F.; Norez, C.; Dannhoffer, L.; Bertrand, J.; Raveau, D.; Corbi, P.; Jayle, C.; Becq, F.; Vandebrouck, C. Transient Receptor

Potential Canonical Channel 6 Links Ca2+ Mishandling to Cystic Fibrosis Transmembrane Conductance Regulator Channel
Dysfunction in Cystic Fibrosis. Am. J. Respir. Cell Mol. Biol. 2011, 44, 83–90. [CrossRef] [PubMed]

http://doi.org/10.1007/978-3-642-54215-2_19
http://doi.org/10.1152/jn.01195.2007
http://doi.org/10.1186/1471-2202-9-115
http://doi.org/10.1186/1471-2202-8-49
http://www.ncbi.nlm.nih.gov/pubmed/17610722
http://doi.org/10.1126/sciimmunol.aax7224
http://www.ncbi.nlm.nih.gov/pubmed/31953256
http://doi.org/10.1126/sciimmunol.aat9453
http://www.ncbi.nlm.nih.gov/pubmed/30291131
http://doi.org/10.1096/fj.201901314RR
http://www.ncbi.nlm.nih.gov/pubmed/31914675
http://doi.org/10.1016/j.immuni.2020.03.005
http://doi.org/10.1172/JCI64240
http://www.ncbi.nlm.nih.gov/pubmed/23041624
http://doi.org/10.1172/JCI72094
http://doi.org/10.1172/JCI150951
http://doi.org/10.1016/S0960-9822(03)00431-7
http://doi.org/10.1073/pnas.1402251111
http://doi.org/10.1186/s12864-021-07528-y
http://www.ncbi.nlm.nih.gov/pubmed/33781205
http://doi.org/10.1152/ajplung.00032.2019
http://www.ncbi.nlm.nih.gov/pubmed/30908939
http://doi.org/10.1111/j.1365-2222.2008.03043.x
http://www.ncbi.nlm.nih.gov/pubmed/18631347
http://doi.org/10.1007/s00424-005-1460-0
http://doi.org/10.3390/cells7110218
http://doi.org/10.1002/ppul.23247
http://doi.org/10.1146/annurev.ph.55.030193.003141
http://doi.org/10.1371/journal.pone.0042454
http://doi.org/10.1165/rcmb.2016-0089OC
http://doi.org/10.1016/j.ceca.2019.05.007
http://doi.org/10.1165/rcmb.2009-0347OC
http://www.ncbi.nlm.nih.gov/pubmed/20203293


Cells 2022, 11, 2907 16 of 20

53. Fleig, A.; Chubanov, V. Trpm7. In Mammalian Transient Receptor Potential (TRP) Cation Channels; Springer: Berlin/Heidelberg,
Germany, 2014; Volume 222, pp. 521–546. [CrossRef] [PubMed]

54. Chubanov, V.; Gudermann, T. Mapping TRPM7 Function by NS8593. Int. J. Mol. Sci. 2020, 21, 7017. [CrossRef] [PubMed]
55. Huguet, F.; Calvez, M.L.; Benz, N.; Le Hir, S.; Mignen, O.; Buscaglia, P.; Horgen, F.D.; Férec, C.; Kerbiriou, M.; Trouvé, P.

Function and regulation of TRPM7, as well as intracellular magnesium content, are altered in cells expressing ∆F508-CFTR and
G551D-CFTR. Experientia 2016, 73, 3351–3373. [CrossRef] [PubMed]

56. Arniges, M.; Vázquez, E.; Fernández-Fernández, J.M.; Valverde, M.A. Swelling-activated Ca2+ Entry via TRPV4 Channel Is
Defective in Cystic Fibrosis Airway Epithelia. J. Biol. Chem. 2004, 279, 54062–54068. [CrossRef] [PubMed]

57. Fecher-Trost, C.; Weissgerber, P.; Wissenbach, U. TRPV6 channels. In Mammalian Transient Receptor Potential (TRP) Cation Channels;
Springer: Berlin/Heidelberg, Germany, 2014; Volume 222, pp. 359–384. [CrossRef]

58. Vachel, L.; Norez, C.; Jayle, C.; Becq, F.; Vandebrouck, C. The low PLC-δ1 expression in cystic fibrosis bronchial epithelial cells
induces upregulation of TRPV6 channel activity. Cell Calcium 2015, 57, 38–48. [CrossRef]

59. Del Porto, P.; Cifani, N.; Guarnieri, S.; Di Domenico, E.G.; Mariggiò, M.A.; Spadaro, F.; Guglietta, S.; Anile, M.; Venuta,
F.; Quattrucci, S.; et al. Dysfunctional CFTR Alters the Bactericidal Activity of Human Macrophages against Pseudomonas
aeruginosa. PLoS ONE 2011, 6, e19970. [CrossRef]

60. Hayes, E.; Pohl, K.; McElvaney, N.G.; Reeves, E.P. The Cystic Fibrosis Neutrophil: A Specialized Yet Potentially Defective Cell.
Arch. Immunol. Ther. Exp. 2011, 59, 97–112. [CrossRef]

61. Norez, C.; Vandebrouck, C.; Bertrand, J.; Noel, S.; Durieu, E.; Oumata, N.; Galons, H.; Antigny, F.; Chatelier, A.; Bois, P.; et al.
Roscovitine is a proteostasis regulator that corrects the trafficking defect of F508del-CFTR by a CDK-independent mechanism.
Br. J. Cereb. Blood Flow Metab. 2014, 171, 4831–4849. [CrossRef]

62. Riazanski, V.; Gabdoulkhakova, A.G.; Boynton, L.S.; Eguchi, R.R.; Deriy, L.V.; Hogarth, D.K.; Loaëc, N.; Oumata, N.; Galons, H.;
Brown, M.E.; et al. TRPC6 channel translocation into phagosomal membrane augments phagosomal function. Proc. Natl. Acad.
Sci. USA 2015, 112, E6486–E6495. [CrossRef] [PubMed]

63. Meijer, L.; Hery-Arnaud, G.; Leven, C.; Nowak, E.; Hillion, S.; Renaudineau, Y.; Durieu, I.; Chiron, R.; Prevotat, A.; Fajac, I.;
et al. Safety and pharmacokinetics of Roscovitine (Seliciclib) in cystic fibrosis patients chronically infected with Pseudomonas
aeruginosa, a randomized, placebo-controlled study. J. Cyst. Fibros. 2021, 21, 529–536. [CrossRef]

64. Lemanske, R.F., Jr.; Busse, W.W. 6. Asthma. J. Allergy Clin. Immunol. 2003, 111, S502–S519. [CrossRef] [PubMed]
65. Lambrecht, B.N.; Hammad, H. The immunology of asthma. Nat. Immunol. 2014, 16, 45–56. [CrossRef] [PubMed]
66. McKenzie, A.N.J. Type-2 Innate Lymphoid Cells in Asthma and Allergy. Ann. Am. Thorac. Soc. 2014, 11, S263–S270. [CrossRef]
67. Bateman, E.D.; Hurd, S.S.; Barnes, P.J.; Bousquet, J.; Drazen, J.M.; FitzGerald, M.; Gibson, P.; Ohta, K.; O’Byrne, P.; Pedersen,

S.E.; et al. Global strategy for asthma management and prevention: GINA executive summary. Eur. Respir. J. 2008, 31, 143–178.
[CrossRef]

68. Barnes, P.J. Corticosteroid resistance in patients with asthma and chronic obstructive pulmonary disease. J. Allergy Clin. Immunol.
2013, 131, 636–645. [CrossRef]

69. Balestrini, A.; Joseph, V.; Dourado, M.; Reese, R.M.; Shields, S.D.; Rougé, L.; Bravo, D.D.; Chernov-Rogan, T.; Austin, C.D.; Chen,
H.; et al. A TRPA1 inhibitor suppresses neurogenic inflammation and airway contraction for asthma treatment. J. Exp. Med. 2021,
218, e20201637. [CrossRef]

70. Yildirim, E.; Carey, M.A.; Card, J.W.; Dietrich, A.; Flake, G.P.; Zhang, Y.; Bradbury, J.A.; Rebolloso, Y.; Germolec, D.R.; Morgan,
D.L.; et al. Severely blunted allergen-induced pulmonary Th2 cell response and lung hyperresponsiveness in type 1 transient
receptor potential channel-deficient mice. Am. J. Physiol. Cell. Mol. Physiol. 2012, 303, L539–L549. [CrossRef]

71. Dietrich, A.; Fahlbusch, M.; Gudermann, T. Classical Transient Receptor Potential 1 (TRPC1): Channel or Channel Regulator?
Cells 2014, 3, 939–962. [CrossRef]

72. Storch, U.; Forst, A.-L.; Philipp, M.; Gudermann, T.; Schnitzler, M.M.Y. Transient Receptor Potential Channel 1 (TRPC1) Reduces
Calcium Permeability in Heteromeric Channel Complexes. J. Biol. Chem. 2012, 287, 3530–3540. [CrossRef] [PubMed]

73. Song, T.; Zheng, Y.-M.; Vincent, P.A.; Cai, D.; Rosenberg, P.; Wang, Y.-X. Canonical transient receptor potential 3 channels
activate NF-κB to mediate allergic airway disease via PKC-α/IκB-α and calcineurin/IκB-β pathways. FASEB J. 2015, 30, 214–229.
[CrossRef] [PubMed]

74. Cai, X.; Yang, Y.-C.; Wang, J.-F.; Wang, Q.; Gao, J.; Fu, W.-L.; Zhu, Z.-Y.; Wang, Y.-Y.; Zou, M.-J.; Wang, J.-X.; et al. Transient
Receptor Potential Vanilloid 2 (TRPV2), a Potential Novel Biomarker in Childhood Asthma. J. Asthma 2013, 50, 209–214. [CrossRef]

75. Li, M.; Fan, X.; Ji, L.; Fan, Y.; Xu, L. Exacerbating effects of trimellitic anhydride in ovalbumin-induced asthmatic mice and the
gene and protein expressions of TRPA1, TRPV1, TRPV2 in lung tissue. Int. Immunopharmacol. 2019, 69, 159–168. [CrossRef]
[PubMed]

76. Reyes-García, J.; Carbajal-García, A.; Montaño, L.M. Transient receptor potential cation channel subfamily V (TRPV) and its
importance in asthma. Eur. J. Pharmacol. 2021, 915, 174692. [CrossRef] [PubMed]

77. Gombedza, F.; Kondeti, V.; Al-Azzam, N.; Koppes, S.; Duah, E.; Patil, P.; Hexter, M.; Phillips, D.; Thodeti, C.K.; Paruchuri, S.
Mechanosensitive transient receptor potential vanilloid 4 regulates Dermatophagoides farinae–induced airway remodeling via
2 distinct pathways modulating matrix synthesis and degradation. FASEB J. 2016, 31, 1556–1570. [CrossRef]

78. Lee, K.; Byun, J.; Kim, B.; Yeon, J.; Tai, J.; Lee, S.H.; Kim, T.H. TRPV4-Mediated Epithelial Junction Disruption in Allergic Rhinitis
Triggered by House Dust Mites. Am. J. Rhinol. Allergy 2020, 35, 432–440. [CrossRef]

http://doi.org/10.1007/978-3-642-54215-2_21
http://www.ncbi.nlm.nih.gov/pubmed/24756720
http://doi.org/10.3390/ijms21197017
http://www.ncbi.nlm.nih.gov/pubmed/32977698
http://doi.org/10.1007/s00018-016-2149-6
http://www.ncbi.nlm.nih.gov/pubmed/26874684
http://doi.org/10.1074/jbc.M409708200
http://www.ncbi.nlm.nih.gov/pubmed/15489228
http://doi.org/10.1007/978-3-642-54215-2_14
http://doi.org/10.1016/j.ceca.2014.11.005
http://doi.org/10.1371/journal.pone.0019970
http://doi.org/10.1007/s00005-011-0113-6
http://doi.org/10.1111/bph.12859
http://doi.org/10.1073/pnas.1518966112
http://www.ncbi.nlm.nih.gov/pubmed/26604306
http://doi.org/10.1016/j.jcf.2021.10.013
http://doi.org/10.1067/mai.2003.94
http://www.ncbi.nlm.nih.gov/pubmed/12592297
http://doi.org/10.1038/ni.3049
http://www.ncbi.nlm.nih.gov/pubmed/25521684
http://doi.org/10.1513/AnnalsATS.201403-097AW
http://doi.org/10.1183/09031936.00138707
http://doi.org/10.1016/j.jaci.2012.12.1564
http://doi.org/10.1084/jem.20201637
http://doi.org/10.1152/ajplung.00389.2011
http://doi.org/10.3390/cells3040939
http://doi.org/10.1074/jbc.M111.283218
http://www.ncbi.nlm.nih.gov/pubmed/22157757
http://doi.org/10.1096/fj.15-274860
http://www.ncbi.nlm.nih.gov/pubmed/26373801
http://doi.org/10.3109/02770903.2012.753454
http://doi.org/10.1016/j.intimp.2019.01.038
http://www.ncbi.nlm.nih.gov/pubmed/30716586
http://doi.org/10.1016/j.ejphar.2021.174692
http://www.ncbi.nlm.nih.gov/pubmed/34890545
http://doi.org/10.1096/fj.201601045R
http://doi.org/10.1177/1945892420964169


Cells 2022, 11, 2907 17 of 20

79. Bonvini, S.J.; Birrell, M.A.; Dubuis, E.; Adcock, J.J.; Wortley, M.A.; Flajolet, P.; Bradding, P.; Belvisi, M.G. Novel airway smooth
muscle–mast cell interactions and a role for the TRPV4-ATP axis in non-atopic asthma. Eur. Respir. J. 2020, 56, 1901458. [CrossRef]

80. Basu, T.; Seyedmousavi, S.; Sugui, J.A.; Balenga, N.; Zhao, M.; Chung, K.J.K.; Biardel, S.; Laviolette, M.; Druey, K.M. Aspergillus
fumigatus alkaline protease 1 (Alp1/Asp f13) in the airways correlates with asthma severity. J. Allergy Clin. Immunol. 2017, 141,
423–425.e7. [CrossRef]

81. Schiffers, C.; Hristova, M.; Habibovic, A.; Dustin, C.M.; Danyal, K.; Reynaert, N.L.; Wouters, E.F.M.; Van Der Vliet, A. The
Transient Receptor Potential Channel Vanilloid 1 Is Critical in Innate Airway Epithelial Responses to Protease Allergens. Am. J.
Respir. Cell Mol. Biol. 2020, 63, 198–208. [CrossRef]

82. Silverman, H.A.; Chen, A.; Kravatz, N.L.; Chavan, S.S.; Chang, E.H. Involvement of Neural Transient Receptor Potential Channels
in Peripheral Inflammation. Front. Immunol. 2020, 11, 590261. [CrossRef] [PubMed]

83. Gu, Q.; Lee, L.-Y. TRP channels in airway sensory nerves. Neurosci. Lett. 2021, 748, 135719. [CrossRef] [PubMed]
84. Bessac, B.F.; Sivula, M.; von Hehn, C.A.; Escalera, J.; Cohn, L.; Jordt, S.-E. TRPA1 is a major oxidant sensor in murine airway

sensory neurons. J. Clin. Investig. 2008, 118, 1899–1910. [CrossRef] [PubMed]
85. Achanta, S.; Jordt, S. Transient receptor potential channels in pulmonary chemical injuries and as countermeasure targets. Ann. N.

Y. Acad. Sci. 2020, 1480, 73–103. [CrossRef]
86. Kannler, M.; Lüling, R.; Yildirim, A.Ö.; Gudermann, T.; Steinritz, D.; Dietrich, A. TRPA1 channels: Expression in non-neuronal

murine lung tissues and dispensability for hyperoxia-induced alveolar epithelial hyperplasia. Pflugers Arch. Eur. J. Physiol. 2018,
470, 1231–1241. [CrossRef]

87. Stevens, J.F.; Maier, C.S. Acrolein: Sources, metabolism, and biomolecular interactions relevant to human health and disease. Mol.
Nutr. Food Res. 2008, 52, 7–25. [CrossRef]

88. Zygmunt, P.M.; Hogestatt, E.D. Trpa1. In Mammalian Transient Receptor Potential (TRP) Cation Channels; Springer:
Berlin/Heidelberg, Germany, 2014; Volume 222, pp. 583–630. [CrossRef]

89. Cai, J.; Bhatnagar, A.; Pierce, J.W.M. Protein Modification by Acrolein: Formation and Stability of Cysteine Adducts. Chem. Res.
Toxicol. 2009, 22, 708–716. [CrossRef]

90. Conklin, D.J.; Haberzettl, P.; Jagatheesan, G.; Kong, M.; Hoyle, G.W. Role of TRPA1 in acute cardiopulmonary toxicity of inhaled
acrolein. Toxicol. Appl. Pharmacol. 2016, 324, 61–72. [CrossRef]

91. Wang, M.; Zhang, Y.; Xu, M.; Zhang, H.; Chen, Y.; Chung, K.F.; Adcock, I.M.; Li, F. Roles of TRPA1 and TRPV1 in cigarette
smoke-induced airway epithelial cell injury model. Free Radic. Biol. Med. 2019, 134, 229–238. [CrossRef]

92. Balakrishna, S.; Song, W.; Achanta, S.; Doran, S.F.; Liu, B.; Kaelberer, M.M.; Yu, Z.; Sui, A.; Cheung, M.; Leishman, E.; et al. TRPV4
inhibition counteracts edema and inflammation and improves pulmonary function and oxygen saturation in chemically induced
acute lung injury. Am. J. Physiol. Cell. Mol. Physiol. 2014, 307, L158–L172. [CrossRef] [PubMed]

93. Yin, J.; Michalick, L.; Tang, C.; Tabuchi, A.; Goldenberg, N.; Dan, Q.; Awwad, K.; Wang, L.; Erfinanda, L.; Nouailles, G.; et al. Role
of Transient Receptor Potential Vanilloid 4 in Neutrophil Activation and Acute Lung Injury. Am. J. Respir. Cell Mol. Biol. 2016, 54,
370–383. [CrossRef] [PubMed]

94. Büch, T.; Schäfer, E.; Steinritz, D.; Dietrich, A.; Gudermann, T. Chemosensory TRP Channels in the Respiratory Tract: Role in
Toxic Lung Injury and Potential as “Sweet Spots” for Targeted Therapies. Rev. Physiol. Biochem. Pharmacol. 2013, 165, 31–65.
[CrossRef] [PubMed]

95. Milici, A.; Talavera, K. TRP Channels as Cellular Targets of Particulate Matter. Int. J. Mol. Sci. 2021, 22, 2783. [CrossRef]
96. Xu, M.; Zhang, Y.; Wang, M.; Zhang, H.; Chen, Y.; Adcock, I.M.; Chung, K.F.; Mo, J.; Zhang, Y.; Li, F. TRPV1 and TRPA1 in Lung

Inflammation and Airway Hyperresponsiveness Induced by Fine Particulate Matter (PM2.5). Oxidative Med. Cell. Longev. 2019,
2019, 7450151. [CrossRef]

97. Sanchez, A.; Alvarez, J.L.; Demydenko, K.; Jung, C.; Alpizar, Y.A.; Alvarez-Collazo, J.; Cokic, S.M.; Valverde, M.A.; Hoet, P.H.;
Talavera, K. Silica nanoparticles inhibit the cation channel TRPV4 in airway epithelial cells. Part. Fibre Toxicol. 2017, 14, 43.
[CrossRef]

98. Mohammadpour, R.; Yazdimamaghani, M.; Reilly, C.A.; Ghandehari, H.; Ghandehari, H. Transient Receptor Potential Ion
Channel–Dependent Toxicity of Silica Nanoparticles and Poly(amido amine) Dendrimers. J. Pharmacol. Exp. Ther. 2018, 370,
751–760. [CrossRef]

99. Dubes, V.; Parpaite, T.; Ducret, T.; Quignard, J.-F.; Mornet, S.; Reinhardt, N.; Baudrimont, I.; Dubois, M.; Freund-Michel, V.;
Marthan, R.; et al. Calcium signalling induced by in vitro exposure to silicium dioxide nanoparticles in rat pulmonary artery
smooth muscle cells. Toxicology 2017, 375, 37–47. [CrossRef]

100. Chen, E.Y.T.; Garnica, M.; Wang, Y.-C.; Chen, C.-S.; Chin, W.-C. Mucin Secretion Induced by Titanium Dioxide Nanoparticles.
PLoS ONE 2011, 6, e16198. [CrossRef]

101. Kim, B.-G.; Park, M.-K.; Lee, P.-H.; Lee, S.-H.; Hong, J.; Aung, M.M.M.; Moe, K.T.; Han, N.Y.; Jang, A.-S. Effects of nanoparticles
on neuroinflammation in a mouse model of asthma. Respir. Physiol. Neurobiol. 2019, 271, 103292. [CrossRef]

102. Li, J.; Kanju, P.; Patterson, M.; Chew, W.L.; Cho, S.-H.; Gilmour, I.; Oliver, T.; Yasuda, R.; Ghio, A.; Simon, S.A.; et al. TRPV4-
Mediated Calcium Influx into Human Bronchial Epithelia upon Exposure to Diesel Exhaust Particles. Environ. Health Perspect.
2011, 119, 784–793. [CrossRef] [PubMed]

http://doi.org/10.1183/13993003.01458-2019
http://doi.org/10.1016/j.jaci.2017.07.034
http://doi.org/10.1165/rcmb.2019-0170OC
http://doi.org/10.3389/fimmu.2020.590261
http://www.ncbi.nlm.nih.gov/pubmed/33193423
http://doi.org/10.1016/j.neulet.2021.135719
http://www.ncbi.nlm.nih.gov/pubmed/33587987
http://doi.org/10.1172/JCI34192
http://www.ncbi.nlm.nih.gov/pubmed/18398506
http://doi.org/10.1111/nyas.14472
http://doi.org/10.1007/s00424-018-2148-6
http://doi.org/10.1002/mnfr.200700412
http://doi.org/10.1007/978-3-642-54215-2_23
http://doi.org/10.1021/tx800465m
http://doi.org/10.1016/j.taap.2016.08.028
http://doi.org/10.1016/j.freeradbiomed.2019.01.004
http://doi.org/10.1152/ajplung.00065.2014
http://www.ncbi.nlm.nih.gov/pubmed/24838754
http://doi.org/10.1165/rcmb.2014-0225OC
http://www.ncbi.nlm.nih.gov/pubmed/26222277
http://doi.org/10.1007/112_2012_10
http://www.ncbi.nlm.nih.gov/pubmed/23532495
http://doi.org/10.3390/ijms22052783
http://doi.org/10.1155/2019/7450151
http://doi.org/10.1186/s12989-017-0224-2
http://doi.org/10.1124/jpet.118.253682
http://doi.org/10.1016/j.tox.2016.12.002
http://doi.org/10.1371/journal.pone.0016198
http://doi.org/10.1016/j.resp.2019.103292
http://doi.org/10.1289/ehp.1002807
http://www.ncbi.nlm.nih.gov/pubmed/21245013


Cells 2022, 11, 2907 18 of 20

103. Zhu, G.; Gulsvik, A.; Bakke, P.; Ghatta, S.; Anderson, W.; Lomas, D.A.; Silverman, E.K.; Pillai, S.G. ICGN Investigators Association
of TRPV4 gene polymorphisms with chronic obstructive pulmonary disease. Hum. Mol. Genet. 2009, 18, 2053–2062. [CrossRef]
[PubMed]

104. Azad, N.; Rojanasakul, Y.; Vallyathan, V. Inflammation and Lung Cancer: Roles of Reactive Oxygen/Nitrogen Species. J. Toxicol.
Environ. Health Part B 2008, 11, 1–15. [CrossRef] [PubMed]

105. Emmendoerffer, A.; Hecht, M.; Boeker, T.; Mueller, M.; Heinrich, U. Role of inflammation in chemical-induced lung cancer. Toxicol.
Lett. 2000, 112–113, 185–191. [CrossRef]

106. Cook, J.A.; Gius, D.; Wink, D.A.; Krishna, M.C.; Russo, A.; Mitchell, J.B. Oxidative stress, redox, and the tumor microenvironment.
Semin. Radiat. Oncol. 2004, 14, 259–266. [CrossRef]

107. Yoo, J.A.; Yu, E.; Park, S.-H.; Oh, S.W.; Kwon, K.; Park, S.J.; Kim, H.; Yang, S.; Park, J.Y.; Cho, J.Y.; et al. Blue Light Irradiation
Induces Human Keratinocyte Cell Damage via Transient Receptor Potential Vanilloid 1 (TRPV1) Regulation. Oxidative Med. Cell.
Longev. 2020, 2020, 8871745. [CrossRef]

108. Camponogara, C.; Brum, E.S.; Pegoraro, N.S.; Brusco, I.; Brucker, N.; Oliveira, S.M. Diosmetin, a novel transient receptor potential
vanilloid 1 antagonist, alleviates the UVB radiation-induced skin inflammation in mice. Inflammopharmacology 2021, 29, 879–895.
[CrossRef]

109. Gao, H.; Chen, X.; Du, X.; Guan, B.; Liu, Y.; Zhang, H. EGF enhances the migration of cancer cells by up-regulation of TRPM7.
Cell Calcium 2011, 50, 559–568. [CrossRef]

110. Tajeddine, N.; Gailly, P. TRPC1 Protein Channel Is Major Regulator of Epidermal Growth Factor Receptor Signaling. J. Biol. Chem.
2012, 287, 16146–16157. [CrossRef]

111. Jiang, H.-N.; Zeng, B.; Zhang, Y.; Daskoulidou, N.; Fan, H.; Qu, J.-M.; Xu, S.-Z. Involvement of TRPC Channels in Lung Cancer
Cell Differentiation and the Correlation Analysis in Human Non-Small Cell Lung Cancer. PLoS ONE 2013, 8, e67637. [CrossRef]

112. Ke, C.; Long, S. Dysregulated transient receptor potential channel 1 expression and its correlation with clinical features and
survival profile in surgical non-small-cell lung cancer patients. J. Clin. Lab. Anal. 2022, 36, e24229. [CrossRef] [PubMed]

113. Li, X.; Zhang, Q.; Fan, K.; Li, B.; Li, H.; Qi, H.; Guo, J.; Cao, Y.; Sun, H. Overexpression of TRPV3 Correlates with Tumor
Progression in Non-Small Cell Lung Cancer. Int. J. Mol. Sci. 2016, 17, 437. [CrossRef] [PubMed]

114. Schaefer, E.A.; Stohr, S.; Meister, M.; Aigner, A.; Gudermann, T.; Buech, T.R. Stimulation of the chemosensory TRPA1 cation
channel by volatile toxic substances promotes cell survival of small cell lung cancer cells. Biochem. Pharmacol. 2013, 85, 426–438.
[CrossRef] [PubMed]

115. Li, L.; Chen, C.; Xiang, Q.; Fan, S.; Xiao, T.; Chen, Y.; Zheng, D. Transient Receptor Potential Cation Channel Subfamily V Member
1 Expression Promotes Chemoresistance in Non-Small-Cell Lung Cancer. Front. Oncol. 2022, 12, 773654. [CrossRef]

116. Wang, S.; Hubmayr, R.D. Type I Alveolar Epithelial Phenotype in Primary Culture. Am. J. Respir. Cell Mol. Biol. 2011, 44, 692–699.
[CrossRef]

117. Fehrenbach, H. Alveolar epithelial type II cell: Defender of the alveolus revisited. Respir. Res. 2001, 2, 33–46. [CrossRef]
118. Halliday, H.L. Surfactants: Past, present and future. J. Perinatol. 2008, 28, S47–S56. [CrossRef]
119. Weber, J.; Rajan, S.; Schremmer, C.; Chao, Y.-K.; Krasteva-Christ, G.; Kannler, M.; Yildirim, A.; Brosien, M.; Schredelseker, J.;

Weissmann, N.; et al. TRPV4 channels are essential for alveolar epithelial barrier function as protection from lung edema. JCI
Insight 2020, 5, e134464. [CrossRef]

120. Akazawa, Y.; Yuki, T.; Yoshida, H.; Sugiyama, Y.; Inoue, S. Activation of TRPV4 Strengthens the Tight-Junction Barrier in Human
Epidermal Keratinocytes. Ski. Pharmacol. Physiol. 2012, 26, 15–21. [CrossRef]

121. Janssen, D.A.; Jansen, C.J.; Hafmans, T.G.; Verhaegh, G.W.; Hoenderop, J.G.; Heesakkers, J.P.; Schalken, J.A. TRPV4 channels in
the human urogenital tract play a role in cell junction formation and epithelial barrier. Acta Physiol. 2016, 218, 38–48. [CrossRef]

122. Martínez-Rendón, J.; Sánchez-Guzmán, E.; Rueda, A.; González, J.; Gulias-Cañizo, R.; Aquino-Jarquín, G.; Castro-Muñozledo, F.;
García-Villegas, R. TRPV4 Regulates Tight Junctions and Affects Differentiation in a Cell Culture Model of the Corneal Epithelium.
J. Cell. Physiol. 2016, 232, 1794–1807. [CrossRef] [PubMed]

123. Chin, M.T. Basic mechanisms for adverse cardiovascular events associated with air pollution. Heart 2014, 101, 253–256. [CrossRef]
124. Kojima, I.; Nagasawa, M. Trpv2. In Mammalian Transient Receptor Potential (TRP) Cation Channels; Springer: Berlin/Heidelberg,

Germany, 2014; Volume 222, pp. 247–272. [CrossRef] [PubMed]
125. Shibasaki, K. Physiological significance of TRPV2 as a mechanosensor, thermosensor and lipid sensor. J. Physiol. Sci. 2016, 66,

359–365. [CrossRef] [PubMed]
126. Masubuchi, H.; Ueno, M.; Maeno, T.; Yamaguchi, K.; Hara, K.; Sunaga, H.; Matsui, H.; Nagasawa, M.; Kojima, I.; Iwata, Y.; et al.

Reduced transient receptor potential vanilloid 2 expression in alveolar macrophages causes COPD in mice through impaired
phagocytic activity. BMC Pulm. Med. 2019, 19, 70. [CrossRef]

127. Spix, B.; Butz, E.S.; Chen, C.-C.; Rosato, A.S.; Tang, R.; Jeridi, A.; Kudrina, V.; Plesch, E.; Wartenberg, P.; Arlt, E.; et al. Lung
emphysema and impaired macrophage elastase clearance in mucolipin 3 deficient mice. Nat. Commun. 2022, 13, 318. [CrossRef]

128. Spix, B.; Jeridi, A.; Ansari, M.; Yildirim, A.; Schiller, H.B.; Grimm, C. Endolysosomal Cation Channels and Lung Disease. Cells
2022, 11, 304. [CrossRef]

129. Selvaggio, A.S.; Noble, P.W. Pirfenidone Initiates a New Era in the Treatment of Idiopathic Pulmonary Fibrosis. Annu. Rev. Med.
2016, 67, 487–495. [CrossRef]

http://doi.org/10.1093/hmg/ddp111
http://www.ncbi.nlm.nih.gov/pubmed/19279160
http://doi.org/10.1080/10937400701436460
http://www.ncbi.nlm.nih.gov/pubmed/18176884
http://doi.org/10.1016/S0378-4274(99)00285-4
http://doi.org/10.1016/j.semradonc.2004.04.001
http://doi.org/10.1155/2020/8871745
http://doi.org/10.1007/s10787-021-00802-1
http://doi.org/10.1016/j.ceca.2011.09.003
http://doi.org/10.1074/jbc.M112.340034
http://doi.org/10.1371/journal.pone.0067637
http://doi.org/10.1002/jcla.24229
http://www.ncbi.nlm.nih.gov/pubmed/35106847
http://doi.org/10.3390/ijms17040437
http://www.ncbi.nlm.nih.gov/pubmed/27023518
http://doi.org/10.1016/j.bcp.2012.11.019
http://www.ncbi.nlm.nih.gov/pubmed/23219522
http://doi.org/10.3389/fonc.2022.773654
http://doi.org/10.1165/rcmb.2009-0359OC
http://doi.org/10.1186/rr36
http://doi.org/10.1038/jp.2008.50
http://doi.org/10.1172/jci.insight.134464
http://doi.org/10.1159/000343173
http://doi.org/10.1111/apha.12701
http://doi.org/10.1002/jcp.25698
http://www.ncbi.nlm.nih.gov/pubmed/27869310
http://doi.org/10.1136/heartjnl-2014-306379
http://doi.org/10.1007/978-3-642-54215-2_10
http://www.ncbi.nlm.nih.gov/pubmed/24756709
http://doi.org/10.1007/s12576-016-0434-7
http://www.ncbi.nlm.nih.gov/pubmed/26841959
http://doi.org/10.1186/s12890-019-0821-y
http://doi.org/10.1038/s41467-021-27860-x
http://doi.org/10.3390/cells11020304
http://doi.org/10.1146/annurev-med-120214-013614


Cells 2022, 11, 2907 19 of 20

130. Martinez, F.J.; Collard, H.R.; Pardo, A.; Raghu, G.; Richeldi, L.; Selman, M.; Swigris, J.J.; Taniguchi, H.; Wells, A.U. Idiopathic
pulmonary fibrosis. Nat. Rev. Dis. Prim. 2017, 3, 17074. [CrossRef]

131. Yu, M.; Huang, C.; Huang, Y.; Wu, X.; Li, X.; Li, J. Inhibition of TRPM7 channels prevents proliferation and differentiation of
human lung fibroblasts. Agents Actions 2013, 62, 961–970. [CrossRef]

132. Rahaman, S.O.; Grove, L.M.; Paruchuri, S.; Southern, B.D.; Abraham, S.; Niese, K.A.; Scheraga, R.G.; Ghosh, S.; Thodeti, C.K.;
Zhang, D.X.; et al. TRPV4 mediates myofibroblast differentiation and pulmonary fibrosis in mice. J. Clin. Investig. 2014, 124,
5225–5238. [CrossRef] [PubMed]

133. Kim, K.K.; Kugler, M.C.; Wolters, P.J.; Robillard, L.; Galvez, M.G.; Brumwell, A.N.; Sheppard, D.; Chapman, H.A. Alveolar
epithelial cell mesenchymal transition develops in vivo during pulmonary fibrosis and is regulated by the extracellular matrix.
Proc. Natl. Acad. Sci. USA 2006, 103, 13180–13185. [CrossRef] [PubMed]

134. Hofmann, K.; Fiedler, S.; Vierkotten, S.; Weber, J.; Klee, S.; Jia, J.; Zwickenpflug, W.; Flockerzi, V.; Storch, U.; Yildirim, A.Ö.; et al.
Classical transient receptor potential 6 (TRPC6) channels support myofibroblast differentiation and development of experimental
pulmonary fibrosis. Biochim. Biophys. Acta (BBA)-Mol. Basis Dis. 2017, 1863, 560–568. [CrossRef] [PubMed]

135. Davis, J.; Burr, A.R.; Davis, G.F.; Birnbaumer, L.; Molkentin, J.D. A TRPC6-Dependent Pathway for Myofibroblast Transdifferenti-
ation and Wound Healing In Vivo. Dev. Cell 2012, 23, 705–715. [CrossRef] [PubMed]

136. Yap, J.M.G.; Ueda, T.; Kanemitsu, Y.; Takeda, N.; Fukumitsu, K.; Fukuda, S.; Uemura, T.; Tajiri, T.; Ohkubo, H.; Maeno, K.;
et al. AITC inhibits fibroblast-myofibroblast transition via TRPA1-independent MAPK and NRF2/HO-1 pathways and reverses
corticosteroids insensitivity in human lung fibroblasts. Respir. Res. 2021, 22, 51. [CrossRef] [PubMed]

137. Virk, H.S.; Biddle, M.S.; Smallwood, D.T.; Weston, C.A.; Castells, E.; Bowman, V.W.; McCarthy, J.; Amrani, Y.; Duffy, S.M.;
Bradding, P.; et al. TGFβ1 induces resistance of human lung myofibroblasts to cell death via down-regulation of TRPA1 channels.
J. Cereb. Blood Flow Metab. 2021, 178, 2948–2962. [CrossRef] [PubMed]

138. Delaney, G.; Barton, M.; Jacob, S.; Jalaludin, B. A model for decision making for the use of radiotherapy in lung cancer. Lancet
Oncol. 2003, 4, 120–128. [CrossRef]

139. Keffer, S.; Guy, C.L.; Weiss, E. Fatal Radiation Pneumonitis: Literature Review and Case Series. Adv. Radiat. Oncol. 2019, 5,
238–249. [CrossRef]

140. Käsmann, L.; Dietrich, A.; Staab-Weijnitz, C.A.; Manapov, F.; Behr, J.; Rimner, A.; Jeremic, B.; Senan, S.; De Ruysscher, D.; Lauber,
K.; et al. Radiation-induced lung toxicity—Cellular and molecular mechanisms of pathogenesis, management, and literature
review. Radiat. Oncol. 2020, 15, 214. [CrossRef]

141. Faouzi, M.; Penner, R. Trpm2. In Mammalian Transient Receptor Potential (TRP) Cation Channels; Springer: Berlin/Heidelberg,
Germany, 2014; Volume 222, pp. 403–426. [CrossRef]

142. Li, J.; Sun, L.-Q. Molecular Mechanisms and Treatment of Radiation-Induced Lung Fibrosis. Curr. Drug Targets 2013, 14, 1347–1356.
[CrossRef]

143. Liu, X.; Cotrim, A.P.; Teos, L.Y.; Zheng, C.; Swaim, W.D.; Mitchell, J.B.; Mori, Y.; Ambudkar, I.S. Loss of TRPM2 function protects
against irradiation-induced salivary gland dysfunction. Nat. Commun. 2013, 4, 1515. [CrossRef] [PubMed]

144. Ware, L.B.; Matthay, M.A. Acute Pulmonary Edema. N. Engl. J. Med. 2005, 353, 2788–2796. [CrossRef]
145. Simmons, S.; Erfinanda, L.; Bartz, C.; Kuebler, W.M. Novel mechanisms regulating endothelial barrier function in the pulmonary

microcirculation. J. Physiol. 2018, 597, 997–1021. [CrossRef]
146. Wu, S.; Jian, M.-Y.; Xu, Y.-C.; Zhou, C.; Al-Mehdi, A.-B.; Liedtke, W.; Shin, H.-S.; Townsley, M.I. Ca2+ entry via α1G and TRPV4

channels differentially regulates surface expression of P-selectin and barrier integrity in pulmonary capillary endothelium. Am. J.
Physiol. Lung Cell. Mol. Physiol. 2009, 297, L650–L657. [CrossRef] [PubMed]

147. Peng, S.; Grace, M.S.; Gondin, A.B.; Retamal, J.S.; Dill, L.; Darby, W.; Bunnett, N.W.; Abogadie, F.C.; Carbone, S.E.; Tigani, T.; et al.
The transient receptor potential vanilloid 4 (TRPV4) ion channel mediates protease activated receptor 1 (PAR1)-induced vascular
hyperpermeability. Lab. Investig. 2020, 100, 1057–1067. [CrossRef] [PubMed]

148. Thorneloe, K.S.; Cheung, M.; Bao, W.; Alsaid, H.; Lenhard, S.; Jian, M.-Y.; Costell, M.; Maniscalco-Hauk, K.; Krawiec, J.A.;
Olzinski, A.; et al. An Orally Active TRPV4 Channel Blocker Prevents and Resolves Pulmonary Edema Induced by Heart Failure.
Sci. Transl. Med. 2012, 4, 159ra148. [CrossRef]

149. Kuebler, W.M.; Jordt, S.-E.; Liedtke, W.B. Urgent reconsideration of lung edema as a preventable outcome in COVID-19: Inhibition
of TRPV4 represents a promising and feasible approach. Am. J. Physiol. Cell. Mol. Physiol. 2020, 318, L1239–L1243. [CrossRef]

150. Hecquet, C.M.; Ahmmed, G.U.; Vogel, S.M.; Malik, A.B. Role of TRPM2 Channel in Mediating H2O2-Induced Ca2+ Entry and
Endothelial Hyperpermeability. Circ. Res. 2008, 102, 347–355. [CrossRef]

151. Dietrich, A.; Gudermann, T. Another TRP to endothelial dysfunction: TRPM2 and endothelial permeability. Circ. Res. 2008, 102,
275–277. [CrossRef]
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